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Oxidative stress (OS) is an imbalance between the formation
of reactive oxygen species (ROS) and antioxidant defense
mechanisms.This phenomenon increaseswith age and affects
the normal functioning of several tissues. Furthermore,
numerous chronic diseases associated with older age, such
as diabetes and cardiovascular, renal, pulmonary, and skeletal
muscle disorders, are also directly related to OS. Considering
this relationship, the aim of many ongoing studies is to elu-
cidate the underlying mechanisms and role of OS in disease
onset and development. In particular, there is considerable
emphasis on finding new therapeutic strategies for decreasing
OS.

This special issue presents new and relevant research
regarding the mechanisms by which OS induces oxidative
damage in the contexts of chronic disease and aging. Focus
is given to the use of novel antioxidant strategies. The
manuscripts within this special issue are all equally recom-
mended by the editors, but the following contain especially
interesting points worth comment.

X.H. Yang et al. evaluated the effect of epigallocatechin-3-
gallate (EGCG), a component derived from green tea, on OS
in the kidney of diabetic db/dbmice.They demonstrated that
EGCG ameliorated the levels of several parameters associated

with OS and of signaling pathways related to oxidative
damage and renal fibrosis (e.g., RAS axis, NOX,MAPK, TGF-
b, and a-SMA). Overall, a renoprotector effect was found in
diabetic mice.

N. Mihailović-Stanojević et al. studied the effect of wild
thyme, a spice plant rich in polyphenolic compounds, on the
development of hypertension.The authors demonstrated that
wild thyme decreased OS and blood pressure in hypertensive
rats, probably by increasing heme oxygenase 1.

E.-M. Noh et al. investigated how ROS production in
senescent fibroblasts is generated by the modulation of phos-
phatidylinositol 3,4,5-triphosphate metabolism. The study
showed in replicative senescent cells that increased ROS
production was blocked by inhibiting three key signaling
pathways: PI3K, protein kinase C, and NADPH oxidase.
Additionally, the results indicated that a reduction in PTEN
levels is important for abolishing increased ROS levels in
human dermal fibroblasts.

J. Abrigo et al. studied the effect ofmesenchymal stem cell
administration on skeletal muscle damage induced by a high
fat diet. The authors demonstrated that muscle wasting was
produced by activating the ubiquitin proteasome pathway
increased OS levels and myonuclear apoptosis. The main
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finding was that mesenchymal stem cells abolished these
threemechanisms involved in themuscle damage induced by
a high fat diet.

All of these highlighted studies, as well as the other
manuscripts contained in this special issue, advance improve-
ments on pathological statuses by using diverse antioxidant
strategies. We firmly believe that these findings will be of
relevance to research concerning OS, chronic diseases, and
aging.
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Research Article
Semipurified Ethyl Acetate Partition of
Methanolic Extract ofMelastoma malabathricum
Leaves Exerts Gastroprotective Activity Partly via
Its Antioxidant-Antisecretory-Anti-Inflammatory
Action and Synergistic Action of Several
Flavonoid-Based Compounds

NoorWahida Ismail Suhaimy,1 Ahmad Khusairi Noor Azmi,1 Norhafizah Mohtarrudin,2

Maizatul Hasyima Omar,3 Siti FarahMd. Tohid,1 Manraj Singh Cheema,1 Lay Kek Teh,4

Mohd. Zaki Salleh,4 and Zainul Amiruddin Zakaria1,4

1Department of Biomedical Science, Faculty of Medicine and Health Science, Universiti Putra Malaysia,
43400 Serdang, Selangor, Malaysia
2Department of Pathology, Faculty of Medicine and Health Science, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia
3Phytochemistry Unit, HerbalMedicine Research Centre, Institute forMedical Research, Jalan Pahang, 50588 Kuala Lumpur,Malaysia
4Integrative Pharmacogenomics Institute (iPROMISE), Universiti Teknologi MARA, Level 7, FF3 Building,
42300 Puncak Alam, Selangor, Malaysia

Correspondence should be addressed to Zainul Amiruddin Zakaria; dr zaz@yahoo.com

Received 9 May 2016; Accepted 26 October 2016; Published 11 January 2017

Academic Editor: Francisco J. Romero

Copyright © 2017 Noor Wahida Ismail Suhaimy et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Recent study has demonstrated the gastroprotective activity of crude methanolic extract ofM. malabathricum leaves. The present
study evaluated the gastroprotective potential of semipurified extracts (partitions): petroleum ether, ethyl acetate (EAMM), and
aqueous obtained from the methanolic extract followed by the elucidation of the gastroprotective mechanisms of the most effective
partition. Using the ethanol-induced gastric ulcer assay, all partitions exerted significant gastroprotection, with EAMM being the
most effective partition. EAMM significantly (i) reduced the volume and acidity (free and total) while increasing the pH of gastric
juice and enhanced the gastric wall mucus secretion when assessed using the pylorus ligation assay, (ii) increased the enzymatic
and nonenzymatic antioxidant activity of the stomach tissue, (iii) lost its gastroprotective activity following pretreatment with N-
omega-nitro-L-arginine methyl ester (L-NAME; NO blocker) or carbenoxolone (CBXN; NP-SH blocker), (iv) exerted antioxidant
activity against various in vitro oxidation assays, and (v) showed moderate in vitro anti-inflammatory activity via the LOX-
modulated pathway. In conclusion, EAMM exerts a remarkable NO/NP-SH-dependent gastroprotective effect that is attributed to
its antisecretory and antioxidant activities, ability to stimulate the gastric mucus production and endogenous antioxidant system,
and synergistic action of several gastroprotective-induced flavonoids.

1. Introduction

Gastric ulcer is an injury that occurs in the stomach lining.
The ulcer disrupts the mucosa integrity of the stomach with
extension beyond the submucosa into themuscularis mucosa

due to the active inflammation. 5% of human population
suffers from gastric ulcer [1]. Current treatments available
to treat ulcer work by reducing acid secretions or increasing
mucosal protection such as proton pump inhibitor (PPI), his-
tamine antagonist (H2) blocker, and antacids. Nevertheless,
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it comes with undesirable side effects such as gynecomastia,
arrhythmias, and haematopoietic changes [2].

Hence, there is a shift in interest in using natural products
as an alternative source of medicine with promising results
in treating diseases. With regard to gastric ulcer treatments,
various studies have shown the ability of plant-based extracts
to exert gastroprotective activity such as Bauhinia purpurea
[3],Muntingia calabura [4], and Annona reticulate [5].

MelastomamalabathricumL. belongs to the familyMelas-
tomataceae. This shrub is commonly found throughout
Southeast Asia region including Malaysia and is known
among the Malay community as “Senduduk.” Various parts
of M. malabathricum have been used to treat different types
of diseases with the leaves, in particular, have been used
to treat gastric ulcers [6]. Various other parts of M. mala-
bathricum in various forms of extraction have been reported
to exhibit various types of pharmacological activities such
as antibacterial, antiviral, antinociceptive, anti-inflammatory,
antipyretic, antioxidant, anticoagulant, inhibitor of platelet-
activating factor, antidiarrheal, and wound healing activities
[6]. We have recently reported on the antiulcer potential
of the methanolic extract of Melastoma malabathricum
(MEMM) leaves [7]. In an attempt to identify the bioac-
tive compound(s) that is responsible for MEMM-exerted
antiulcer activity, the present study was designed to use
the semipurified extracts, namely, petroleum ether (PEMM),
ethyl acetate (EAMM), and aqueous (AQMM) partitions
obtained through the partitioning of water-dissolvedMEMM
using petroleum ether followed by ethyl acetate to determine
the gastroprotective activity of these partitions and to eluci-
date the mechanisms of gastroprotection exerted by the most
effective partition and thereafter to identify the compound(s)
in the most effective partition.

2. Materials and Methods

2.1. Plant Materials. M. malabathricum leaves were collected
from their natural habitat in Serdang, Selangor, Malaysia,
between August and September 2013 and identified by a
botanist (Dr. Shamsul Khamis) from the Institute of Bio-
science (IBS), Universiti Putra Malaysia (UPM), Serdang,
Selangor, Malaysia. A voucher specimen (SK 1095/05) was
issued and deposited in the Herbarium of the Laboratory of
Natural Products, IBS, UPM.

2.2. Preparation ofMethanol Extract ofM.malabathricum and
the Various Semipurified Extracts. Eight hundred grams of
dried M. malabathricum leaves was grinded and soaked in
methanol for 72 h at room temperature and this was repeated
three times. The methanol supernatant was collected, pooled
together, and then evaporated to yield approximately 40 g of
dried crude MEMM [7]. The dried crude extract was first
added with distilled water (ratio of 1 : 20; m/v) and then
shaken to dissolve them well and then successively parti-
tioned with the same volume of petroleum ether followed
by ethyl acetate as described elsewhere [8]. The process of
partitioning was repeated for the respective solvent until no
changes in color could be seen in the supernatant. Each
supernatantwas then pooled together and evaporated leading

to the yield of semipurified extracts of petroleum ether, ethyl
acetate, and distilled water (aqueous partition).

2.3. Phytochemical Screening of Various Semipurified Extracts
of MEMM. Each partition was subjected to phytochemical
screening according to standard conventional screening tests
as described by Ikhiri et al. [9]. The phytochemical screen-
ing was performed to identify the presences of alkaloids,
flavonoids, triterpenes, tannins, saponins, and steroids by
using 100mg of each partition.

2.4. Antioxidant Potential of Various Semipurified Extracts of
MEMM Assessed Using Several Oxidation Assays

2.4.1. Superoxide Anion (SOA) Radical Scavenging. The SOA
radical scavenging activity was determined according to Liu
et al. [10] but with slight modification. A mixture of 3mL of
Tris-HCl buffer (16mM, pH 8), 1mL of NBT (50 𝜇M), 1mL
NADH (78𝜇M), and each of the respective partition (25–
50 𝜇g)was first prepared.The reactionwas initiated by adding
1mL of PMS solution (10 𝜇M) and the mixture solution
was incubated at 25∘C for 5min. The activity was read at
absorbance 560 nm using a spectrophotometer (Shimadzu
UV-Vis 1700) against blank samples and using l-ascorbic acid
as a control.

2.4.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scaveng-
ing Assay. The DPPH-radical scavenging assay was per-
formed according to the method of Blois [11] but with
slight modification. Approximately, 50 𝜇L of each partition
(1.0mg/mL) was loaded and followed by 50 𝜇L of DPPH
(1mM in ethanolic solution) and 150 𝜇L of absolute ethanol
was added in 96-well microtiter plate in triplicate. The mix-
tures weremixed vigorously for 15 s at 500 rpm and incubated
at room temperature for 30min and the absorbance was
measured spectrophotometrically at 515 nm.

2.4.3. Oxygen Radical Absorbance Capacity (ORAC) Assay.
The ORAC assay was performed according to the method of
Huang et al. [12] but with slight modification. The sample
was assayed in 96-well plate and was measured every 60 s.
The ORAC value was analyzed using MARS Data Analysis
Reduction Software.

2.4.4. Total Phenolic Content (TPC). The TPC of each par-
tition was determined using the Folin-Ciocalteu reagent
with gallic acid used as a standard in accordance to the
method of Singleton and Rossi Jr. [13] but with slight
modification. One milligram of each partition was extracted
with 1.0mL of 80% methanol containing 1.0% hydrochloric
acid and 1.0% of distilled water. The mixtures were put on
the shaker set at 200 rpm at room temperature and then
were centrifuged at 6000 rpm for 15min. A 200mL of each
supernatant was mixed with 400mL of the Folin-Ciocalteu
reagent (0.1mL/0.9mL). The mixtures were incubated at
room temperature for 5min followed by the addition of
400mL of sodium bicarbonate (60mg/mL) and incubated
at room temperature for 90min. Absorbance readings were
taken spectrophotometrically at 725 nm. The TPC level in
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each partition was expressed as Gallic acid equivalent (GAE:
mg/100 g).

2.5. In Vitro Effect of Various Semipurified
Extracts of M. malabathricum against Several
Inflammatory Mediators

2.5.1. Xanthine Oxidase (XO) Assay. The XO assay was
performed as described by Noro et al. [14]. Ten microlitre
of each partition was dissolve in DMSO along with 130 𝜇L
potassium phosphate buffer (0.05M, pH 7.5) and 10𝜇L of the
XO solution and thereafter was incubated for 10min at 25∘C.
The assay was measured at absorbance of 295 nm.

2.5.2. Lipoxygenase (LOX)Assay. TheLOXactivitywas deter-
mined according to Azhar-Ul-Haq et al. [15]. A mixture of
10mL of each partition, 160mL sodium phosphate buffer
(0.1M, pH 8), and 20mL of soy bean LOX solution was incu-
bated for 10min at 25∘C. The reaction was then initiated by
the addition of 10mL substrate in the form of sodium linoleic
acid solution. The absorbance was measured at 234 nm.
2.6. Gastroprotective Activity of Various Semipurified Extracts

of MEMM Assessed Using Several Gastric Ulcer Models
2.6.1. Experimental Animals. Healthy male Sprague-Dawley
rats weighing between 180 and 200 g were used in this
study. Rats were maintained under controlled conditions
(22 ± 2∘C, 12 h light/dark) in the Animal House, Faculty of
Medicine, Universiti Putra Malaysia. Free access to food and
water was allowed. The experimentation was approved by
the Institutional Animal Care and Use Committee, Universiti
Putra Malaysia (Ref. UPM/IACUC/AUP-R032/2014).

2.6.2. Ethanol-Induced Gastric Ulcer Model. The gastropro-
tective activity of each partition was determined against
ethanol-induced gastric ulcer in male Sprague-Dawley rats
(𝑛 = 6).The rats were orally administered with 10%DMSO as
negative control, 100mg/kg of ranitidine as positive control
or, the semipurified extracts (PEMM, EAMM, or AQMM),
in the doses ranging from 50, 250, or 500mg/kg, for 7
consecutive days prior to the administration of ethanol.
Another group of rats received 10% DMSO without ethanol-
induced gastric ulcer, which served as the normal control.
At the end of the treatment (7th day), gastric ulcers were
induced by oral administration of absolute ethanol according
to the method described by Zabidi et al. [16]. All rats were
euthanized in CO2 chamber and the stomachs were removed.

(1) Macroscopic and Microscopic Evaluations of Treated Stom-
achs.The stomachswere dissected along the greater curvature
and rinsed with cold saline to remove the contents. The ulcer
areas of each stomach were measured and the sum of the area
was expressed as the ulcer area (mm2) according to Zabidi
et al. [16]. The percentage of gastroprotection was calculated
using the following equation:
Gastroprotection (%)
= [(Ulcer Area (control) − Ulcer Area (treated))

Ulcer Area (control) ]
× 100.

(1)

Each of the stomach samples was fixed with 10% buffered
formalin before proceeding with tissue processing. The fixed
stomachs were embedded in paraffin block and sectioned
using optical rotary microtome to approximately 4 𝜇 thick-
ness and stained with hematoxylin and eosin prior to histo-
logical evaluation [16].

2.7. Pylorus Ligation-Induced Gastric Ulcer Assay on the
Most Effective Semipurified Extract of MEMM. The most
effective partition determined following the ethanol-induced
gastric ulcer assay was further subjected to the pylorus
ligation-induced gastric ulcer assay according to the method
described by Shay et al. [17] but with some modification.
Pylorus ligation was performed 1 h after the administration
of the test solutions. The rat’s stomach was ligated for 4 h and
then the stomach content was collected wherein the volume,
pH, free acidity, and total acidity of gastric juice as well as the
gastric wall mucus content were measured.

2.7.1. Determination of Gastric Juice’s Volume and pH. The
gastric content was collected from the stomach of each
rat and centrifuged at 2500 rpm for 10min. The gastric
content volume wasmeasured and pH of the supernatant was
determined using a pH meter [18].

2.7.2. Determination of Free Acidity and Total Acidity. The
free acidity of gastric content was determined by titration of
0.01N NaOH with methyl orange until the color changes to
yellowish. Meanwhile, total acidity was determined by titra-
tion with 0.1 N NaOH by using 2% phenolphthalein as acid-
base indicator. Total acidity was expressed as mEq/L [18].

2.7.3. Determination of Gastric Wall Mucus. The stomachs
were rinsed to clear off any residues and weighed. The
stomachs were then immersed in 10mL of 0.1% Alcian
blue in 0.16M sucrose/0.05M sodium acetate, pH 5.8 for
2 h, and shaken every 30min interval. Then the stomachs
were rinsed twice with 0.25M sucrose solution. The remain-
ing dye complexed with gastric mucus was extracted with
0.5M magnesium chloride and shaken for 2 h at every
15min intervals. Diethyl ether was added and centrifuged
at 3600 rpm for 10min. Samples were read at 580 nm using
spectrophotometer [19].

2.8. Effects of Most Effective Semipurified Extract of MEMM
on Antioxidant Enzymes of Gastric Tissues. The gastric
tissues were washed thoroughly with ice-cold saline and
cut into small pieces. The tissue was then homogenized
on ice cold with phosphate-buffered saline (PBS) buffer
(50mM phosphate buffer, pH 7.4) containing a mammalian
protease inhibitor cocktail using Teflon Homogenizer. The
homogenized gastric tissues were centrifuged at 18 000×g
for 15min at 4∘C. The supernatant, which was collected and
stored at −80∘C prior to analysis, was used to measure the
activities of catalase (CAT), superoxide dismutase (SOD),
glutathione (GSH), prostaglandin E2 (PGE2), and malon-
dialdehyde (MDA) content. These assays were performed
according to the respectivemanufacturer protocols (Cayman,
USA).
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2.8.1. Evaluation of Catalase Level. Measurement of CAT
level was performed using the catalase assay kit (Cayman
Chemical, USA) according to the protocol provided by
the manufacturer. Briefly, the collected supernatant was
assayed using a microtiter plate wherein each well contains
100 𝜇L of diluted assay buffer, 30 𝜇L of methanol, 20𝜇L of
formaldehyde standard, 20𝜇L of catalase (positive control),
and 20𝜇L of samples wells, respectively. Approximately 20𝜇L
of diluted hydrogen peroxide was added to all the wells to
initiate the reactions for 20min. The reaction was stopped
by adding 30 𝜇L of diluted potassium hydroxide for 10min
at room temperature. Ultimately, 10 𝜇L of catalase potassium
periodate was added and incubated for 5min before the
absorbance was read at 540 nm using a plate reader.

2.8.2. Evaluation of Superoxide Dismutase Level. According
to the instruction on the SOD kit (Cayman Chemical, USA)
provided by the manufacturer, the collected supernatant
(10 𝜇L) was mixed with the tetrazolium salt solution (200𝜇L)
to dilute the SOD activity of the supernatants. The reaction
was initiated by adding 20𝜇L of xanthine oxidase and incu-
bated for 20min in a shaker. The absorbance was then read
using the ELISA reader at 440 nm. In this assay bovine ery-
throcyte SOD (Cu/Zn) was used as the standard. According
to this assay procedure, xanthine oxidase and hypoxanthine
detected superoxide radicals. In brief, the kit could measure
the amount of enzyme that caused 50% dismutation of the
superoxide radical.

2.8.3. Evaluation of Glutathione Level. The GSH assay test
was assayed according to the protocol provided by the
manufacturer (Cayman Chemical, USA). Briefly, the col-
lected supernatant (50 𝜇L) was mixed with a solution con-
taining 0.1M sodium phosphate, 2mM ethylenediaminete-
traacetic acid (EDTA), 0.4M 2-(N-morpholino) ethanesul-
fonic acid, reconstituted NADP+ and glucose-6-phosphate,
and reconstituted glutathione reductase and glucose-6-
phosphate dehydrogenase. In this study GSH was quanti-
fied using glutathione reductase. Following the reduction
of hydroperoxides by glutathione peroxidase, oxidized glu-
tathione (GSSG) was produced and used to create the
standard curve. The absorbance was read at 405 nm.

2.8.4. Evaluation of Prostaglandin E2 Level. The level of PGE2
in the collected supernatant was analyzed using the enzyme
immunoassay in 96-well plate according to the procedure
provided by the manufacturer (Cayman Chemical, USA).
Briefly, the supernatant and standards were added to the
plate, which was precoated with goat polyclonal anti-mouse
immunoglobulin G (IgG). The plate was then incubated with
PGE2 acetylcholinesterase conjugated with the PGE2 Tracer
and later applied with Ellman’s reagent for 60min. The kit
converted PGE2 into Bicyclo PGE2 (stable derivative) which
was measurable by the kit. The product of this enzymatic
reaction had a distinct yellow color and absorbs strongly
at 412 nm. Results were calculated using the standard curve
which was expressed as picogram per milliliter (pg/mL).

2.8.5. Evaluation of MDA Level. The level of lipid peroxi-
dation in gastric tissues was estimated by determining the
MDA content using a thiobarbituric acid reactive substances
(TBARS) assay kit (Cayman Chemical, USA). Briefly, 100 𝜇L
of SDS solution, 100 𝜇L of the supernatant, and 4mL color
reagent were mixed in a vial and then incubated for 1 h
(100∘C). This was followed by an incubation of the vial on
ice for 10min after which the vial was centrifuged at 1,600×g
for 10min at 4∘C. Within 30min, 150𝜇L of each vial content
was placed on a 96-well plate and the absorbance was read at
530 nm.

2.9. Determination of Endogenous Antiulcer Mechanisms of
the Most Effective Semipurified Extract of MEMM

2.9.1. Role of Nonprotein Sulfhydryl Groups on the Gastropro-
tection Exerted by the Most Effective Semipurified Extract of
MEMM. To investigate the involvement of the endogenous
sulfhydryls compounds in themodulation of gastroprotective
effect of themost effective semipurified extract, the procedure
by Andreo et al. [20] was used but with slight modifications.
Briefly, all groups of rats (𝑛 = 6) were subjected to
intraperitoneal treatment with 10mg/kg N-ethylmaleimide
(NEM). After 30min, either vehicle (10% DMSO), 100mg/kg
carbenoxolone (CBNX) or 500mg/kg semipurified extract
was orally administered. After 60min, ethanol (5mL/kg) was
administered orally to all rats for gastric ulcer induction. All
groups of rat were euthanized 60min later and the stomachs
were removed to measure the gastric ulcer area.

2.9.2. Role of Nitric Oxide on the Gastroprotection Exerted by
the Most Effective Semipurified Extract of MEMM. To inves-
tigate the involvement of endogenous NO in the modulation
of gastroprotective effect of the most effective semipurified
extract of MEMM, the procedure by Andreo et al. [20] was
used but with a slight modifications. Six groups of animals
were treated intraperitoneally with 70mg/kg of L-NAME or
500mg/kg semipurified extract. After 60min, gastric ulcer
in all groups was induced using 5mL/kg ethanol. All groups
of rats were euthanized 60min later and the stomach was
removed for ulcer area measurement.

2.10. HPLC Analysis of the Most Effective Semipurified Extract
of MEMM and Comparison against the HPLC Profile of
Crude Extract MEMM or Pure Flavonoids. The partitions of
MEMM, namely, PEMM, EAMM, and AQMM, were also
subjected to the HPLC analysis to identify the compound
of interest, which could be associated with the extract’s gas-
troprotective effect. In brief, 10mg of sample was suspended
in 1mL methanol and then filtered through a filter cartridge
(pore size of 0.45𝜇m) prior to use. The filtered sample was
then analyzed using the HPLC system (Thermo Scientific
Dionex Ultimate 3000 series, Thermo Scientific, Germering,
Germany) with Waters 996 photodiode array detector. A
Phenomenex RP-Max C18 column (4.6mm i.d. × 250mm)
packed with 5 𝜇m diameter particles was used. The mobile
phase used in this procedure contained 0.1% formic acid
in water (A) and 0.1% formic acid in acetonitrile (B) and
the initial conditions were 90% A and 10% B with a linear
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Table 1: Phytochemical screening of PEMM, EAMM, and AQMM.

Phytoconstituents PEMM EAMM AQMM
Alkaloids — — —
Saponins 1+ 2+ 2+
Flavonoids 1+ 1+ —
Tannins 1+ 2+ 3+
Triterpenes 2+ — —
Steroids 3+ 1+ —
Phytoconstituent content scoring.
Alkaloids: + negligible amount of precipitate; ++ weak precipitate; +++
strong precipitate.
Saponins: + 1-2 cm froth; ++ 2-3 cm froth; +++ >3 cm froth.
Flavonoids, tannins, and triterpenes: +weak color; ++mild color; +++ strong
color.

gradient reaching 50% B at t = 25min. This condition was
maintained for another 5min and then B was increased from
50% to 95%, within the next 5min (t = 35min). When
the programme reached t = 35min, B was returned to the
initial composition (10%) until the programmed reached t
= 37min. The flow rate was 1.2mL/min, injection volume
was 10 𝜇L, and the wavelength was 280 nm.The column oven
was set at 27∘C. Stock solutions of standards references were
prepared in methanol at the concentration of 0.3mg/mL.
The chromatography peaks were confirmed by comparing its
retention time with those of reference standards and by the
respective UV-Vis spectra. All chromatography operations
were carried out at ambient temperature and in triplicate.

2.11. Statistical Analysis. The data were expressed as means ±
SEM and statistical significance was analyzed using ANOVA,
followed by Dunnett’s post hoc test. Data with the value of
𝑝 < 0.05 were considered statistically significant.

3. Result

3.1. Pharmacological Activities Observations

3.1.1. Phytochemical Screening of Various Semipurified Extracts
of MEMM. The phytochemical screening of the PEMM,
EAMM, and AQMM revealed the presence of saponins
and tannins, but not alkaloids, in all semipurified extracts
(Table 1). Flavonoids were detected only in PEMM and
EAMM while triterpenes were detected only in PEMM.

3.1.2. Antioxidant Potential of Various Semipurified Extracts
of MEMM. The antioxidant activities of each partition at
the concentration of 200𝜇g/mL are illustrated in Table 2.
All partitions exhibited high SOA- and DPPH-radical scav-
enging activities while only the EAMM followed by AQMM
demonstrated high ORAC value. Further analysis showed
that EAMM possessed the highest TPC value followed by
PEMM and AQMM. According to the standard procedure,
a substance with a TPC value that is ≥1000mg GAE/100 g is
considered to have high total phenolic content.

3.1.3. Effects of Various Semipurified Extracts of MEMM on
Inflammatory Mediators. The effects of various semipurified

extracts of MEMM, at the concentration of 100mg/mL, on
inflammatory mediators, namely, LOX and XO, are shown in
Table 3. From the results obtained, all semipurified extracts
showed that lack of inhibitory activity towards XO with the
highest percentage of inhibition, which is ≤11%, was recorded
for EAMM. As for LOX activity, only EAMM and AQMM
produced significant percentage of inhibitionwith the former
causing a moderate inhibition with the recorded percentage
of inhibition that is greater than 50%.

3.2. Gastroprotective Potential of
Various Semipurified Extracts of MEMM

3.2.1. Effect of Various Semipurified Extracts ofMEMMagainst
Ethanol-Induced Gastric Ulcer. The gastroprotective activity
of various semipurified extracts of MEMM against ethanol-
induced gastric ulcer in rats is shown in Table 4. All extracts
demonstrated significant (𝑝 < 0.05) reduction in ulcer
formation in a dose-dependent manner. However, based on
the percentage of ulcer inhibition, EAMM exhibited the
greatest protection followed by the AQMM and PEMM with
the approximate percentage of inhibition ranging between
15–98%, 7–91%, and 12–67%, respectively. Interestingly,
the 250mg/kg EAMM produced gastroprotection that was
equally effective when compared to the 100mg/kg ranitidine
(approximately 60% inhibition).

3.2.2. Macroscopic and Microscopic Findings of Treated Stom-
achs. Macroscopic examination of the gastric mucosa of the
negative control group (ulcer control) showed extensive and
visible hemorrhagic necrosis of gastric mucosa (Figure 1(b))
in comparison to the normal untreated group that show no
signs of hemorrhage or lesion (Figure 1(b)). Pretreatment
with 100mg/kg ranitidine reduced the formation of hem-
orrhages and lesions (Figure 1(c)) while pretreatment with
PEMM, EAMM, or AQMM at the dose of 50–500mg/kg
also caused a dose-dependent decreased in the severity and
visibility of hemorrhagic necrosis of gastric mucosa (Figures
1(d)–1(l)). These findings were further supported by the
microscopic observations as shown in Figures 2(a)–2(e2).
The negative control group demonstrated severe hemor-
rhages and necrosis at mucosa epithelium and destruction
of the surface epithelium and edema at the submucosa
layer (Figure 2(a)). The 100mg/kg ranitidine-treated group
(positive control) demonstrated moderate ulcer formation
with themild hemorrhage seen at themucosa epithelium and
moderate oedema at the submucosa layer (Figure 2(b)). Pre-
treatment with all semipurified extracts, at the concentration
of 50mg/kg failed to reversed the toxic effect of ethanol as
indicated by the presence of severe mucosal disruption with
ulcer and hemorrhage seen at the mucosa epithelium and
severe oedema at the submucosa level (Figures 2(c1)–2(e1)).
Increase in the dose of each partition was found to improve
their gastroprotective effect towards the action of ethanol. At
500mg/kg, pretreatment with EAMM demonstrated almost
no disruption at the epithelium mucosa with the presence of
mild edema but the absence of hemorrhage (Figure 2(d2)).
On the other hand, pretreatment with AQMM exerted mild
ulceration at the epithelium mucosa with moderate presence
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Table 2: Antioxidant activity and TPC value of various partitions of MEMMmeasured using different assay.

Sample SOA scavenging
(%)

DPPH radical scavenging
(%)

ORAC Value
(𝜇MTE/100 g)

TPC
(mg/100 g GAE)

Sample concentration 200𝜇g/mL 200𝜇g/mL 200𝜇g/mL 200𝜇g/mL

Standard Superoxide dismutase 6 ×
10−3 U/mL

Ascorbic acid (AA)
200 𝜇g/mL Trolox standard curve Gallic acid (GAE)

standard curve
PEMM 100 ± 0.0 (H) 96.29 ± 1.9 (H) 32,000 ± 3,000 279.53 ± 7.93
EAMM 98.03 ± 0.74 (H) 97.94 ± 0.4 (H) 198,000 ± 9,800 963.10 ± 35.96
AQMM 98.17 ± 1.83 (H) 98.95 ± 0.1 (H) 185,000 ± 7,300 177.57 ± 14.26
Data expressed as mean ± SEM.
SOA scavenging and DPPH radical scavenging; H: high (70–100%), M: moderate (50–69%), and L: low (0–49%).
TPC value > 1000mg GAE/100 g is considered higher total phenolic content.
The ORAC value of triplicate wells in duplicate experiments, SEM < 20%.

Table 3: Anti-inflammatory effect of various partitions of MEMM against in vitro xanthine oxidase and lipoxygenase assays.

Sample concentration 100mg/mL Xanthine oxidase assay Lipoxygenase assay
(%) (%)

PEMM 3.32 ± 1.68 (L) NA
EAMM 10.23 ± 2.58 (L) 59.15 ± 4.43 (M)
AQMM NA 32.84 ± 3.65 (L)
Data expressed as mean ± SEM.
Note: H: high (71–100%), M: moderate (41–70%), L: low (0–40%), and NA: not active.

Table 4: Gastroprotective effect of various partitions of MEMM against ethanol-induced in rats.

Pretreatment Dose (mg/kg) Ulcer area (mm2) Gastroprotection (%)
10% DMSO — 27.00 ± 0.71 —
Ranitidine 100mg 9.80 ± 1.11∗ 63.70

PEMM
50mg 23.60 ± 1.36 12.59
250mg 18.00 ± 0.71∗ 33.33
500mg 12.40 ± 0.68∗ 54.07

EAMM
50mg 19.80 ± 1.07 26.67
250mg 10.00 ± 1.18∗ 62.96
500mg 0.80 ± 0.20∗ 97.04

AQMM
50mg 22.80 ± 0.86 15.56
250mg 15.40 ± 0.68∗ 42.96
500mg 3.80 ± 0.37∗ 85.93

Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Dunnett’s post hoc test (𝑛 = 6).
∗𝑝 < 0.05 as compared to control (10% DMSO).

of edema and the absence of hemorrhage (Figure 2(e2))
while pretreatment with PEMM demonstrated moderate
disruption of the epithelium mucosa with the presence of
moderate hemorrhages and edema (Figure 2(c2)). Overall,
the gastric mucosa tissue pretreated by EAMM showed intact
appearance of histological structure when compared with the
normal control group.

3.2.3. Effect of EAMM against the Pylorus Ligation-Induced
Gastric Lesion. Based on the ethanol-induced gastric ulcer
test, EAMM was found to exert the most effective gastropro-
tective activity. This effective semipurified extract was then
subjected to further analysis to elucidate the possible mech-
anisms of gastroprotection. In the first stage of this study,
EAMM was tested in the pyloric ligation assay to evaluate

its potential in modulating the gastric content parameters
such as gastric juice’s volume, pH, free and total acidity,
and gastric wall mucus content. From the results obtained,
EAMMprovides gastroprotection by causing significant (𝑝 <
0.05) reduction in the volume of gastric juice and significant
(𝑝 < 0.05) decrease in the production of free acidity and
total acidity. Moreover, EAMM also significantly (𝑝 < 0.05)
increased the pH of gastric juice and enhanced the gastric
wall mucus secretion (Table 5).

3.3. Effect of EAMM on the Enzymatic and Nonenzymatic
Antioxidant Levels of Ethanol-Induced Gastric Ulcer Tissue.
Gastric tissue of negative control group treated only with
ethanol demonstrated significant (𝑝 < 0.05) reduction in the
level of SOD, CAT, GSH, and PGE2 but increase in the level
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Figure 1: Effect of various partitions, namely, PEMM, EAMM, and AQMM, obtained frommethanol extract ofM.malabathricum (MEMM)
against the ethanol-induced gastric ulcer in rats. Arrow (yellow) indicates lesions.

of TBARS, when compared to the normal untreated group.
On the other hand, EAMM significantly (𝑝 < 0.05) reversed
the enzymatic and nonenzymatic antioxidant levels of ulcer-
bearing gastric tissue when compared to the negative control
group (Table 6). As can be seen from the presented table,
EAMM increased the level of SOD, CAT, GSH, and PGE2 but
reduced the level of TBARS when compared to the negative
control group.

3.4. Role of Endogenous Factors of Gastroprotection on
the Action of EAMM

3.4.1. Effect of Nonprotein Sulfhydryl Group on the Gastropro-
tective Activity of EAMM Assessed Using the Ethanol-Induced
Gastric Ulcer in Rats. Investigation on the role of NP-SH
in the gastroprotective effect of EAMM was carried out
by prechallenging the EAMM or CBNX (positive control)
with NEM (NP-SH blocker). From the results obtained,
NEM administration was found to significantly (𝑝 < 0.05)

worsen the ethanol-induced gastric ulcer formation in the
negative control group. Prechallenging the EAMM- and
CBNX-treated group with NEM also resulted in significant
(𝑝 < 0.05) decrease of gastroprotective potential of both
compounds (Table 7).

3.4.2. Effect of N-Omega-nitro-L-arginine Methyl Ester on
the Gastroprotective Activity of EAMM Assessed Using the
Ethanol-Induced Gastric Ulcer in Rats. The role of NO in
the modulation of gastroprotective activity of EAMM was
also investigated by prechallenging the extract with L-NAME,
an NO blocker (Table 7). From the results obtained, the
absence of NO following the preadministration of L-NAME
significantly (𝑝 < 0.05) increased the severity of gastric ulcer
formed in comparison to the saline-treated negative control
group. Further, pretreatmentwith L-NAMEsignificantly (𝑝 <
0.05) reversed the gastroprotective action of saline-pretreated
EAMM and CBNX.



8 Oxidative Medicine and Cellular Longevity

Table 5: Gastroprotective effect of EAMM against the pylorus ligation assay.

Pretreatment Dose
(mg/kg)

Gastric juice
(mL) pH Free Acidity

(mEq/L)
Total acidity
(mEq/L)

Gastric wall mucus
(Alcian blue 𝜇g/g wet

tissue)
10% DMSO — 9.67 ± 0.67 1.51 ± 0.12 1061.00 ± 205.70 1513 ± 122.30 263.10 ± 35.43
Ranitidine 100 2.30 ± 0.37∗ 4.18 ± 0.81∗ 243.00 ± 39.56∗ 644.00 ± 89.61∗ 592.60 ± 31.84∗

EAMM
50 13.33 ± 1.15 1.99 ± 0.17 528.00 ± 37.70∗ 692.60 ± 95.98∗ 404.10 ± 48.31
250 6.75 ± 0.93 3.40 ± 0.49∗ 319.20 ± 46.76∗ 553.40 ± 43.89∗ 636.90 ± 41.33∗
500 5.17 ± 0.50 4.00 ± 0.27∗ 292.10 ± 47.87∗ 579.50 ± 38.42∗ 659.30 ± 41.15∗

Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Dunnett’s post hoc test (𝑛 = 6).
∗𝑝 < 0.05 as compared to control (10% DMSO).

(a)

(c1)

(c2)

(d1)

(d2)

(e1)

(e2)

(b)

Figure 2: Microscopic analysis of the ethanol-induced gastric ulcer tissues following pretreatment of rats with the respective partition
of M. malabathricum (magnification at ×20). (a) The negative control group (10% DMSO-pretreated) displayed severe hemorrhage (red
arrow), ulcer (blue arrow), and necrosis at mucosa epithelium and edema (yellow arrow) at submucosa layer. (b) The positive control group
(ranitidine-pretreated) demonstrated mild ulcer and hemorrhage at mucosa and moderate oedema at submucosa layer. (c1), (d1), and (e1)
The groups pretreated with the respective PEMM, EAMM, or AQMM, at the dose of 50mg/kg, demonstrated severe disruption with ulcer
and hemorrhage at mucosa epithelium and severe oedema at submucosa layer with the presence of severe to moderate hemorrhage, ulcer,
and necrosis at mucosa epithelium layer. and (c2), (d2), and (e2) At the dose of 500mg/kg, the group pretreated with EAMM showed the
mildest tissue damage when compared to the PEMM or AEMM indicated by the presence of mild ulcer, moderate edema, and the absence
of hemorrhage.



Oxidative Medicine and Cellular Longevity 9

Table 6: Effect of EAMM on SOD, CAT, GSH, PGE2, and TBARS level in rat gastric tissues.

Pretreatment Dose SOD Catalase GSH TBARS PGE2
(mg/kg) (U/mg protein) (nmol/min/mL) (𝜇M/mg protein) (𝜇mol/mL) (ng/mg)

Normal (untreated) — 2.51 ± 0.07∗ 127.60 ± 0.62∗ 13.57 ± 0.55∗ 0.12 ± 0.00∗ 11.30 ± 0.67∗
10% DMSO — 1.28 ± 0.04 198.21 ± 1.60 2.51 ± 0.34 0.37 ± 0.03 4.74 ± 0.25
Ranitidine 100 1.79 ± 0.04∗ 117.80 ± 0.80∗ 4.69 ± 0.40∗ 0.16 ± 0.09∗ 8.27 ± 1.01∗

EAMM
50 1.30 ± 0.07 104.40 ± 1.48∗ 3.29 ± 0.36 0.22 ± 0.01 4.75 ± 0.31
250 1.71 ± 0.10∗ 122.30 ± 1.62∗ 5.12 ± 0.29∗ 0.16 ± 0.08∗ 8.37 ± 0.84∗
500 1.71 ± 0.12∗ 120.30 ± 1.91∗ 5.93 ± 0.42∗ 0.16 ± 0.01∗ 5.94 ± 0.61∗

Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Dunnett’s post hoc test (𝑛 = 6).
∗𝑝 < 0.05 as compared to control (10% DMSO).

Table 7: Gastroprotective effect of EAMM following pretreatment with L-NAME or NEM assessed using the ethanol-induced gastric ulcer
model.

Pretreatment Treatment Dose (mg/kg) Ulcer area (mm2)

Saline
10% DMSO — 27.68 ± 1.69
CBXN 100 6.83 ± 0.60a
EAMM 500 1.67 ± 0.33a

L-NAME
10% DMSO — 36.67 ± 2.78a
CBXN 100 12.00 ± 0.73bc
EAMM 500 8.83 ± 0.60bd

NEM
10% DMSO — 41.67 ± 1.75a
CBXN 100 18.50 ± 2.26ef
EAMM 500 11.25 ± 0.54eg

Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Dunnett’s post hoc test (𝑛 = 6).
a𝑝 < 0.05 as compared to control (saline + 10% DMSO).
b𝑝 < 0.01 as compared to control (L-NAME + 10% DMSO).
cf𝑝 < 0.05 as compared to control (saline + CBXN).
dg𝑝 < 0.05 as compared to control (saline + EAMM).
e𝑝 < 0.05 as compared to control (NEM + 10% DMSO).

3.5. HPLC Profile of EAMM and Comparison against the
HPLC Profile of CrudeMEMMand Standard Pure Flavonoids.
The HPLC profile of crude methanolic extract (MEMM)
and its most effective semipurified partition (EAMM) are
shown in Figures 3(a) and 3(b), respectively. The peaks
obtained and their respective retention time (𝑅𝑇) in each
chromatograms were compared with that of several pure
flavonoid-based compounds. From the comparison made,
several compounds with their respective 𝑅𝑇, namely, gallo-
catechin (𝑅𝑇 = 3.92min) (1), epigallocatechin (𝑅𝑇 = 4.91min)
(2), catechin (𝑅𝑇 = 8.89min) (3), chlorogenic acid (𝑅𝑇 =
10.47min) (4), caffeic acid (𝑅𝑇 = 10.70min) (5), quercetin (𝑅𝑇
= 11.63min) (6), quercetin-3-O-glucoside (𝑅𝑇 = 11.66min)
(7), p-coumaric acid (𝑅𝑇 = 14.28min) (8), and hesperidin (𝑅𝑇
= 16.43min) (9) were postulated to be presented in MEMM
and EAMM.

4. Discussion

Ulcer formation on the stomach lining is caused by the
imbalance between the protective and aggressive factors
and is also associated with living conditions. The major
factors of gastric ulcer are bacterial infection by Helicobacter
pylori, medications such as NSAIDs, chemical factor such

as hydrochloric acid or ethanol, and gastric cancer [20].
Meanwhile, minor factors tend to be associated with the
lifestyle of the patients such as stress, smoking, spicy food,
and nutritional deficiency [20]. Despite the presence of
various classes of antiulcer agents, their successes are often
associated with various unwanted side effects that limit
their usage. Attempts have been made to find an alternative
replacement from current medications wherein plant-based
compounds have been regarded as an important source of
alternative new bioactive compounds.

One of the plants in Malaysia that has been used tra-
ditionally by the Malay to treat gastric ulcer is M. mal-
abathricum and studies have demonstrated the gastropro-
tective potential of the aqueous [21], chloroform [22], and
methanol [7, 16] extracts of its leaves. The methanolic extract
showed the ability to attenuate ethanol- and indomethacin-
induced gastric ulcer in rats [16]. Moreover, the extract
showed a significant reduction in the volume and acidity of
the gastric juice while increasing the pH and gastric mucus
wall content by using the pylorus ligation model in rats [7].

TheMEMMalsomodulates the level of several enzymatic
and nonenzymatic antioxidant system within the gastric
tissue wherein the levels of SOD, glutathione peroxidase
(GTP), and glutathione reductase (GTR) were increased but
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Figure 3: UHPLC analysis of MEMM and EAMM. (a) UHPLC profile of MEMM. (b) UHPLC profile of EAMM.

the levels of CAT, myeloperoxidase (MPO), and TBARS were
decreased. Moreover, the gastroprotective activity of MEMM
was reduced by an inhibitor of NO synthase and SH blocker.
Methanol is an intermediate solvent, which is able to extract
all the polar-, nonpolar-, and intermediate-based biocom-
pounds that exert the gastroprotective activity. This has trig-
gered our interest to segregate the biocompounds according
to their polarity to further understand their activity.

The PEMM, EAMM, and AQMM were tested for their
antioxidant, anti-inflammatory, and gastroprotective poten-
tials using various standard assays. Although all partitions
exerted remarkable antioxidant activity when assessed using
the SOA- and DPPH-radical scavenging assays, EAMM
exerts the most effective activity when measured using the
ORAC assay and possesses the highest TPC value with signif-
icant LOX- but not XO-mediated in vitro anti-inflammatory
action. All partitions were tested using the ethanol-induced
gastric ulcer model in rats and macroscopic observations
demonstrated that EAMM exert the most effective gastro-
protective activity, followed by AQMM and PEMM. The
EAMMexerted almost complete protection (≈98% reduction
in ulcer area formation) against the action of ethanol and
was further supported by the microscopic observations,
which showed only slight epithelial sloughing off but no
presence of hemorrhage, edema, or necrosis. Taking these
findings into consideration, the EAMM was determined as
the most effective partition and subjected to further analysis.
In the pylorus ligation assay, EAMMwas shown to modulate
several parameters of gastric content wherein the semipu-
rified extract reduces the volume and free acidity and total
acidity while increasing the pH of gastric juice. Moreover,
EAMM was also found to enhance the secretion of gastric
wall mucus. These findings suggest that EAMM triggered
gastroprotective effect partly by reducing the volume and
acidity and at the same time increasing the pH of the gastric
juice. Further attempt to elucidate the ability of EAMM to
affect the enzymatic and nonenzymatic antioxidant system
within the gastric tissues following ethanol-induced ulcer
formation revealed the ability of the semipurified extract
to modulate the enzymatic and nonenzymatic antioxidant
system. EAMMwas found to increase the level of SOD, CAT,
GSH, and PGE2 while reducing the level of TBARS. It also

revealed the role of endogenous factors such as NP-SH group
and NO in the modulation of gastroprotective activity of
EAMM. The NEM (NP-SH blocker) decreases the extract’s
gastroprotective activity remarkably and the ability of L-
NAME (NO blocker) to reverse the EAMM gastroprotection
suggests the role of NO in the EAMM’s mechanisms of
gastroprotection.

The pathogenesis of gastric ulcers have been widely
known to involve oxidative stress. Ingestion of these necrotic
agents may trigger the formation and release of free radicals
or reactive oxygen species (ROS), which are known to
contribute to the damage of gastric mucosa. Therefore, any
compounds that were able to reduce oxidative stress or
possess antioxidant potential are essential to the gastrointesti-
nal tract as they can provide protection against the action
of necrotic agents such as ethanol [23]. Those antioxidant
biocompounds may act as radical scavengers thus protecting
the gastric mucosa from oxidative damage. EAMM exert the
most notable antioxidant potential and possess the highest
TPC value in comparison to other partitions, which makes
it a potential candidate to further investigate the antiulcer
activity ofM. malabathricum. The antioxidant and free radi-
cal scavenging properties of EAMMmay have contributed to
the observed gastroprotective effect.

The role of anti-inflammatory action in the modulation
of EAMM induced gastroprotection should also be con-
sidered based on the fact that M. malabathricum exerts
an effective anti-inflammatory activity when assessed using
various COX-mediated animal inflammatory models [24,
25]. The EAMM was found to cause over 50% inhibition of
LOX-mediated in vitro inflammation, therefore, suggesting
the anti-inflammatory potential against the LOX-mediated
inflammation that might contribute towards the effective
gastroprotection of EAMM [26]. LOX is known to take
part in the oxidation of arachidonic acid into a family of
eicosanoid inflammatory mediators known as leukotrienes.
Leukotrienes are believed to contribute to gastric mucosal
damage by promoting tissue ischaemia and inflammation and
play an imperative role in blood coagulation and gastroin-
testinal tract irritation [27]. Therefore, inhibition of LOX as
seen with EAMM is believed to be vital in attenuating the
formation of ethanol-induced gastric ulcer [28].
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Despite the ability to exert anti-inflammatory activity,
EAMMhas been shown in the presence study to exert antiul-
cer activity and was effective in increasing the level of PGE2
following subjection to the ethanol-induced gastric ulcer
assay. The discrepancy in the action of EAMM is therefore
worth discussing. Prostaglandins synthesis depends on the
activity of COXs, which exist as distinct isoforms referred to
as COX-1 and COX-2. COX-1, which is the dominant source
of prostanoids that subserve housekeeping functions, such as
gastric epithelial cytoprotection and homeostasis, expressed
constitutively in most cells. On the other hand, COX-2 which
is the more important source of prostanoid formation in
inflammation and in proliferative diseases is induced by
inflammatory stimuli, hormones, and growth factors. There
is a dramatic increase of COX-2 expression upon provocation
of inflammatory cells and in inflamed tissues. However,
both enzymes contribute to the generation of autoregulatory
and homeostatic prostanoids and both can contribute to
prostanoid release during inflammation. Thus, with regard
to its anti-inflammatory activity, EAMM is suggested to act
preferentially towards inhibiting the COX-2 action, which
lead to the inhibition of PGE2 synthesis and inflammatory
action. In terms of its antiulcer activity, EAMM is postulated
to activate the COX-1 action leading to increase synthesis
of local PGE2 and PGI2, which provides protection towards
the gastroduodenal epithelial integrity.The disruption of this
pathway via inhibition of COX-1 will lead to ulcer formation.
Moreover, EAMMmay be able to activate the gastroduodenal
epithelial COX-2-dependent prostanoids (i.e., PGE2 and
PGI2) that hasten ulcer healing. Both PGs, in particular,
are vasodilators in the gastrointestinal mucosa, which may
increase mucus production and reduce acid and pepsin levels
in the stomach, thereby contributing to the gastric mucosal
defense and facilitate the repair of preexisting ulcers in the
gastrointestinal mucosa [29, 30].

The ethanol-induced gastric ulcer model is frequently
used to evaluate the antiulcerogenic activity of drugs. Ethanol
acts by rapidly penetrating the gastric mucosa and damag-
ing the cell and plasma membranes leading to increase in
intracellular membrane permeability to sodium and water.
This, in turn, leads to massive accumulation of calcium
that clarifies the pathogenesis of gastric mucosal injury [31].
Continuous ingestion of ethanol resulted in the development
of gastric lesions in the form of multiple hemorrhagic red
bands of different sizes along the glandular stomach. The
gastric mucosal lesions incited by ethanol ingestion might
decelerate the mechanism of gastric defense [32], which
include the depletion of gastric mucus content, mucosal cell
injury, and damaged mucosal blood flow [33]. Other than
direct action on the gastric mucosa, ethanol also augments
the production of ROS (i.e., superoxide anion and hydroxyl
radicals) and enhances release of arachidonate metabolites
[34, 35]. The ROS, in particular triggers lipid peroxidation
that will cause disturbance in cellular activities leading
ultimately to membrane cell damage, cell death, exfoliation,
and epithelial erosion.This may explain the ability of EAMM
to attenuate the ethanol-induced gastric ulcer formation due
to its high antioxidant and anti-inflammatory capacities.

The ability of any compound to control the contraction
and relaxation of gastric circular muscles might also con-
tribute to the enhancement of gastroprotective effect [36, 37].
The contraction of circular muscles of the rat fundus strip
caused by ethanol ingestion may lead to compression of the
mucosa at the crest of the mucosal folds, causing ulceration
and necrosis [36]. On the other hand, circular muscles
relaxation will cause the gastric mucosa folds to flatten as
part of the gastric mucosa defense by increasing the exposure
of mucosal area to necrotizing agents while reducing the
volume of gastric irritants on the rugal crest [37]. From
the macroscopic observation, a flattening of the mucosal
folds was observed following pretreatment with EAMM.
This suggest that the EAMM also promotes gastroprotective
action by decreasing the gastric motility as these alterations
may also contribute to the development and prevention of
gastric lesions.

The possible mechanisms of gastroprotection involving
the role of NO and NP-SH were also investigated using the
ethanol-induced gastric ulcer assay in rats. The rats were
pretreated with L-NAME or NEM followed by EAMMbefore
inducing with ethanol, respectively. Both the L-NAME and
NEM caused significant reduction in the gastroprotective
activity of EAMM suggesting that the semipurified extract
works in the presence of NO and NP-SH. NO is one of
the vital defensive endogenous factors in the gastric mucosa
[38] and is important for the modulation of gastric mucosal
integrity. Moreover, NO is vital for the regulation of mucus
secretion, acid and alkaline secretion, and gastric mucosal
blood flow [39]. The endothelium is the main and most pre-
ferred target of gastric ethanol damage [40]. In addition, L-
NAMEwhen given systemically inhibits NO synthesis/action
leading to an increase in systemic blood pressure and the
vasoconstriction of several vascular beds that damage the
gastric mucosa and its endothelium [41]. Pretreatment of
rats with L-NAME followed by EAMM reversed the gastro-
protective effects exerted by the semipurified extract against
ethanol-induced injury. These findings indicate the possible
participation of the NO-mediated system in the gastropro-
tective activity elicited by EAMM. Mucus is important in
gastroprotection as it helps to strengthen the mucosal barrier
against harmful agents. At the molecular level, the mucus
subunits are connected via disulfide bridges and reduction in
this bridges will cause the mucus to be more water soluble
[42]. The disulfide bridges help to maintain continuous
adherence of the stable, undisturbed mucus layer, which
serves to protect the underlying mucosa from proteolytic
digestion [43]. The NP-SH compound exerts its protective
effects against prooxidant agents by binding the free radicals
synthesized following the ingestion of noxious agents [40].

In regard to the phytochemical constituents of EAMM,
several classes of biocompounds were detected, namely,
saponins, tannins, flavonoids, and steroids. This finding was
concurrent with our previous report on the presence of
those classes of biocompounds in the crude MEMM [44].
A number of biocompounds from the classes of flavonoids,
saponins, and tannins are known to act as antioxidants
[45–47] and anti-inflammatory [48–50] and are, therefore,
suggested to act synergistically to exert both activities in all
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models used. The synergistic action of those biocompounds
is believed to be accountable towards the effectiveness of
gastroprotective activity shown by EAMM. Therefore, the
presence of these phytochemical substances may partly pro-
tect against gastric lesions by enhancing the antioxidant
and anti-inflammatory activities of EAMM. In addition,
flavonoid-based biocompounds have been reported to pro-
mote gastroprotection by increasing the gastric blood flow,
stimulating the synthesis of mucosubstances of the gastric
mucosa, increasing the PGs content andmucus thickness [51,
52]. Flavonoid-based biocompounds were also reported to
promote formation of the gastric mucosa, inhibit pepsinogen
production, decrease acid mucosal secretion, and reduce
ulcerogenic lesions [53]. The ability of tannin-based biocom-
pounds to prevent ulcer formation is by promoting protein
precipitation layer on the ulcer site to form a protective
pellicle, which helps to prevent the absorption of toxic
substances and withstand the effects of proteolytic enzymes
[54–56]. Meanwhile, the saponin-based biocompounds have
been reported to demonstrate its gastroprotective effect by
activating the mucus membrane protective factors [57] and
by selectively inhibiting PGF2𝛼 [31].

Several types of bioactive compounds have been identi-
fied in the MEMM as well as EAMM [6].The closest findings
that mimic the present extract, MEMM, were made by
Nazlina et al. [58], who successfully isolated rutin, quercitrin,
and quercetin using the TLC assay while those that mimic
the present partition, EAMM, were made by Susanti et al.
[59], whomanaged to isolate quercetin and quercitrin. Recent
study on the hepatoprotective activity ofMEMMalso demon-
strated the presence of rutin and quercitrin. Interestingly,
quercetin, quercitrin, and rutin have been reported to play
a role in gastroprotection elsewhere [53, 60, 61]. Therefore,
these compounds are suggested to act together synergistically
to produce the observed gastroprotective effect. Following
the latest HPLC analysis of MEMM and EAMM, which used
different set of HPLC equipment, conditions, eluants, and
so forth in comparison to our previous study on MEMM
[7, 44], several bioactive flavonoid-based compounds were
identified, namely, gallocatechin (1), epigallocatechin (2),
catechin (3), chlorogenic acid (4), caffeic acid (5), quercetin
(6), quercetin-3-O-glucoside (7), p-coumaric acid (8), and
hesperidin (9). Interestingly, some of these compounds
like catechin [62], chlorogenic acid [63], caffeic acid [64],
quercetin [65], and hesperidin [66] have been reported
to exert antiulcer activity and are, therefore, expected to
act synergistically to demonstrate the antiulcer activity as
observed in MEMM and EAMM.

5. Conclusion

In conclusion, the ethyl acetate partition of MEMM or
EAMM demonstrates the most effective gastroprotective
activity against ethanol-induced gastric ulcer model, which
could be attributed to the extract’s (i) high antioxidant
and anti-inflammatory activities; (ii) capability to modulate
the gastric tissue’s enzymatic and nonenzymatic antioxidant
system; (iii) potential to regulate the PGE2 synthesis, and

(iv) ability to work via pathways involving the NO and
NP-SH. Moreover, this activity could be plausibly linked
to the presence of gastroprotective agents such as catechin,
chlorogenic acid, caffeic acid, quercetin, and hesperidin,
which might act synergistically to produce the observed
activity.
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Reactive oxygen species (ROS) play a major role in both chronological aging and photoaging. ROS induce skin aging through their
damaging effect on cellular constituents. However, the origins of ROS have not been fully elucidated. We investigated that ROS
generation of replicative senescent fibroblasts is generated by the modulation of phosphatidylinositol 3,4,5-triphosphate (PIP3)
metabolism. Reduction of the PTEN protein, which dephosphorylates PIP3, was responsible for maintaining a high level of PIP3 in
replicative cells and consequently mediated the activation of the phosphatidylinositol-3-OH kinase (PI3K)/Akt pathway. Increased
ROS production was blocked by inhibition of PI3K or protein kinase C (PKC) or by NADPH oxidase activating in replicative
senescent cells. These data indicate that the signal pathway to ROS generation in replicative aged skin cells can be stimulated
by reduced PTEN level. Our results provide new insights into skin aging-associated modification of the PI3K/NADPH oxidase
signaling pathway and its relationship with a skin aging-dependent increase of ROS in human dermal fibroblasts.

1. Introduction

Changes in the skin are the most prominent signs of aging.
Skin aging can be divided into intrinsic or chronologic aging,
which is the process of senescence that affects all body organs,
and extrinsic aging (photoaging), which occurs because
of exposure to environmental factors. One of the most
important factors influencing intrinsic aging is a gradual
loss of function or degeneration that occurs at the cellular

level [1]. Cellular senescence, a state of essentially irreversible
growth arrest of cells, can be triggered in vitro by phenotypic
changes in morphology, gene expression, and function [2, 3].
Primary cultured cells undergo replicative senescence, which
is characterized by telomere shortening, genomic damage,
epigenomic damage, and activation of tumor suppressors [1].

Reactive oxygen species (ROS), primarily arising from
oxidative cell metabolism, play a major role in both chrono-
logical aging and photoaging of skin [4]. Despite the presence
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of several antioxidative mechanisms that deteriorate with
increasing age, ROS damage to cellular components still
abounds. This damage leads to increasing ROS, decreasing
antioxidative capacities, and finally cellular aging [4, 5].
ROS in extrinsic and intrinsic skin aging may be assumed
to induce transcription factors (NF-𝜅B and c-Jun); this
induction activates the decisive transcription factors, leads to
the expression ofmatrixmetalloproteinases, and prevents the
expression of procollagen-1 [6]. It is still unclear what earlier
events in ROS generation are involved in the progression of
cellular aging. Accordingly, in this study we investigated the
source of ROS in the skin cellular aging process.

The NOX family NADPH oxidases are proteins that
transfer electrons across biological membranes. In general,
NADPH oxidases have been thought to generate superoxide
at the plasma membrane and release it into the extracellular
space where it is converted into hydrogen peroxide. The
biological function of NOX enzymes is the generation of ROS
[7, 8]. Recent studies indicated that NADPH oxidase family
members are found in a wide array of tissues [9]. NADPH
oxidase is closely linked with phosphatidylinositol 3-OH
kinase (PI3K) signaling [10, 11]. Protein kinase C (PKC), a
downstream molecule of PI3K, is essential for superoxide
generation by NADPH oxidase [10, 12].

The tumor suppressor PTEN dephosphorylates the
lipid second messenger, phosphoinositol 3,4,5-trisphosphate
(PIP3), an enzymatic product PI3K, and negatively regulates
survival signaling mediated by PI3K/Akt (PI3K/Akt) [13, 14].

In this study, we demonstrated that PTEN downreg-
ulation and resultant activation of PI3K signaling caused
PKC𝜁 activation, which in turn increased ROS production
through NADPH oxidase expression and its activity modu-
lation in replicative aged human dermal fibroblasts (HDFs).
Our results provide new insights into skin aging-associated
modification of the PI3K/PKC𝜁/NADPH oxidase signaling
pathway and its relationship with senescence-dependent
increases of ROS in HDFs.

2. Materials and Methods

2.1. Cell Culture. HDFs isolated from neonatal foreskin
were purchased from GIBCO (Invitrogen, CA). The dermal
fibroblasts were cultured in Medium 106 with low serum
growth supplement and 1% antibiotics at 37∘C in a 5% CO2
incubator.The cells were subcultured in an atmosphere of 5%
CO2 at 37∘C by passaging them at a ratio of 1 : 5 in regular
intervals. At later passages, the splitting ratio was reduced to
1 : 3 and 1 : 2, respectively. Cells were passaged such that the
monolayers never exceeded 70–80% confluence. Population
doublings (PD) were estimated using the following equation:
𝑛 = (log 10𝐹− log 10𝐼)/0.301 (with 𝑛 = population doublings,
𝐹 = number of cells at the end of one passage, 𝐼 = number
of cells that were seeded at the beginning of one passage).
The senescent status was verified by in situ staining for SA-𝛽-
galactosidase. 90–100% percent of the cells at PD 55 stained
positive for SA-𝛽-galactosidase.

2.2. Quantification of Intracellular Reactive Oxygen Species.
The intracellular concentration of reactive oxygen species

of HDFs was measured by using an oxidation-sensitive
fluorescent probe dye, 2󸀠,7󸀠-dichlorodihydrofluorescein diac-
etate (DCF-DA) and hydroethidine (Sigma Co.) [15]. To
measure intracellular ROS, the cells were incubated for 1 hr
at 37∘C with HBSS containing 33 𝜇M DCF-DA (Molecular
Probes) or 1𝜇M hydroethidine (Sigma Co.). The samples
were then immediately observed under confocal fluorescence
microscope (Olympus, Japan). The images were obtained by
overlaying fluorescent images to differential interference con-
trast images. Also,DCFfluorescencewas detected by FACStar
flow cytometer (Becton Dickinson). For each sample, 10,000
events were collected. Reactive oxygen species production
was expressed as mean fluorescence intensity (MFI), which
was calculated by CellQuest software. Additionally, the cells
were incubated for 1 hr at 37∘C with HBSS containing 33mM
DCF-DA (Invitrogen Molecular Probes, Eugene, OR). The
samples were then immediately observed under fluorescence
microscopy.

2.3. Measurement of NADPH Oxidase. HDFs were lysed
with the lysis buffer (20mM Hepes, pH 7.2, 1% Triton X-
100, 150mM NaCl, 0.1mM phenylmethylsulfonyl fluoride
(PMSF), 1mM EDTA, and 1 𝜇g/mL aprotinin). After incu-
bation for 30min at 4∘C, cellular debris was removed by
centrifugation at 10,000×g for 30min.NADPHoxidase in the
supernatant was measured by lucigenin chemiluminescence
in the presence of 500𝜇MNADPH (Sigma-Aldrich, St. Louis,
MO) and 25 𝜇M lucigenin (Sigma-Aldrich, St. Louis, MO) as
described previously [16].

2.4. Western Blot Analysis. Cells were lysed with ice-cold
M-PER� Mammalian Protein Extraction Reagent (Pierce
Biotechnology, Rockford, IL), samples (30𝜇g) were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (GE Healthcare Life Sciences, Buckinghamshire,
UK), and subsequent immunoblotting was performed by
incubation with primary antibodies against PTEN, p85,
gp91phox, p67phox, PKC𝜁, Akt, 𝛽-actin (Santa Cruz, CA),
phosphor-Akt (Cell Signaling Technology, Beverly, MA), and
phospho-PKC𝜁 (Millipore Co., Ltd., Bedford, MA) and PIP3
(Abcam Co., MA) followed by further incubation with HRP-
conjugated IgG secondary antibody. Protein expression levels
were determined by signal analysis using an image analyzer
(Fuji-Film, Tokyo, Japan).

2.5. Immunocytochemical Methods for PIP3 Analysis. Intra-
cellular PIP

3
levels were directly determined using an

immunocytochemical method with a recently developed
monoclonal antibody to PIP

3
as described by Niswender et

al. [17] Slide glasses containing HDFs were equilibrated in
phosphate buffered saline at room temperature. Cells were
fixed for 5–10min at room temperature in 4% paraformalde-
hyde. After blocking in 5% normal goat serum and 2% bovine
serum albumin, samples were incubated with mouse anti-
PIP
3
monoclonal antibody (Echelon Biosciences, UT) at a

1 : 100 dilution overnight at 4∘C. The negative control for the
antibody was an equivalent concentration of nonimmune
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mouse IgM. Primary antibodies were detected with goat anti-
mouse IgM-TRITC at a 1 : 200 dilution 1 h at 4∘C. Specimens
were viewed using an Olympus FluoView laser scanning
confocal microscope.

2.6. Preparation of Ectopic Expression of PTEN. To generate
adenoviral constructs, the PTEN entry vector (pENTR-
PTEN, Invitrogen, CA) and a control entry vector (pENTR-
GUS->lacZ) were recombined with pAD/CMV/V5 (Invit-
rogen, Carlsbad, CA) using LR Clonase II (Invitrogen,
Carlsbad, CA) to generate pAD/CMV/GUS->lacZ/V5 and
pAD/CMV/PTEN/V5, respectively. The plasmid was lin-
earized with Pac 1 and was transfected into 283A cells using
lipofectamin 2000. Viruses from the culture supernatants of
293A cells that showed cytopathogenic effects were purified
by cesium chloride banding. A confluent culture ofHDFswas
infected with recombinant adenovirus at a concentration of
1.0 plaque-forming units (pfu) per cell for 48–72 hours.

2.7. Statistical Analysis. Data are expressed as mean ± SEM.
Statistical comparisons were performed using one-way
ANOVA followed by the Fisher test. The significance of
differences between groups was determined using Student’s
unpaired 𝑡-test. A value of 𝑝 < 0.05 was accepted as an
indication of statistical significance.

3. Results

3.1. Intracellular ROS Levels Are Increased by Activation of
NADPH Oxidase in Replicative Aged HDFs. Skin cells in the
human body have limited replication potential in vivo. This
is reflected by the finite replicative lifespan in vitro termed
“replicative cellular senescence,” which has been proposed as
an experimental model for human aging [18]. We also made
an in vitro skin aging model by replicative subculturing with
HDFs. We first analyzed whether ROS would change during
extended passaging of HDFs. The level of intracellular ROS
was determined using Dichlorofluorescin diacetate (DCF-
DA) and Hydroethidine Fluorescence. Additionally, both of
fluorescence was elevated in cells with extended HDF pas-
sages. Senescent status was verified by in situ staining for SA-
𝛽-galactosidase; 90–100%percent of the cells at PD 55 stained
positive for SA-𝛽-galactosidase (Figure 1(a)). Intracellular
ROS levels increased during the passage progression by 4.9 ±
0.2 fold from passage 17 to 55 when ROS was quantified using
a flow cytometer (Figure 1(b)). Interestingly, the increased
ROS in replicative aged skin cells was not extinguished by the
treatment with rotenone, an inhibitor of mitochondrial elec-
tron transfer (Figure 1(c)). However, ROS increase in replica-
tive agedHDFswas inhibited by diphenyleneiodonium (DPI)
and apocynin, inhibitors of NADPH oxidase (Figure 1(c)).
Allopurinol, an inhibitor of xanthine oxidase, had no effect
on aging-induced ROS (Figure 1(c)). The increased ROS in
aged HDF was inhibited by superoxide dismutase (SOD)
(Figure 1(c)). It is likely that the major source of ROS in
replicative aged HDFs is not the mitochondria, but rather
NADPHoxidase.These findings are further supported by our
data that NADPH oxidase activity was elevated in replicative

aged HDFs (Figure 1(d)). Additionally, we confirmed that
elevated NADPH oxidase activity decreased by DPI and SOD
in time-dependent manner (Supplementary Figure 1). The
increase in NADPH oxidase activity can be induced by the
increase of NADPH oxidase expression or modulation of
NADPH activity. The expression of p67phox and gp91phox
of NADPH oxidase increased in replicative aged HDFs.
However, the expression of superoxide degrading enzymes,
Cu, Zn-SOD, and Mn-SOD, did not change during the
progression of cellular aging (Figure 1(e)). Together, these
results indicated that increased ROSwas elevated by NADPH
oxidase activation in replicative aged HDFs. These results
suggest that ROS increase in aged HDFs might be caused
by increased NADPH expression rather than modulation of
NADPH oxidase activity.

3.2. ROS Generation in Replicative Aged HDFs Is Induced
by PI3K Signaling, Phosphorylation of PKC𝜁, and NADPH
Oxidase Activation. In order to understand the signaling
pathways via ROS generation, we testedwhetherwortmannin
and calphostin, inhibitors of PI3K and PKC, respectively,
inhibited the enhanced NADPH oxidase activity and ROS
levels in replicative aged HDFs (Figures 2(a) and 2(b)).
These findings suggest that ROS generation through the
activation ofNADPHoxidase in replicative agedHDFsmight
be mediated by PI3K and PKC signaling. From this finding
we expected that PI3K and PKC signaling could be activated
in replicative aged HDFs. Indeed, the phosphorylation of
Akt, a hallmark of PI3K signal activation, increased in
replicative aged HDFs (Figure 2(c)). PKC𝜁 phosphorylation,
an indicator of PKC activation, was also elevated in replicative
aged HDFs (Figure 2(c)). PKC𝜁 phosphorylation is likely to
be mediated by activation of the PI3K-Akt pathway because
PKC𝜁 phosphorylationwas inhibited by treatment withwort-
mannin (Figure 2(d)). Also, the expression of p67phox and
gp91phox was decreased by 6 h treatment with wortmannin
(Figure 2(e)). Thus, we conclude that the activation of the
PI3K-Akt pathway induces phosphorylation of PKC𝜁, leading
to enhanced NADPH oxidase activity and resulting in an
increase in ROS generation.

3.3. Replicative Aged HDFs Exhibit Increased Intracellular
PIP3 Levels through PTEN Downregulation. To determine
what activates the PI3K-Akt pathway, we tested whether the
protein levels of PI3K increase as HDFs age. We determined
that the PI3K p85 subunit protein levels showed a slight
decrease in replicative aged HDFs (Figure 3(a)). PI3K sig-
naling can be affected by PTEN since the PIP3 level is con-
trolled directly by the balance of activities between PI3K, the
synthetic enzyme of PIP3, and PTEN, its degradative enzyme
[18, 19]. We found that the protein level of PTENwas reduced
much more than that of PI3K as the cells aged (Figure 3(a)).
These data suggest that the imbalance between PI3K and
PTEN levels induces modulation of PIP3 metabolism, which
results in the activation of PI3K-Akt pathway. To confirm
this, wemeasured intracellular PIP3 levels inHDFs of various
ages. Intracellular levels of PIP3 increased with increasing
passages of HDF indicating that the elevation of PIP3 levels
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Figure 1: Elevation of cellular ROS levels in replicative aged HDFs through the activation of NADPH oxidase. (a) Increase in ROS with
increasing PD of HDFs determined by ROS-sensitive fluorescent dyes. Various PDs of HDFs were stained with DCF-DA for 30min and
visualized with fluorescence microscopy. Senescent status was verified by in situ staining for SA-𝛽-galactosidase. (b) ROS was measured
by flow cytometry using DCFH-DA in various PDs of HDFs. (c) ROS in replicative aged HDFs (55 PD) under control conditions and in
the presence of superoxide dismutase (SOD, 200U/mL), rotenone (ROT, 10mM), allopurinol (ALLO, 100 𝜇M), diphenyleneiodonium (DPI,
100𝜇M), and apocynin (APO, 300 𝜇M). (d) Increase in NADPH oxidase activity with increasing PDs of HDFs. NADPH oxidase activity was
measured by lucigenin activity in the presence of 500𝜇M NADPH. (e) Multiple PDs of HDFs were analyzed by western blot for gp91phox,
p67phox, and 𝛽-actin. Error bars, SD; 𝑛 = 5 in each group. ∗𝑃 < 0.001, compared with 55 PD.
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Figure 2:The elevation of cellular ROS levels in replicative aged HDFs through activation of PI3K, PKC𝜁, and NADPH oxidase. (a) Blockage
of aging-induced increase of ROS by incubating 55 PD HDFs with medium alone or with 100 nM wortmannin or 100 nM calphostin for
30min. Blockage was measured by flow cytometry using DCF-DA. (b) Blockage of aging-induced increase of NADPH oxidase activity by
wortmannin and calphostin C. NADPH oxidase activity was measured by lucigenin activity with medium alone or with 100 nMwortmannin
or 100 nM calphostin C in the presence of 500 𝜇M NADPH. (c) Aging-induced increase of PKC𝜁 and Akt phosphorylation. Various PDs of
HDFs were lysed, and western blots for phospho-Akt, phospho-PKC𝜁, and 𝛽-actin were performed with the cell lysates (see Methods). (d)
Inhibition of PKC𝜁 phosphorylation by wortmannin. 35 PDHDFs were treated with 100 nMwortmannin for the indicated times and the cells
were analyzed with western blots for phospho-PKC𝜁 and 𝛽-actin. (e) Inhibition of gp91phox and p67phox expression by wortmannin. 55 PD
HDFs were treated with 100 nM wortmannin for the indicated times. The cells were analyzed by western blotting for gp91phox, p67phox, and
𝛽-actin. Error bars, SD; 𝑛 = 5 in each group. ∗𝑃 < 0.005, compared with 55 PD.

in replicative aged HDFs is induced by a decrease in PIP3
breakdown through greater downregulation of PTEN than
of PI3K (Figure 3(b)). Additionally, we confirmed elevation
of PIP3 protein expression with increasing passage of HDF
using western blotting analysis (Supplementary Figure 2).
And we examined the effect of PI3K on PIP3 production.
Treatment of Wortmannin (PI3K inhibitor) decreased PIP3
expression in aged cells (Supplementary Figure 3).

3.4. Overexpression of PTEN Decreases Cellular ROS Levels
by Inhibiting NADPH Oxidase through PIP3 Downregulation.
To confirm the effect of PTEN on NADPH oxidase/ROS, we
infected replicative aged HDFs with adenovirus containing
the PTEN gene (Ad/PTEN) or control lacZ (Ad/LacZ). PTEN
protein levels were elevated by infection with Ad/PTEN
(Figure 4(b)). PTEN overexpression in replicative agedHDFs
abolished the aging-induced increases in PIP3 concentration
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Figure 3: Replicative senescence-dependent increase in intracellular PIP
3
levels through PTENdownregulation. (a) Expression levels of PI3K

and PTEN, in various PDs of HDFs. Various PDs of HDFs were analyzed by western blotting for PTEN, PI3K p85 subunit, and 𝛽-actin. (b)
PIP
3
immunofluorescence staining in various PDs of HDFs. Various PDs of HDFs were fixed with 4% paraformaldehyde, incubated with anti-

PIP
3
antibody and stained with TRITC-labeled anti-mouse IgM antibody. Images were acquired using an Olympus FluoView� laser scanning

confocal microscope.

(Figure 4(a)) and NADPH oxidase expression (Figure 4(b))
as well as the resultant aging-induced ROS generation (Fig-
ure 4(c)). On the contrary, inactivation of PTEN increased
PIP3 expression (Supplementary Figure 4). Our data show
that enhanced ROS further activates PI3K signaling by the
inactivation of PTEN.

4. Discussion

ROS induces skin aging by damaging cellular constituents;
however, the origins of ROS have not been elucidated in
intrinsic skin aging. In this study, we showed that ROS
in replicative aged HDFs are generated by the modulation
of PIP3 metabolism. The decrease in PTEN protein, which
dephosphorylates PIP3, was responsible formaintaining high
levels of PIP3 in replicative aged HDFs and consequently
mediated the activation of the PI3K/Akt pathway. PI3K/Akt
pathway activation led to PKC𝜁 activation and in turn
increased ROS production through increases in NADPH
expression. Therefore, we investigated whether the pathway
leading to ROS generation is initiated by increased PIP3 level
through regulation of PTEN in replicative aged HDFs.

Skin aging, a progressive and multifactorial but not yet
fully understood process, is particularly interesting because
of the continuously increasing life expectancy in many
countries [20, 21]. Changes in the skin are themost prominent
signs of aging. Skin aging can be divided into intrinsic
or chronologic aging, which is the process of senescence
that affects all body organs, and extrinsic aging caused by
environmental factors. Intrinsic or natural mechanisms play
a role in the way an individual ages, and both intrinsic
and extrinsic mechanisms share molecular pathways. In this
study, we investigated the signal pathway of ROS generation
with a focus on the mechanisms of skin aging.

ROS, byproducts of normal cellular oxidative processes,
increase as cellular senescence progresses [22, 23] and have
been shown to contribute to cellular senescence [24]. ROS
primarily arise from oxidative cell metabolism and play
a major role in both chronological aging and photoaging
[20]. However, it remains unclear what earlier events lead
to increased ROS during the skin aging. Skin cells in the
human body have a limited replication potential in vivo. This
is reflected by the finite replicative lifespan in vitro termed
“replicative cellular senescence,” which has been proposed
as an experimental model for human aging [18]. We created
an in vitro skin aging model by replicative subculture of
HDFs. We analyzed whether ROS would change during
extended passaging of HDFs (Figure 1). Interestingly, the
increased ROS in replicative agedHDFswas not extinguished
by treatment with rotenone, an inhibitor of mitochondrial
electron transfer. The ROS increase in replicative aged skin
cells was inhibited by diphenyleneiodonium and apocynin,
inhibitors of NADPH oxidase. Allopurinol, an inhibitor of
xanthine oxidase also had no effect on aging-induced ROS.
It is likely that the major source of ROS in replicative
aged skin cells is not mitochondria but NADPH oxidase.
These findings are further supported by data suggesting that
NADPH oxidase activity was elevated in replicative aged
HDFs.

NADPH oxidases (NOX) have been thought to generate
superoxide at the plasma membrane and release it into
the extracellular space where it is converted into hydro-
gen peroxide. The biological function of NOX enzymes is
the generation of ROS [7, 8]. Recent studies indicate that
NADPH oxidase family members are found in a wide array
of tissues [9]. ROS produced by the NOX proteins Nox1–
5 and Duox1/2 play essential roles in the physiology of the
brain, the immune system, the vasculature, and the digestive
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Figure 4: ROS generation in replicative aged HDFs is induced by the activation of PI3K signaling through aging-induced downregulation of
PTEN and activation of PI3K/PKC. (a) The inhibition of aging-induced increases in PIP3 levels by PTEN gene transfer. Replicative aged
HDFs (55 PD) were cultured in standard medium and infected with Ad/LacZ and Ad/PTEN. After 48 h, the cells were fixed with 4%
paraformaldehyde, incubated with anti-PIP3 antibody, and stained with TRITC-labeled anti-mouse IgM antibody. Images were acquired
with an Axiovert S100 fluorescence microscope (Zeiss, Germany) equipped with a DP70 digital camera (Olympus, Japan). (b) Inhibition of
p91phox and p67phox expression by PTEN gene transfer. Replicative aged HDFs (55 PD) were cultured in standard medium and infected with
Ad/LacZ or Ad/PTEN. After 48 h, the cells were lysed and blotted with antibody for PTEN, gp91phox, p67phox, and 𝛽-actin. (c) Inhibition of
ROS generation by PTEN gene transfer. Replicative agedHDFs (55 PD) were cultured under standardmedium and infected with vector alone
(Ad/LacZ) or PTEN viral vector (Ad/PTEN). After 48 h, ROS was measured by flow cytometry using DCF-DA. Error bars, SD; 𝑛 = 5 in each
group. ∗𝑃 < 0.005, compared with 55 PD.

tract as well as in hormone synthesis. In particular, NADPH
oxidase-2 is a key regulator of human dermal fibroblasts [25].
We confirmed that expression of NOXs in aged HDFs was
increased (Supplementary Figure 5). NADPH oxidase is a
multicomponent enzyme; the classical phagocytic NADPH
oxidase is composed of membrane-bound subunits p22phox

and gp91phox (also referred to as NOX2) as well as cytosolic
subunits, including p67phox and p47phox [8, 26]. In our results,
we confirmed that the expression of p67phox and gp91phox

increased during the extended passaging of HDFs (Figure 1).
These results indicate that the elevation of ROS levels in
replicative aged HDFs is induced by an increase in NADPH
oxidase-2 protein expression.

PKC𝜁 was originally discovered as a unique PKC isotype.
It is classified into the atypical PKC (aPKC) subfamily
[27]. PKC𝜁 is also activated by lipid components, such as
phosphatidylinositols (PIs), phosphatidic acid, arachidonic
acid, and ceramide. Among these lipids, PIP3 has been the
focus of much interest with regard to its regulation of aPKCs
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in various cells. aPKCs can be regulated by PI3K, which
produces PIP3 from PIP2 [28].

NADPH oxidase is closely linked with PI3K signaling
[10, 11]. PKC𝜁, a downstreammolecule of PI3K, is essential for
superoxide generation by NADPH oxidase [10, 12]. Thus, we
tested the effect of PI3K andPKC inhibitors on aging-induced
increase of ROS generation, NADPH oxidase activity and
protein expression (Figure 2). In addition, we confirmed that
PKC inhibitor inhibits NADPH oxidase activity in a time-
dependent manner in replicative aged HDFs (Supplementary
Figure 6). From our results, we conclude that activation of the
PI3K/Akt pathway induces phosphorylation of PKC𝜁, leads
to enhance of NADPH oxidase expression and activity, and
thereby results in increased ROS generation.

To determine what activates the PI3K-Akt pathway, we
first tested whether the protein levels of PI3K increased
as HDFs aged. Contrary to our expectations, the protein
levels of the PI3K p85 subunit showed a slight decrease in
replicative aged HDFs (Figure 3(a)). PI3K signaling can be
affected by PTEN since PIP3 levels are controlled directly
by a balance of activities between the PI3K, the synthetic
enzyme of PIP3, and PTEN, its degradative enzyme [18, 19].
We found that, as the cells aged, the protein levels of PTEN
were much more reduced than those of PI3K. These data
suggest that the imbalance between PI3K and PTEN levels
induces modulation of PIP3 metabolism, which results in
the activation of the PI3K-Akt pathway. To confirm this,
we measured intracellular PIP3 levels in HDFs of various
ages and found that intracellular levels of PIP3 increased
with increasing passage of HDFs. These results indicate that
the elevation of PIP3 levels in replicative aged HDFs is
induced by a decrease in PIP3 breakdown through greater
downregulation of PTEN than of PI3K.

PTEN downregulation might be an initiation step of the
signal pathway leading to ROS production. To confirm this,
we examinedwhether the signal pathway could be stopped by
restoring PTEN levels in replicative aged HDFs to the level of
young HDFs. We infected replicative aged HDFs with aden-
ovirus containing the PTEN gene (Ad/PTEN) or adenovirus
containing the lacZ gene (Ad/LacZ). PTEN overexpression in
replicative agedHDFs by the PTEN gene abolished the aging-
induced increase in PIP3 concentration, NADPH oxidase-
2 related protein expression, and consequent aging-induced
ROS generation (Figure 4).These data indicate that the signal
pathway for ROS generation in replicative aged HDFs can be
stimulated by reduced PTEN levels. Taking that report and
our results together, enhanced ROS productionmight further
activate the PI3K/Akt pathway by PTEN inactivation, thus
establishing a self-perpetuating cycle leading to further aging.

In conclusion, we demonstrated that PTEN downreg-
ulation and resultant activation of PI3K signaling caused
PKC activation, which in turn increased ROS production
through NADPH oxidase protein expression and activity
modulation. Thus, our results provide novel evidence that
ROS in replicative aged HDFs might be produced by aging-
inducedmodifications of related cellular signal pathways.We
also demonstrated that PTEN downregulation initiates the
signal pathway leading to ROS generation in the progress of
replicative skin aging.
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Aims. The study aimed to examine whether hydrogen sulfide (H
2
S) generation changed in the kidney of the ageing mouse and

its relationship with impaired kidney function. Results. H
2
S levels in the plasma, urine, and kidney decreased significantly in

ageing mice. The expression of two known H
2
S-producing enzymes in kidney, cystathionine 𝛾-lyase (CSE) and cystathionine-

𝛽-synthase (CBS), decreased significantly during ageing. Chronic H
2
S donor (NaHS, 50𝜇mol/kg/day, 10 weeks) treatment could

alleviate oxidative stress levels and renal tubular interstitial collagen deposition.These protective effects may relate to transcription
factor Nrf2 activation and antioxidant proteins such as HO-1, SIRT1, SOD1, and SOD2 expression upregulation in the ageing kidney
after NaHS treatment. Furthermore, the expression of H

2
S-producing enzymes changed with exogenous H

2
S administration and

contributed to elevated H
2
S levels in the ageing kidney. Conclusions. Endogenous hydrogen sulfide production in the ageing kidney

is insufficient. Exogenous H
2
S can partially rescue ageing-related kidney dysfunction by reducing oxidative stress, decreasing

collagen deposition, and enhancing Nrf2 nuclear translocation. Recovery of endogenous hydrogen sulfide production may also
contribute to the beneficial effects of NaHS treatment.

1. Introduction

Population ageing is a global phenomenon and exerts heavy
demands on the healthcare system and society. The aged
population, 65 years or older, will reach 1 billion people,
accounting for 13% of the total worldwide population in
2030 [1]. Ageing is a natural process accompanied by gradual
declining in physiological functions. Impaired renal function
in ageing people is of great clinical relevance and usually
associates with cardiovascular diseases and even mortality.
The characteristics of the ageing kidney include nephroscle-
rosis, nephron hypertrophy, cortical volume reduction, and
cyst formation [2]. On the other hand, the high frequency of
underlying diseases among ageing people, such as concurrent
diabetes, complicates the treatment of nephropathy. There-
fore, understanding the process of kidney ageing might help
to improve the quality of life of the ageing population and to
provide precise treatment for senile nephropathy.

Hydrogen sulfide (H
2
S) is a gasotransmitter generated

endogenously by cystathionine-𝛾-lyase (CSE), cystathionine-
𝛽-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase

(3-MST). H
2
S has diverse physiological functions such as

relaxing blood vessels, lowering blood pressure [3, 4], anti-
apoptosis [5], anti-inflammation [6], and antioxidative stress
[7]. In recent years, emerging studies have focused on the
possibility of life span elongation by H

2
S. Miller and Roth

firstly reported the regulatory role of H
2
S (50 ppm) in C.

elegans ageing [8], and Wei and Kenyon recently confirmed
this effect [9].

The beneficial effects of H
2
S on lifespan elongation

involve both direct and indirect mechanisms. Some key
regulatory molecules, such as Sirtuins [8] and Klotho [10],
contribute to the direct effects of H

2
S, whereas the antioxida-

tive nature ofH
2
S protects the ageing heart or brain indirectly

[11, 12]. Organ-specific mechanisms are of great clinical
value for treating ageing-related diseases as well as pursuing
healthy ageing. Our previous study showed that heart H

2
S

levels in long-term fructose-fed ageing mice decreased from
0.020𝜇mol/g protein to 0.013𝜇mol/g protein, whichmay play
some roles in the pathogenesis of diabetic cardiomyopathy
[13]. The aim of this study was to investigate the endogenous
production of H

2
S in the ageing kidney and the effect of
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chronic H
2
S supplements in protecting the kidney from

ageing-related damage.

2. Materials and Methods

2.1. Animals and NaHS Administration. Eight-week-oldmale
C57BL/6 mice were purchased from Department of Labora-
tory Animal Science of Fudan University and raised under
controlled conditions (22 ± 2∘C, 45–55% relative humidity,
and 12 h dark-light cycle), with unrestricted access to diet and
water until 16 months of age (old group). Another group of
8-week-old male C57BL/6 mice were purchased and raised
until 3 months of age (young control group). We further
divided the old mice into four groups: old control with
normal saline, old with low-dose NaHS (10 𝜇mol/kg/day),
old withmedium-dose NaHS (50𝜇mol/kg/day), and old with
high-dose NaHS (100 𝜇mol/kg/day). The treatment, which
consisted of intraperitoneal injection of NaHS or normal
saline once a day, lasted for 10 weeks. All animal studies were
approved by the Ethics Committee of Experimental Research,
Fudan University Shanghai Medical College.

2.2. Metabolism and Biochemical Analyses. Mice were placed
inmetabolic cages (Tecniplast, Italy) separately formetabolism
evaluation. After 3 days’ acclimation, 24-hour water and
food intake were measured and urine was collected. Glucose
strips (OneTouch, Johnson) were used to determine fasting
plasma glucose with blood collected from the tail vein before
euthanasia. Plasma was obtained by centrifuging a blood
sample at 3000 rpm, 4∘C for 15 minutes (min). Plasma levels
of creatinine (Crea), blood urea nitrogen (BUN), total choles-
terol (CHOL), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein choles-
terol (HDL-C) were determined by automatic biochemical
analyser (Cobas 6000, Roche, Basel, Switzerland).

2.3. Detection of Reactive Oxygen Species (ROS) Levels. ROS
levels in the kidney were measured using dihydroethidium
(DHE) staining (Sigma-Aldrich) [14]. Briefly, DHE powder
was dissolved in dimethyl sulfoxide and further diluted
with phosphate-buffered saline (PBS) at 55∘C until fully
dissolution. Mice were injected with DHE solution (100 𝜇L,
27mg/kg)maintained at 37–40∘C and reinjected after 30min.
Eighteen hours later, mice were anesthetized and the kidney
tissues were embedded in optimum cutting temperature
compound (OCT). Mice kidney tissue sections (7𝜇m) were
obtained by using a frozen tissue slicer and observed under a
laser confocal microscope (Zeiss LSM710) at the wavelength
of 488/610 nm. Florescence values were normalized to the old
groups.

2.4. Morphological and Histological Analyses. The kidney
tissues were excised, fixed in 10% formalin, and embedded in
paraffin. Kidney sections (4𝜇m) were stained with Masson’s,
hematoxylin and eosin (HE), and TUNEL stain, according to
the manufacturer’s instructions. Renal pathological changes
were observed under an optical microscope. Apoptosis was
determined through TUNEL staining.

2.5. Measurement of H2S Levels and the Activity of H2S-
Producing Enzymes. H

2
S levels in plasma, urine, and kidney

tissues were determined as previously described [15]. The
activity of CSE/CBS in the kidney tissues was measured
by the method described by Tao et al. [16]. Briefly, 260 𝜇L
homogenized kidney tissues were incubated together with
20𝜇L L-cysteine (10mmol/L) and 20𝜇L pyridoxal-5󸀠 phos-
phate (2mmol/L) in an EP tube for 30min at 37∘C. Then
30 𝜇L supernatant obtained after centrifugation (10min at
12000 rpm) was incubated with 80 𝜇L monobromobimane
(MBB) for 40min on a shaker at room temperature. Reaction
was terminated by adding 20% formic acid and tested by gas
chromatography-mass spectrometry (GC-MS). It should be
borne inmind that thismethod can only test the overall activ-
ity of CSE and CBS because they share the same substrates.

2.6. Enzymatic Activity Assay. SIRT1 activity was determined
by using the SIRT1 Fluorometric Drug Discovery Kit (BML-
AK555-0001, Enzo) according to the manufacturer’s proto-
col [17]. Briefly, for cell-free measurement of the reaction
between H

2
S and recombinant SIRT1, 10 𝜇L SIRT1 protein

(0.25U) and 5 𝜇L NaHS (0, 12.5, 25, 50, and 100 𝜇mol/L)
were incubated with 5 𝜇L substrate (0.25mmol/L) and 5𝜇L
NAD (0.25mmol/L) plus 25 𝜇L assay buffer. For tissue SIRT1
activity measurement, the reaction system contains 10𝜇L
kidney tissue homogenate, 5 𝜇L substrate (0.25mmol/L),
and 5 𝜇L NAD (0.25mmol/L) plus 30 𝜇L assay buffer. Both
reactions were carried out at 37∘C for 40min and stopped by
addition of 1x Fluor de Lys� Developer II plus nicotinamide
(50 𝜇L per well) (every 1mL stop solution contains 760 𝜇L
assay buffer, 40𝜇L 50mmol/L nicotinamide, and 200 𝜇L 5x
Developer II). Fifteen mins later, fluorescence values were
measured on a fluorometric reader (Synergy�Mx,USA)with
excitation at 360 nm and emission at 460 nm.

2.7. Western Blot Analysis. The kidney cytoplasm nuclear
proteins were collected under the kit protocol (Nuclear and
Cytoplasmic Protein Extraction Kit, Beyotime Biotechnol-
ogy, Nanjing) and quantified using a BCA reagent (Shen
Neng Bo Cai Corp, Shanghai). The proteins were resolved
on a sodium dodecyl sulfate 10% polyacrylamide gel and
transferred onto polyvinylidene fluoride membrane (Mil-
lipore, Bedford, MA, USA) and incubated with primary
antibodies (1 : 1000 dilution) against Bcl-2, Bax, CSE, CBS,
3-MST, SIRT1 (Santa Cruz, CA, USA), Collagen I (Col
I), Collagen III (Col III), Fibronectin (FN), SOD1, SOD2
(AbcamCompany, USA), or Nrf2, HO-1 (Proteintech, China)
at 4∘C overnight. The blots were washed with phosphate
buffer saline (TBST) for three times and then incubated with
horseradish peroxidase-conjugated secondary antibodies for
another 1 hour at room temperature. After washing, the
blots were visualized by using chemiluminescent substrate
(ECL). The densities of immunoblot bands were analysed
using a scanning densitometer (model GS-800, Bio-Rad
Laboratories, Hercules, CA, USA) coupled with Bio-Rad
personal computer analysis software.

2.8. Statistical Analysis. Results are expressed as mean ±
SEM. Statistical analysis was performed using SPSS software,
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Table 1: Results are means ± SE. Old groups were treated with a variety of NaHS (0, 10, 50, and 100𝜇mol/kg/day) treatments for 10 weeks.
∗
𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with old control (young group,𝑁 = 14; old groups,𝑁 = 18).

Old Young Old-10 Old-50 Old-100
Body weights (bw) (g) 29.26 ± 3.03 20.88 ± 02.30∗∗ 2939 ± 0.46 27.37 ± 1.7 27.17 ± 2.69

Fasting plasma glucose (mmol/L) 3.8429 ± 0.4315 3.9143 ± 0.4140 3.9600 ± 0.5771 3.8833 ± 0.5419 4.1200 ± 0.5762

Heart mass/bw 0.0052 ± 0.0003 0.0058 ± 0.0008 0.0062 ± 0.0008∗∗ 0.0061 ± 0.0008∗∗ 0.0058 ± 0.0007∗∗

Liver mass/bw 0.0446 ± 0.0041 0.0464 ± 0.0046 0.0465 ± 0.0037 0.0457 ± 0.0017 0.0454 ± 0.0024

Left kidney mass/bw 0.0064 ± 0.0007 0.0066 ± 0.0011 0.0067 ± 0.0007 0.0072 ± 0.0003∗∗ 0.0073 ± 0.0004∗∗

Right kidney mass/bw 0.0065 ± 0.0007 0.0059 ± 0.0016 0.0069 ± 0.0008 0.0074 ± 0.0004∗∗ 0.0073 ± 0.0004∗
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Figure 1: Twenty-four-hour metabolic characteristics of young and old mice. The old groups were treated with different doses of NaHS or
saline as the control for 10 weeks. (a) Food intake. (b) Water intake. (c) Urine volume. (d)The level of urinary protein. Values are mean ± SE.
𝑃 < 0.05 was considered significant (young groups,𝑁 = 12; old groups,𝑁 = 14).

version 21.0 (SPSS, Inc., Chicago, IL, USA). Comparisons
among groups were performed by one-way ANOVA. Paired
data were evaluated by two-tailed Student’s 𝑡-test. Statistical
significance was considered when 𝑃 < 0.05.

3. Results

3.1. Hydrogen Sulfide Donor NaHS Has a Protective Effect in
Ageing Mice Metabolism. There was no significant difference
in fasting blood-glucose between the young and old groups,
and NaHS (10, 50, and 100 𝜇mol/kg/day) treatment changed
neither the fasting blood-glucose nor the body weight among

old groups (Table 1). Compared with young mice, food
and water intake were decreased whereas the urine volume
increased in old control mice. Chronic NaHS treatment
for 10 weeks did not change the food and water intake
(Figures 1(a) and 1(b)) but could decrease the 24-hour urine
volume and the contents of urine protein (Figures 1(c) and
1(d)). The maximum effect of NaHS in decreased urine
volumewas achieved in the 100 𝜇mol/kg/dayNaHS treatment
group, whereas the 50 𝜇mol/kg/day NaHS treatment group
decreased urine protein contents the most (Figures 1(c) and
1(d)). The blood level of Crea and LDL-C did not change
(Figures 2(a) and 2(e)), whereas the contents of BUN, CHOL,
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Figure 2: Blood biochemical results for young and old mice. (a) Crea: creatinine. (b) BUN: blood urea nitrogen. (c) CHOL: total cholesterol.
(d) TG: triglycerides. (e) LDL-C: low-density lipoprotein. (f)HDL-C: high-density lipoprotein. Values aremean± SE.𝑃 < 0.05was considered
significant (young groups,𝑁 = 12; old groups,𝑁 = 14).

TG, and HDL-C increased dramatically in old control mice
comparedwith youngmice (Figures 2(b), 2(c), 2(d), and 2(f)).
Ten weeks of 50𝜇mol/kg/day NaHS treatment significantly
alleviated the increase of Crea, BUN, CHOL, and HDL-
C (Figures 2(a), 2(b), 2(c), and 2(f)), and 100 𝜇mol/kg/day
NaHS therapy decreased the TG contents (Figure 2(d)). Our
results indicate that there is impaired kidney function during
ageing, and exogenous H

2
S treatment could partially reverse

such impairment.

3.2. NaHS Alleviates the Level of Oxidative Stress in the Ageing
Kidney. ROS levels in the kidney were examined after 10
weeks of NaHS therapy. DHE fluorescence intensity andmal-
ondialdehyde (MDA) levels were elevated significantly in the
old control group compared with young mice, and chronic
NaHS treatment could mitigate these changes (Figures 3(a),
3(b), and 3(c)). Accordingly, SOD activity and glutathione
peroxidase (GPx) levels were decreased in old mice, and
50 𝜇mol/kg/day NaHS treatment could partially rescue these
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Figure 3: H
2
S donor NaHS protected the ageing kidney from oxidative stress. ((a) and (b)) DHE staining and the DHE fluorescence in the

kidney tissue. (c) Malondialdehyde (MDA) levels in the kidney. (d) Total SOD activity renal tissue. (e) Glutathione peroxidase (GPx) levels
in the kidney. Values are mean ± SE. 𝑃 < 0.05 was considered significant (young groups,𝑁 = 6; old groups,𝑁 = 8).

changes (Figures 3(d) and 3(e)). Our results indicated that the
H
2
S donor could protect the ageing kidney from oxidative

stress.

3.3. Ageing Mice Exhibit Kidney Remodeling and Apopto-
sis and Chronic NaHS Treatment Mitigates These Processes.
Masson staining showed significantly increased interstitial
fibrosis compared with young groups, and 10 weeks of

50 𝜇mol/kg/day NaHS treatment could partially reduce col-
lagen deposition (Figures 4(a) and 4(b)). There was higher
expression of Col III and FN in the ageing kidney, and this
trend became less significant with chronic NaHS treatment
(Figures 4(d) and 4(e)). Col I expressionwas also increased in
the ageing kidney, but with no significant difference between
the NaHS-treated and nontreated groups (Figure 4(c)). In
addition,mRNA levels of Col I, Col III, and FN also increased
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Figure 4: Renal pathological changes of ageing mice. ((a) and (b)) Masson staining of the kidney tissue. (c) Col I and (d) Col III expression
in ageing mice (𝑁 = 8). (e) FN expression in ageing mice (𝑁 = 10). 𝑃 < 0.05 was considered significant.
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during ageing (Figure S1 in SupplementaryMaterial available
online at http://dx.doi.org/10.1155/2016/7570489).

The ageing kidney appeared to have a higher apoptosis
level compared with that of the young group, evidenced
by increased expression of proapoptotic Bax and decreased
expression of antiapoptotic Bcl-2 (Figure 5(b)). TUNEL
staining revealed the same changes (Figure 5(a)). HE staining
showed tubular dilation and inflammatory infiltration among
ageing mice, whereas chronic NaHS therapy could mitigate
this damage (Figure 5(c)). Our results indicated that kidney
remodeling and apoptosis had occurred in ageing mice, and
chronic NaHS treatment could mitigate these processes.

3.4. Endogenous Hydrogen Sulfide Production Is Decreased
in Ageing Mice; NaHS Treatment Alleviates the Reduction by
Increasing the Expression and Activity of Hydrogen Sulfide-
Producing Enzymes. Compared with young groups, ageing
mice showed lower CSE and CBS expression, although
3-MST expression remained unchanged. Ten weeks of
NaHS treatments (50 𝜇mol/kg/day) significantly increased
the expression of CSE and CBS, but not the 3-MST (Figures
6(a1), 6(a2), and 6(a3)). Plasma, urine, and kidney H

2
S levels

decreased significantly during ageing (Figures 6(b1), 6(b2),
and 6(b3)), whereas 10 weeks of NaHS (50 𝜇mol/kg/day)
treatment alleviated the plasma and urine H

2
S levels (Figures

6(b2) and 6(b3)). H
2
S levels in ageing kidney tissues were also

increased to some extent after NaHS treatment, but without
statistical significance (Figure 6(b1)). CSE/CBS activity in
the ageing kidney decreased, and 100 𝜇mol/kg/day NaHS
treatment diminished this reduction (Figure 6(c)).

3.5. NaHSActivates SIRT1 in the Ageing Kidney. To determine
whether H

2
S protects the ageing kidney through the SIRT1-

mediated pathway, the protein and transcriptional levels
of SIRT1 were examined. Both the protein expression and
mRNA transcription of SIRT1 were decreased in ageing mice
compared with young ones, and NaHS (50𝜇mol/kg/day)
treatment could improve SIRT1 protein expression but not
the mRNA levels (Figure 7(a)). SIRT1 is a deacetylase, and
10 weeks of NaHS treatment did not affect total deacetylase
activity in the ageing kidney (Figure 7(b)), but 25𝜇mol/L
NaHS could directly increase the activity of recombinant
SIRT1 protein in vitro (Figure 7(c)). Measurement of SIRT1
activity in the ageing kidney will help to make clear whether
chronic NaHS treatment selectively influences SIRT1 activity
while total deacetylase activity remains the same.

3.6. Effects of Chronic NaHS Treatment on the Expression
of Antioxidant-Related Proteins in the Ageing Kidney. The
expression of antioxidant proteins in kidney tissue was
examined by western blot analysis at the end of chronic
NaHS treatment. Ten weeks of NaHS (50 𝜇mol/kg/day) treat-
ment could increase the Nrf2 expression and improve its
downstream antioxidative proteins such as HO-1, SOD1, and
SOD2 (Figure 8(a)). Moreover, compared with young groups,
both the nuclear and cytosol Nrf2 levels were decreased, and
NaHS (50𝜇mol/kg/day) treatment could selectively increase
nuclear Nrf2 (Figure 8(b)). As shown in Figure S2A, the
Nrf2 nuclear translation in the kidney tissue was insufficient.

As shown in Figure S2B, Nrf2 translocation in the NRK-
52E cells treated with NaHS (50 𝜇mol/L) was significantly
induced from cytosol to nucleus and peaked at 60min. The
translocation ofNrf2 from cytoplasm into nuclearmay be one
of the protective mechanisms of H

2
S against ageing-related

oxidative stress.

4. Discussion

In this study, we employed an ageing mouse model to
investigate chronic NaHS treatment in the process of kidney
senescence. Our work reveals two important findings: (1)
lower plasma, urine, and kidney H

2
S levels and reduction of

kidneyCSE andCBS expression and activity are accompanied
with ageing; (2) exogenous administration of H

2
S donor

NaHS mitigates ageing-related kidney dysfunction, and the
protective effect of NaHS may at least partially relate to
improved endogenous H

2
S production and its antioxidative

nature.
During ageing, an elevated amount of ROS generated

from glycolysis, specifically caused by the defects in the
polyol pathway, uncoupling of nitric oxide synthase, xanthine
oxidase, and advanced glycation, results in the progressive
deterioration of renal function [18]. Emerging data suggest
that ROS are related to the pathophysiology of glomerular
dysfunction, interstitial fibrosis, and glomerulosclerosis [19,
20]. In streptozotocin-induced diabetic rats, H

2
S therapy

(14 𝜇mol/kg/day) improved renal function and decreased
glomerular basement thickening, mesangial expansion, and
interstitial fibrosis [18]. Our previous study showed that
chronic NaHS treatment (30, 60, and 120 𝜇mol/kg/day) sig-
nificantly reduced ROS levels in the kidney of GK rats [21].
Consistently, we found that chronic NaHS treatment could
reduce ROS levels (50 𝜇mol/kg/day) and MDA contents (50
and 100 𝜇mol/kg/day) and increase GPx levels and SOD
activity in the kidney of ageingmice. H

2
S takes part in a great

variety of physiological and pathophysiological processes
because of its antiapoptotic, antioxidative, anti-inflammatory,
and proangiogenic activities in mammals, and the reduc-
tion of endogenous H

2
S levels has been related to various

diseases. Zhou et al. reported that endogenous H
2
S gen-

eration and CSE protein expression decreased significantly
in the streptozotocin-induced diabetic rat model and that
exogenous H

2
S (14 𝜇mol/kg/day) protected against diabetic

nephropathy [18]. Our previous study also showed that
chronic NaHS (30 𝜇mol/kg/day) treatment might ameliorate
diabetic complications of the kidney [21].

In this study, we confirmed intensified interstitial fibrosis
in the ageing kidney and observed decreased accumulation of
Col III (50 and 100 𝜇mol/kg/day) and FN (at 50𝜇mol/kg/day)
with exogenous NaHS.We also observed increased apoptosis
in the ageing kidney, and chronic NaHS treatment could par-
tially reverse this deterioration. Age-related kidney damage
might reversely correlate with endogenous H

2
S production.

We found that both H
2
S levels in the plasma, urine, and

kidney and the kidney expression of CSE and CBS decreased
significantly with ageing. As part of our body’s antioxidative
defense, an insufficient H

2
S system may decrease the overall

ability of ROS scavenging and render the kidney to be

http://dx.doi.org/10.1155/2016/7570489
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Figure 5: Renal pathological changes of ageing mice. (a) TUNEL staining of the kidney tissue. (b) Bax (𝑁 = 6) and Bcl-2 (𝑁 = 7) expression
in ageing mice. (c) HE staining of the kidney tissue. Values are means ± SE. 𝑃 < 0.05 was considered significant.
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Figure 6: Exogenous H
2
S alleviated ageing-related decreasing of H

2
S production. (a1)–(a3) Kidney expression of CSE (𝑁 = 11) and CBS

decreased significantly, whereas 3-MST kept constant during ageing (𝑁 = 10). (b1)–(b3) Plasma, urine, and kidney tissueH
2
S levels decreased

significantly during ageing and rose again after chronic NaHS treatment. (c) The activity of CSE/CBS in the ageing kidney declined, whereas
100 𝜇mol/kg/day NaHS treatment could mitigate the reduction. Values are means ± SE. 𝑃 < 0.05 was considered significant (𝑁 = 12).
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Figure 7: SIRT1 was involved in NaHS-mediated ageing kidney protection. (a) SIRT1 protein and mRNA expressions in the kidney after
chronic NaHS treatment for 10 weeks (𝑁 = 8). (b) Total deacetylase activity exchangeable in the kidney (𝑁 = 10). (c) NaHS-activated
recombinant protein SIRT1 activity in vitro (𝑁 = 10). Values are mean ± SE. 𝑃 < 0.05 was considered significant.

under oxidative stress. Reasonably, chronic NaHS treatment
protects the ageing kidney by ROS scavenging and enhancing
endogenous H

2
S production in kidney tissue as reported

previously inmyocardium [22]. DecreasedCBS activity in the
ageing kidney may also lead to homocysteine accumulation.
Because the latter plays an important role in chronic renal
failure [23, 24], further study is needed to explore whether
homocysteine metabolism disorder is involved in ageing-
related kidney damage and whether exogenous NaHS could
help restore the normal metabolic pathway.

Christopher Hine reported that sulfur amino acid restric-
tion could alter H

2
S production and protect the liver from

ischemia-reperfusion injury [25], indicating the beneficial
role of endogenous H

2
S. SIRT1, which emerges as a major

life span regulator, has been widely explored in the car-
diovascular system and nervous system, but it is rare in

the urinary system. SIRT1 has robust biological effects and
can affect metabolic homeostasis and ageing. Consistent
with previous studies [26, 27], we found that both the
expression and activity of SIRT1 decreased rapidly in the
ageing kidney. The reduction of NAD+ biosynthesis may
be responsible for reduced SIRT1 activity [26]. Here we
report an interesting finding that a low concentration of
NaHS (25𝜇mol/L) could directly induce SIRT1 activation
in a cell-free system, whereas chronic treatment of NaHS
(50 𝜇mol/kg/day) selectively improves the expression but not
the activity of SIRT1 in the ageing kidney. SIRT1 also regulates
lipid metabolism by manipulating PPAR-𝛼, LXR, FXR, and
SREBP signals [28, 29]. For example, SIRT1 positively regu-
lates LXR proteins, which act as cholesterol sensor and adjust
whole body cholesterol and lipid homeostasis [30]. Our blood
biochemical tests showed that chronic NaHS treatment could
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Figure 8: The protective effects of the H
2
S donor on the expression of antioxidant-related proteins in the ageing kidney tissue. (a) The

expression change of Nrf2 (𝑁 = 11), HO-1 (𝑁 = 10), SOD1 (𝑁 = 11), and SOD2 (𝑁 = 10) after 10 weeks of exogenous H
2
S donor. (b) Nrf2

was translocated from cytosol to nucleus, Lamin B was used as nuclear control, and GAPDH was used as cytosol control (𝑁 = 6). Values are
mean ± SE. 𝑃 < 0.05 was considered significant.



12 Oxidative Medicine and Cellular Longevity

decrease CHOL and TG. Therefore, H
2
S may modulate liver

and renal lipidmetabolism through an enhanced SIRT1 signal
and contribute to the prevention of renal disease progression.

Nrf2 is an important antioxidative molecule that mod-
ulates the expression of antioxidant genes [30] and thus
prevents age-related oxidative stress [31, 32]. Here we showed
that the kidney Nrf2 expression decreased during age-
ing and that chronic NaHS treatment could rescue Nrf2
expression (10 and 50 𝜇mol/kg/day) and enhance its nuclear
translocation (50𝜇mol/kg/day). The precise mechanism of
excessive oxidative stress in ageing is not clear, but the
decreased expression of Nrf2/antioxidant stress element-
linked antioxidant genes is thought to play a role [32–34].
We found that chronic NaHS treatment could activate Nrf2
downstream genes such as HO-1, SOD1, and SOD2, which
consequently enhanced resistance to oxidative stress in the
ageing kidney. Taken together, our data support the idea that
H
2
S plays a crucial role in protecting the ageing kidney from

antifibrosis and antiapoptosis through the regulation of redox
homeostasis.

5. Conclusion

In summary, we demonstrated that 3-MST was expressed in
the ageing kidney and that endogenous H

2
S levels decreased

because of the impaired expression ofH
2
S-producing enzymes.

Chronic exogenous H
2
S treatment could protect the ageing

kidney by reducing oxidative stress, decreasing collagen
deposition, and enhancing Nrf2 nuclear translocation, as
well as increasing endogenous H

2
S production.
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The aim of this paper is to observe the change of mitochondrial aldehyde dehydrogenase 2 (ALDH2) when diabetes mellitus
(DM) rat heart was subjected to ischemia/reperfusion (I/R) intervention and analyze its underlying mechanisms. DM rat hearts
were subjected to 30min regional ischemia and 120min reperfusion in vitro and pretreated with ALDH2 activator ethanol
(EtOH); cardiomyocyte in high glucose (HG) condition was pretreated with ALDH2 activator Alda-1. In control I/R group,
myocardial tissue structure collapse appeared. Compared with control I/R group, left ventricular parameters, SOD activity, the
level of Bcl-2/Bax mRNA, ALDH2 mRNA, and protein expressions were decreased and LDH and MDA contents were increased,
meanwhile the aggravation of myocardial structure injury in DM I/R group. When DM I/R rats were pretreated with EtOH, left
ventricular parameters, SOD, Bcl-2/Bax, and ALDH2 expression were increased; LDH,MDA, andmyocardial structure injury were
attenuated. Compared with DM+ EtOH I/R group, cyanamide (ALDH2 nonspecific blocker), atractyloside (mitoPTP opener), and
wortmannin (PI3K inhibitor) groups all decreased left ventricular parameters, SOD, Bcl-2/Bax, and ALDH2 and increased LDH,
MDA, andmyocardial injury. When cardiomyocyte was under HG condition, CCK-8 activity and ALDH2 protein expression were
decreased. Alda-1 increased CCK-8 and ALDH2. Our findings suggested enhanced ALDH2 expression in diabetic I/R rats played
the cardioprotective role, maybe through activating PI3K and inhibiting mitoPTP opening.

1. Introduction

Diabetes mellitus (DM) is a common metabolic disorder
that can affect patient life and survival quality with acute
and chronic complications [1–3]. It is associated with a high
cardiovascular mortality, and it is also the most common
cause of end-stage heart disease [4]. The morbidity and
mortality of diabetes show an increasing trend, and the inci-
dence of heart failure after myocardial infarction in diabetic
patients is more than 2-3 times than nondiabetic. Myocardial
ischemia/reperfusion (I/R) injury can cause cardiac glucose
metabolism disorders, calcium overload, and cardiac fibrosis,
resulting in accumulation of harmful products, easily leading
to apoptosis and necrosis [5]. Therefore, how to protect

ischemic myocardium effectively, promote myocardial func-
tional recovery, and reduce myocardial apoptosis become a
research hotspot.

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) is
one of the key enzymes of alcohol metabolism, which
catalyzes the conversion of aldehyde to acetic acid [6].
ALDH2 plays a crucial metabolic role in the detoxification
and oxidation of aldehyde, such as inhibiting the produc-
tion of 4-hydroxynon-2-enal [7–9]. ALDH2 was found to
attenuate ethanol exposure-inducedmyocardial dysfunction,
and activation of ALDH2 led to cardiac protection against
ischemia and reperfusion injury [10–15]. Previous studies
also indicated that, with the development of diabetes, cardiac
ALDH2 activity was further decreased, and inhibition of
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ALDH2 by oxidative stress leads to cardiac dysfunction in
diabetes mellitus [16]. What changes of ALDH2 expression
that appeared and what mechanisms involved in diabetic rat
myocardial I/R injury spark our interest.

At the beginning of I/R, the signal transduction pathways
were activated by various means of myocardial protec-
tion proactively, especially phosphatidylinositol-3-kinase ser-
ine/threonine kinase (PI3K-Akt). PI3K-Akt signaling path-
way is an important pathway which regulates cell prolifera-
tion, cell division, apoptosis, and other activities. Heart was
protected by ischemic preconditioning via activated PI3K-
Akt signaling pathway; however, the effect of myocardial
protection was abolished by PI3K inhibitor, wortmannin. It
is suggested that PI3K-Akt signal transduction pathway was
involved in myocardial protection.

Mitochondrial permeability transition pore (mitoPTP)
is located in the inner and outer mitochondrial membrane
multiprotein complexes, which plays an important role in
maintainingmitochondrial membrane potential and protect-
ing the structure and function of mitochondrion [17, 18].
Under physiological condition, mitoPTP is closed, and it has
almost no permeability for all mitochondrial metabolites and
ions. Opening of mitoPTP is involved in cell death induced
by a variety of causes, for example, I/R, endotoxin, and
anticancer agents [19]. Opening mitoPTP leads to mitochon-
drial swelling and outer membrane rupture; the proapoptotic
factors and cytochrome C were released into the cytoplasm,
inducing energymetabolismunbalance, intracellular calcium
overload, and exacerbated ischemic cell damage.The opening
of mitoPTP in reperfusion is a sign of myocardial injury from
reversible to irreversible [20, 21]. mitoPTP is considered to
be the terminal effector of cell death in I/R injury, while
delaying or blocking the opening of mitoPTP may reduce
I/R injury [22, 23]. A large number of reports suggested
that ischemic preconditioning, ischemic postconditioning,
and drug pretreatment could protect heart against injury by
inhibiting of the opening of mitoPTP [24–26].

Based on above background, we were prompted to inves-
tigate the effects of pretreatment with ethanol (EtOH) as a
tool to induce ALDH2 activity in myocardial I/R injury of
diabetic rats and give drug intervention, including ALDH2
inhibitor cyanimide, PI3K inhibitor wortmannin, and the
opener of mitoPTP atractyloside, to determine its underlying
mechanisms.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley rats (200∼250 g) were
purchased from the Animal Center of Bengbu Medical
College, Anhui. The rats were fed normal chow and had
free access to water. Housing was at a constant temperature
of (21 ± 1)∘C with a fixed 12 h light/dark cycle. All animal
procedures were in accordance with United States National
Institutes of Health Guide and were approved by the Animal
Use and Care Committee of Bengbu Medical College.

2.2. Chemicals and Reagents. Streptozotocin (STZ), cyana-
mide (CYA), wortmannin (Wor), atractyloside (Atr), and

Alda-1 were purchased from Sigma (St. Louis, MO, USA).
Ethanol (EtOH) was obtained from Bengbu New Chemical
Reagent Factory, China. 10% fetal bovine serumwas obtained
from Zhe Jiang Tianhang Biological corporation, China. Lac-
tate dehydrogenase (LDH), Malondialdehyde (MDA), and
superoxide dismutase (SOD) assay kits were purchased from
Nanjing Jiancheng Bioengineering Institute, China. CCK-8
assay kit was from Shanghai Bestbio Life Technology, China.
The primers used were as follows: for ALDH2 forward: 5󸀠-
GTG TTC GGA GAC GTC AAA GA-3󸀠 and reverse 5󸀠-GCA
GAG CTT GGG ACA GGT AA-3󸀠, the amplified fragment
lengthwas 187 bp; for Bcl-2 forward: 5󸀠-CTGGTGGACAAC
ATCGCTCTG-3󸀠 and reverse: 5󸀠-GGTCTGCTGACCTCA
CTT GTG-3󸀠, the amplified fragment length was 227 bp; for
Bax forward: 5󸀠-GGA TCG AGC AGA GAG GAT GG-3󸀠
and reverse: 5󸀠-GCT CAT TGC CGA TAG TGA TGA CT-
3󸀠, the amplified fragment length was 464 bp; for 𝛽-actin
forward: 5󸀠-GAT GGT GGG TAT GGG TCA GAA-3󸀠 and
reverse: 5󸀠-GGC CAT CTC TTG CTC GAA GTC-3󸀠, the
amplified fragment length was 630 bp. Mouse anti-ALDH2,
anti-Bcl-2, anti-Bax, and anti-𝛽-actin monoclonal antibodies
were purchased from Santa Cruz Biotechnology (CA). Goat
anti-mouse secondary antibodies were fromBostonCo., Ltd.,
Wuhan, China.

2.3. Induction of Diabetes and Experimental Protocol. Dia-
betes was induced in overnight fasted rats by administering
a single intraperitoneal (i.p.) injection of 55mg/kg strepto-
zotocin (STZ) freshly dissolved in 0.1mol/L sodium citrate
buffer (pH 4.5).The rats in control group were injected with a
similar volume of sodium citrate buffer alone.The rats whose
fasting blood glucose level was more than 16.7mmol/L after
72 h of injection were as diabetic [27]. All rats were fed for
eight weeks. Animals were randomly divided into control,
diabetes (DM), and DM + EtOH groups, respectively. In DM
+ EtOH group, DM rats were fed with 2.5% EtOH in their
drinking water for one week to initiate drinking and then
changed to 5%EtOH continuous access through sevenweeks.

2.4. Ischemia and Reperfusion and Drugs Intervention in
Isolated Perfused Heart. All rat hearts were subjected to
regional ischemia and reperfusion intervention (I/R) in vitro.
After the rats were anesthetized (chloral hydrate, 4 g/kg,
i.p.), hearts were excised rapidly, placed in ice-cold Krebs-
Henseleit (K-H) buffer, mounted on a Langendorff apparatus,
and perfused at 37∘C with K-H buffer. The buffer was
equilibrated with 95% O2/5% CO2 (pH 7.4) and had the
following composition (mmol/L): NaCl 118.0, KCl 4.7, CaCl2
1.25, KH2PO4 1.2, NaHCO3 25.0, and glucose 11.0. A latex,
fluid-filled balloon was introduced into the left ventricle
through the left atrial appendage and the balloon catheter
was linked to a pressure transducer connected to a data
acquisition system (Medlab, Nanjing, China) to assess con-
tractile function. The left ventricular end diastolic pressure
(LVEDP) was adjusted to 4∼8mmHg for 30min. Myocardial
infarction (MI) was created by ligation of the left anterior
descending artery (LAD). MI was induced by LAD ligation
2∼3mm from the origin with 5-0 silk suture. Then 30min of



Oxidative Medicine and Cellular Longevity 3

C I/R

DM I/R

DM + EtOH + Atr I/R

DM + EtOH + CYA I/R

DM + EtOH + Wor I/R

DM + EtOH I/R

CYA

Atr

Wor

Ischemia Reperfusion

−20 −10 0 30 40 15025
(min)

Figure 1: Protocol of various drugs intervention on rat myocardial
ischemia/reperfusion model in vitro. C I/R: control ischemia and
reperfusion; DM I/R: diabetes rats subjected tomyocardial ischemia
and reperfusion; DM + EtOH I/R: diabetes + ethanol subjected
to myocardial ischemia and reperfusion; DM + EtOH + CYA I/R:
diabetes + ethanol + cyanamide subjected to myocardial ischemia
and reperfusion; DM + EtOH + Atr I/R: diabetes + ethanol +
atractyloside subjected tomyocardial ischemia and reperfusion;DM
+ EtOH + Wor I/R: diabetes + ethanol + wortmannin subjected to
myocardial ischemia and reperfusion.

regional myocardial ischemia (i.e., MI) followed by 120min
of reperfusion was done in all rats. The cardiac parameters
including HR, left ventricular developed pressure (LVDP:
difference between left ventricular end systolic pressure and
end diastolic pressure), maximal rise/fall rate of left ven-
tricular pressure (±𝑑𝑝/𝑑𝑡max), left ventricular end diastolic
pressure (LVEDP), and rate-pressure product (RPP: LVDP
× HR) were monitored continuously. The rats were divided
into control I/R (𝑛 = 6), DM I/R (𝑛 = 6), and DM + EtOH
I/R (𝑛 = 6). Other EtOH treated rats were subjected to three
different drugs' intervention, respectively (𝑛 = 6/group). The
ALDH2 inhibitor cyanamide (CYA) at 1mmol/L was given
from 10min before ischemia to the first 10min of reperfusion,
with total perfusing for 50min (DM + EtOH + CYA I/R);
the mitoPTP opener atractyloside (Atr) at 20mmol/L was
given from the last 5min of ischemia to the early 10min of
reperfusion, with total perfusing for 15min (DM + EtOH
+ Atr I/R). The inhibitor of PI3K, 100 nmol/L wortmannin
(Wor), was given at the end ischemia for 5min and early
reperfusion for 10min (DM + EtOH +Wor I/R) (Figure 1).

2.5. Detection of LDH Release in Coronary Flow. Coronary
flow was collected at 5min and 10min of reperfusion, and
LDH release was measured by commercially available kits
according to the manufacturer’s instructions.

2.6. Detection ofMDAContent and SODActivity in Heart Tis-
sue. At the end of the experimental period, 0.1 g heart tissue
was homogenized in ice-cold PBS buffer. Malondialdehyde
(MDA) content and superoxide dismutase (SOD) activity
were measured by commercially available kits according to
the manufacturer’s instructions.

2.7. Detection of Cardiac ALDH2, Bax, and Bcl-2 at mRNA
Level by RT-PCR. RT-PCR was used to detect the levels
of ALDH2, Bax, and Bcl-2 mRNA expression in heart.
Briefly, total RNAwas extracted with TRIzol according to the
manufacturer’s instructions. Two micrograms of total RNA
was reverse-transcribed to cDNA, andPCRwas performedby
a routinemethod. PCRproducts were analyzed on 1% agarose
gel. Densitometry results for ALDH2, Bax, and Bcl-2 gene
were compared with corresponding 𝛽-actin levels to account
for loading differences.

2.8. Ultrastructure Observation of Myocardial Cell by Trans-
mission Electron Microscope. Cardiac tissue was dissected
and small pieces were fixed with 2.5% glutaraldehyde in 0.1%
mol/L cacodylate buffer for 1 h. Ultrathin sections were cut
and contrasted with uranylacetate buffer by lead citrate and
observed with JEM-1230 transmission electron microscope
(JEOL, Japan).

2.9. Cell Culture and Drug Treatment. Rat neonatal car-
diomyocytes were isolated from 1∼2 d old Sprague-Dawley
rats by digestion with trypsin. Briefly, ventricular tissue was
aseptically removed from neonatal rats, minced, and then
digested with mixed protease (0.25% trypsin, 0.2% collage-
nase II, 100𝜇g/mL DNA enzyme I, and D-Hanks solution)
(Solarbio, Beijing, China) at 37∘C in a shaking water bath.
The cells were released after the first digestion was discarded,
whereas the cells from subsequent digestion were added to
an equal volume of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum until
all cells were collected. Cells were pelleted by centrifugation
at 1000 rpm for 6min and resuspended in DMEM supple-
mented 10% fetal bovine serum. The isolated cells were first
plated in culture disks of 95% air and 5% CO2 at 37

∘C for 2 h
to exclude nonmuscle cells. The suspended cells were then
collected and plated at a density of 5 × 105 cells/cm2 and
maintained under the same conditions as above. The cells
were used for outlined experiments after 4∼5 days later.

2.10. Immunofluorescence Analysis. Cardiomyocytes cultured
on coverslips were seeded in 6-well plates and fixed in 4%
paraformaldehyde in PBS for 15min at room temperature,
followed by washing with PBS, three times per 5min. Then,
cardiomyocyteswere incubatedwith 0.1%TritonX-100 in PBS
for 30min, followed by washing with PBS, three times per
5min again. After blocking with 1% bovine serum albumin
in PBS for 1 h, the cells were incubated in BSA blocking
buffer containing primary antibody-𝛼-SMA (1 : 200, Boster,
China), and the cells were washed and then incubated in
secondary anti-mouse antibody (1 : 200; Boster, China) for
1 h. Furthermore, cardiomyocytes were incubated for 15min
with 4,6-diamidino-2-phenylindole (DAPI; ZSGB, Beijing,
China) for nuclear staining, and fluorescence micrographs
were obtained using Olympus FSX100 microscope.

2.11. Grouping. The cardiomyocytes were divided into 3
groups as follows: control (C) group, HG group, and Alda-
1 + HG group. In C group, cardiomyocytes were incubated
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in DMEMmedium including 5.5mmol/L glucose for 48 h. In
HG group, cardiomyocytes were incubated in high glucose
medium (25mmol/L glucose) for 48 h; and in Alda-1 + HG
group cardiomyocytes were pretreated with HG and ALDH2
activator Alda-1 (20 𝜇mol/L) for 48 h.

2.12. Cell Counting Kit- (CCK-) 8 Assay. Cardiomyocytes
(100 𝜇L/well) were seeded into 96-well plate at a density
of (0.5∼1.0) × 104 cells/mL and incubated at 37∘C, 5% CO2
overnight. A CCK-8 assay kit was used to detect cell viabil-
ities according to the manufacturer’s instructions. Following
treatment, test samples and CCK-8 were added to each
well 10 𝜇L, respectively. After 1∼4 h incubation, cells viability
was determined by measuring the absorbance at 450 nm
using microplate reader. The activity levels were determined
according to the manufacturer’s instructions.

2.13. Detection of Cardiac and Cardiomyocyte ALDH2 Protein
Expression by Western Blot. The ALDH2 protein in cardiac
tissue and cardiomyocyte was detected by western blot [1].
Anti-ALDH2 (1 : 500) antibody was used. Mouse anti-𝛽-
actin antibody (1 : 500) was used as an internal control. The
immunoblots were exposed to X-ray film and analyzed with
a digital image system.

2.14. Statistical Analysis. All values are expressed as mean
± SD. Statistical comparisons were performed by one-way
analysis of variance and the Newman-Keuls test. Differences
of 𝑝 < 0.05 were regarded as significant.

3. Results

3.1. Changes of Ventricular Hemodynamic Parameters. In C I/
R group, comparedwith baseline, LVDP,±𝑑𝑝/𝑑𝑡max, and RPP
were decreased, and LVEDP was increased during ischemia
period; during reperfusion period, LVDP, ±𝑑𝑝/𝑑𝑡max, and
RPPwere lower and LVEDPwas higher. During ischemia and
reperfusion period, in contrast to C I/R rat, in DM I/R rat,
LVDP, ±𝑑𝑝/𝑑𝑡max, and RPP were decreased, and LVEDP was
increased; compared with DM I/R group, LVDP, ±𝑑𝑝/𝑑𝑡max,
and RPP were increased, and LVEDP was decreased in DM
+ EtOH I/R group; compared with DM + EtOH I/R group,
in DM + EtOH + CYA I/R group, LVDP, ±𝑑𝑝/𝑑𝑡max, and
RPPwere furtherly decreased, and LVEDPwas increased; the
changes in DM + EtOH + Atr I/R and DM + EtOH + Wor
I/R groups were similar to DM + EtOH + CYA I/R group
(Table 1). There were no differences among the three groups,
in DM + EtOH + cyanamide + I/R versus DM + EtOH +
wortmannin + I/R versus DM + EtOH + atractyloside + I/R.

3.2. Changes of LDH Content. The changes of LDH content
in different groups were shown in Table 2. In contrast to C
I/R group, in DM I/R group rats, LDH release was increased.
Compared with DM I/R group, LDH release was decreased
in DM + EtOH I/R group. Compared with DM + EtOH I/R
group, LDH release was increased in DM+ EtOH + CYA I/R,
DM + EtOH + Atr I/R, and DM + EtOH + Wor I/R groups
(Table 2).

3.3. Changes of MDA Content and SOD Activity in Heart
Tissue. Compared with C I/R group, in DM I/R group, MDA
content was increased, and SOD activity was decreased.
Compared with DM I/R group, in DM + EtOH I/R group,
MDA content was decreased, accompanied with the increase
of SODactivity. ComparedwithDM+EtOHI/R group,MDA
contentwas increased, and SODactivitywas decreased inDM
+ EtOH + CYA I/R, DM + EtOH + Atr I/R, and DM + EtOH
+Wor I/R groups (Figure 2).

3.4. Change of Bax and Bcl-2 at mRNA Level in Heart. Com-
pared with C I/R group, Bax mRNA was increased; Bcl-
2 mRNA and the ratio of Bcl-2/Bax were significantly
decreased in DM I/R group. Compared with DM I/R group,
in DM + EtOH I/R group, Bax mRNA was decreased; Bcl-2
mRNA and the ratio of Bcl-2/Bax were increased. Compared
with DM + EtOH I/R group, Bax mRNA was decreased; Bcl-
2 mRNA and the ratio of Bcl-2/Bax were decreased in DM +
EtOH + CYA I/R, DM + EtOH + Atr I/R, and DM + EtOH +
Wor I/R groups (Figure 3).

3.5. Change of ALDH2 mRNA and Protein Level in Heart.
Compared with C I/R group, ALDH2 mRNA and protein
expressions were significantly decreased in DM I/R group.
Compared with DM I/R group, ALDH2 mRNA and protein
expressions were increased significantly in DM + EtOH I/R
group; compared with DM + EtOH I/R group, ALDH2
mRNA and protein expressions were decreased in DM +
EtOH +CYA I/R and DM+ EtOH +Atr I/R and DM+ EtOH
+Wor I/R groups (Figures 4(a), 4(b), 4(c), and 4(d)).

3.6. CCK-8 Assay and ALDH2 Protein Level in Cardiomy-
ocyte. Compared with C group, cardiomyocyte activity and
ALDH2 protein expressions were significantly decreased in
HGgroup. ComparedwithHGgroup, cardiomyocyte activity
and ALDH2 protein expression were increased significantly
in Alda-1 + HG group (Figures 5(a), 5(b), and 5(c)).

3.7. Ultrastructural Changes of Myocardial Cell. In C I/R
group, mitochondrial dense membrane was uncompleted,
mild swelling, andmyocardial myofilament was fractured, no
large tracts of dissolution; in DM I/R group, mitochondrial
swellingwas aggravated,myocardial cytoplasmicmuscle fiber
was ruptured, and large areas of dissolution and vacuolation
occurred. Compared with DM I/R group, in DM + EtOH I/R
group, the degree of derangement of the cardiac myofilament
andmitochondrial swellingwas lessened; comparedwithDM
+ EtOH I/R group, in DM + EtOH + CYA I/R, DM + EtOH
+ Atr I/R, and DM + EtOH +Wor I/R groups, the injury was
increased (Figure 6).

4. Discussion

In the current study, we mimicked myocardial ischemia/
reperfusion (I/R) injury in diabetic rats. Compared with
C I/R group, LDH levels were increased, cardiac systolic
and diastolic dysfunction were aggravated, as indicated by
the decreases of LVDP, ±𝑑𝑝/𝑑𝑡max, and RPP and increases
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Table 1: Hemodynamic parameters in the isolated perfused rat hearts subjected to ischemia and reperfusion (I/R) (mean ± SD, 𝑛 = 5).

Variable Baseline Ischemia Reperfusion
30min 5min 10min 120min

LVDP (% of baseline )
C I/R 100 ± 0 59 ± 13 63 ± 13 65 ± 14 58 ± 4
DM I/R 100 ± 0 33 ± 7∗∗ 42 ± 12∗ 48 ± 5∗∗ 32 ± 5∗∗

DM + EtOH I/R 100 ± 0 59 ± 15## 93 ± 12∗∗## 90 ± 7∗∗## 58 ± 13##

DM + EtOH + CYA I/R 100 ± 0 36 ± 7∗∗∧∧ 44 ± 8∗∗∧∧ 44 ± 8∗∗∧∧ 35 ± 9∗∗∧∧

DM + EtOH + Atr I/R 100 ± 0 38 ± 8∗∗∧ 48 ± 8∗∧∧ 47 ± 8∗∗∧∧ 30 ± 4∗∗∧∧

DM + EtOH +Wor I/R 100 ± 0 39 ± 6∗∗∧∧ 47 ± 8∗∧∧ 44 ± 7∗∗∧∧ 32 ± 3∗∗∧∧

LVEDP (% of baseline)
C I/R 100 ± 0 101 ± 1 116 ± 2 120 ± 10 177 ± 11
DM I/R 100 ± 0 151 ± 15∗∗ 177 ± 14∗∗ 159 ± 9∗∗ 262 ± 27∗∗

DM + EtOH I/R 100 ± 0 104 ± 7## 143 ± 6∗∗## 141 ± 8∗∗## 182 ± 14##

DM + EtOH + CYA I/R 100 ± 0 155 ± 11∗∗∧∧ 182 ± 11∗∗∧∧ 160 ± 12∗∗∧∧ 254 ± 20∗∗∧∧

DM + EtOH + Atr I/R 100 ± 0 147 ± 20∗∗∧∧ 166 ± 3∗∗∧∧ 166 ± 5∗∗∧∧ 251 ± 16∗∗∧∧

DM + EtOH +Wor I/R 100 ± 0 168 ± 19∗∗∧∧ 176 ± 7∗∗∧∧ 170 ± 11∗∗∧∧ 281 ± 45∗∗∧∧

+𝑑𝑝/𝑑𝑡max (% of baseline)
C I/R 100 ± 0 64 ± 10 80 ± 15 78 ± 12 55 ± 8
DM I/R 100 ± 0 48 ± 8 43 ± 9∗∗ 46 ± 5∗∗ 34 ± 6∗∗

DM + EtOH I/R 100 ± 0 60 ± 14 91 ± 17## 91 ± 19## 62 ± 11##

DM + EtOH + CYA I/R 100 ± 0 47 ± 7 46 ± 6∗∗∧∧ 47 ± 6∗∗∧∧ 32 ± 7∗∗∧∧

DM + EtOH + Atr I/R 100 ± 0 48 ± 6 45 ± 2∗∗∧∧ 47 ± 4∗∗∧∧ 34 ± 7∗∗∧∧

DM + EtOH +Wor I/R 100 ± 0 49 ± 9 43 ± 6∗∗∧∧ 44 ± 4∗∗∧∧ 33 ± 5∗∗∧∧

−𝑑𝑝/𝑑𝑡max (% of baseline)
C I/R 100 ± 0 59 ± 13 59 ± 10 59 ± 1 41 ± 5
DM I/R 100 ± 0 42 ± 9∗∗ 42 ± 6∗∗ 46 ± 9∗∗ 31 ± 4∗∗

DM + EtOH I/R 100 ± 0 62 ± 5## 85 ± 10∗∗## 84 ± 12∗∗## 48 ± 6∗##

DM + EtOH + CYA I/R 100 ± 0 45 ± 4∗∧∧ 46 ± 7∗∧∧ 44 ± 4∗∗∧∧ 35 ± 4∗∧∧

DM + EtOH + Atr I/R 100 ± 0 43 ± 5∗∗∧∧ 49 ± 5∗∧∧ 45 ± 4∗∗∧ 33 ± 4∗∗∧∧

DM + EtOH +Wor I/R 100 ± 0 46 ± 4∗∧ 44 ± 5∗∗∧∧ 43 ± 4∗∗∧∧ 30 ± 5∗∗∧∧

RPP (% of baseline)
C I/R 100 ± 0 59 ± 6 62 ± 17 62 ± 8 33 ± 3
DM I/R 100 ± 0 26 ± 7∗∗ 32 ± 8∗∗ 28 ± 7∗∗ 18 ± 4∗∗

DM + EtOH I/R 100 ± 0 55 ± 13## 76 ± 7∗## 79 ± 19∗## 37 ± 6##

DM + EtOH + CYA I/R 100 ± 0 29 ± 5∗∗∧∧ 28 ± 5∗∗∧∧ 25 ± 6∗∗∧∧ 15 ± 5∗∗∧∧

DM + EtOH + Atr I/R 100 ± 0 28 ± 4∗∗∧∧ 34 ± 6∗∗∧∧ 31 ± 6∗∗∧∧ 16 ± 4∗∗∧∧

DM + EtOH +Wor I/R 100 ± 0 32 ± 8∗∗∧∧ 30 ± 3∗∗∧∧ 25 ± 4∗∗∧∧ 18 ± 2∗∗∧∧
∗
𝑝 < 0.05, ∗∗𝑝 < 0.01 versus C I/R; ##𝑝 < 0.01 versus DM I/R; ∧𝑝 < 0.05, ∧∧𝑝 < 0.01 versus DM + EtOH I/R.

Table 2: Effect of different drugs on LDH release in the coronary effluent in the isolated rat hearts subjected to ischemia and reperfusion
(I/R) (mean ± SD, 𝑛 = 5).

Group 5min (U/L) 10min (U/L)
C I/R 66.08 ± 7.60 60.50 ± 6.93
DM I/R 154.58 ± 16.50∗∗ 129.58 ± 22.23∗∗

DM + EtOH I/R 77.92 ± 11.62## 61.58 ± 5.63##

DM + EtOH + CYA I/R 139.83 ± 20.41∗∗∧∧ 107.92 ± 27.42∗∗∧∧

DM + EtOH + Atr I/R 137.17 ± 22.14∗∗∧∧ 112.67 ± 24.02∗∗∧∧

DM + EtOH +Wor I/R 136.25 ± 29.42∗∗∧∧ 113.75 ± 18.40∗∗∧∧
∗∗
𝑝 < 0.01 versus C I/R; ##𝑝 < 0.01 versus DM I/R; ∧∧𝑝 < 0.01 versus DM + EtOH I/R.
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Figure 2: The levels of MDA (a) and SOD (b) of rats myocardium in each group (mean ± SD 𝑛 = 5). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01 versus C I/R;
##𝑝 < 0.01 versus DM I/R; ∧∧𝑝 < 0.01 versus DM + EtOH I/R.

of LVEDP, cardiac oxidative stress injury was aggravated,
as indicated by the decrease of SOD activity and increase
of MDA content, and the expression of Bcl-2 mRNA was
decreased while Bax mRNA was increased, also indicating
that myocyte apoptosis was aggravated. Meanwhile, we also
found that myocardial ultrastructure was damaged in DM
I/R group. Myocardial ALDH2 at mRNA and protein levels
were decreased in DM I/R group. When diabetes rats were
pretreated with low concentration of EtOH, which was used
as a tool to induce ALDH2 activity, LDH level was decreased;
whereas LVDP,±𝑑𝑝/𝑑𝑡max, RP, SODactivity andBcl-2mRNA
level were increased,MDA content and BaxmRNA level were
decreased. Also, the injury to myocardial ultrastructure was
attenuated. The effect of EtOH was associated with increased
myocardial ALDH2 mRNA and protein levels. When the
diabetic rats were treated with CYA, Wor, or Atr after
EtOH intervention, the injury was increased, and ALDH2
activity was reduced, and LDH level was decreased; whereas
LVDP, ±𝑑𝑝/𝑑𝑡max, RPP, SOD activity and Bcl-2 mRNA
level were increased, MDA content and Bax mRNA levels
were decreased. At the same time, the injury to myocardial
ultrastructure was aggravated in DM + EtOH + CYA I/R
group, and the changes in DM + EtOH + Atr I/R group and
DM + EtOH + Wor I/R group were similar to DM + EtOH
+ CYA I/R group. These results suggested that decreases in
ALDH2 expression may play a key role in myocardial I/R
injury in diabetic rats. Upregulation of ALDH2 can protect
the heart against myocardial I/R injury, and the mechanism
maybe through activation of PI3K-Akt signaling pathway and
inhibiting mitoPTP opening.

Cardiovascular complications remain the leading cause of
diabetes related mortality and morbidity.The oxidative stress
of diabetes can increase myocardial I/R injury; myocardial
I/R injury produced excessive amounts of reactive oxygen
species and increasingly aggravated the injury of myocardial
reperfusion. Several reports in recent years had discussed the
association between ALDH2 and myocardial injury. Over-
expression of ALDH2 offers myocardial protection maybe
against alcohol-induced cardiac tissue and cellular injury.
Enhanced ALDH2 activity by the direct effect of ALDH2
activator-1 or ethanol preconditioning led to cardiac pro-
tection against I/R injury; on the other hand, myocardial
I/R injury may be exacerbated after ALDH2 knockout in
mice [28, 29]. Earlier findings from our group also indicated
that activation of ALDH2 with ethanol attenuated diabetes-
induced myocardial injury in rats [27]. However, there are
few researches on the relationship of myocardial ALDH2 and
diabetes myocardial ischemia/reperfusion injury. Recent evi-
dence revealed that ALDH2preventedROS-induced vascular
contraction in angiotensin-II induced hypertensive mice
[30]. ALDH2 overexpression attenuated hyperoxia-induced
cell death in lung epithelial cells through reduction of ROS,
activation of ERK/MAPK, and PI3K-Akt signaling pathways
[31].Thus far, there have been no reports about the changes of
ALDH2 in diabetesmyocardial I/R injury, and the underlying
cellular mechanisms are not clear.

Therefore, in the present study, we firstly sought to deter-
mine whether ALDH2 expression also changed in diabetes
myocardial I/R injury model. In previous study, we observed
that, with the progression of diabetes, myocardial ALDH2
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Figure 3: The expressions of Bcl-2 and Bax mRNA of heart tissue
in rats (mean ± SD of 5 separate experiments). ∗∗𝑝 < 0.01 versus C
I/R; ##𝑝 < 0.01 versus DM I/R; ∧∧𝑝 < 0.01 versus DM + EtOH I/R.
(1) C I/R; (2) DM I/R; (3) DM + EtOH I/R; (4) DM + EtOH + CYA
I/R; (5) DM + EtOH + Atr I/R; (6) DM + EtOH +Wor I/R.

expression was further decreased accompanying decreased
ventricular function, and activation of ALDH2 can decrease
diabetes- induced myocardial injury. In the present study,
we used diabetic I/R model and observed cardiac systolic
and diastolic function was destroyed, and myocardial ultra-
structure was damaged accompanied with the aggravation
of oxidative stress. At the same time, myocardial ALDH2 at
mRNA and protein levels were decreased, and LDH release
in the coronary effluent was increased. It is suggested that the
expression of ALDH2 was related to the cardiac I/R injury
induced by diabetes.

ALDH2 as an antioxidant enzyme may be easily inac-
tivated by free radicals. Recently, ALDH2 was identified as
a target for oxidative modification during glyceryl trini-
trate tolerance [32, 33]; and ALDH2 activity was correlated
inversely with cardiac infarct size in rat hearts subjected
to ischemia and reperfusion ex vivo [34]. We used low

concentration of EtOH as a tool to induce ALDH2 activity to
investigate whether upregulation of ALDH2 expression could
benefit recovery from myocardial function; it is likely that
increasing ALDH2 expression can attenuate the happening
of oxidative stress and the destroying of myocardial function.
These findings suggest that, compared with diabetic I/R
group, ALDH2 overexpression can exert the protective effect
against cardiac I/R injury of diabetes. However, the ALDH2
inhibitor CYA, which was involved in ALDH2, conferred
protection against cardiac I/R injury, and LDH release was
increased, and the expressions of ALDH2 at mRNA and
protein level were decreased. The result showed that ALDH2
overexpression reconciled diabetes-induced contractile dys-
function, whereas cardioprotection elicited by ALDH2 was
blocked by the inhibitor CYA. Further study is required to
better elucidate the mechanism of ALDH2. Mitochondrial
permeability transition pore (mitoPTP) is a nonselective
highly conductive channel which exists between mitochon-
drial inner and outer membranes, playing an important role
in apoptosis. The opening of mitoPTP is an ultimate target of
all kinds of damage; ischemia/reperfusion induced mitoPTP
to open and also induced the overload of intracellular
calcium, accumulation of ROS, and increase in PH and other
factors [35]. Argaud et al. reported in the rabbit myocardial
ischemia model that when the rabbits were given precon-
ditioning, postconditioning, and mitoPTP inhibitor, respec-
tively, during reperfusion, the effects were similar in reducing
myocardial infarct size, and the tolerance of myocardial
mitochondria was decreased for calcium overload in I/R
injury. However, the myocardial mitochondria resistance
was increased after postconditioning or mitoPTP inhibitor
treatment [36].These studies indicated that postconditioning
may be via inhibiting the opening of mitoPTP resulting in
reducing the myocardial damage by overload of calcium. It is
suggested that the myocardial protection of preconditioning
and postconditioning was involved in suppression of open
mitoPTP. In the present paper, we further investigate the
role of ALDH2 in the diabetic rat hearts. In our study, we
used the specific openers of mitoPTP atractyloside (Atr).The
result suggested that Atr canceled the protection of EtOH;
indeed, we found the ALDH2 mRNA and protein levels
were reduced; meanwhile, cardiac LV contractile function
was declining and myocardial ultrastructure was damaged
accompanied with the aggravation of oxidative stress. Zhou
et al. reported on hydrogen peroxide-induced myocardial
injury model. Low concentration of ethanol can inhibit the
opening of mitoPTP induced by oxidative stress via GSK-
3𝛽 pathway and PI3K/Akt; however, high concentration of
ethanol-fed rats can induce the cell apoptosis and opening
of mitoPTP [37, 38]. These results displayed that promoting
the opening of mitoPTP might be via inhibiting ALDH2
generation against its protection.

It is well known that PI3K/Akt signaling is a keymediator
of cell survival. Akt is also implicated in the cardioprotection
for cardiac myocyte survival [39]. However, the role of Akt
signaling in regulation of diabetic rat myocardial I/R injury
is not clear. Activation of Akt was found to rescue the
cardiacmechanical function defect induced by ER stress [40].
In the study, we used the PI3K/Akt inhibitor wortmannin
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Figure 4: Expressions of ALDH2 at mRNA (a, b) and protein (c, d) level of heart tissue in rats (mean ± SD of 5 separate experiments).
∗∗𝑝 < 0.01 versus C I/R; ##𝑝 < 0.01 versus DM I/R; ∧∧𝑝 < 0.01 versus DM + EtOH I/R. (1) C I/R; (2) DM I/R; (3) DM + EtOH I/R; (4) DM +
EtOH + CYA I/R; (5) DM + EtOH + Atr I/R; (6) DM + EtOH +Wor I/R.

(Wor); compared with DM + EtOH I/R group, ALDH2
mRNAand protein levels were decreased;meanwhile, cardiac
LV contractile function and myocardial ultrastructure were
damaged accompanied with the aggravation of oxidative
stress. Data depicted that ALDH2 induced cell survival was
blocked by inhibition of PI3K. These results suggested that
the protection of ALDH2 was at least partially mediated by

PI3K/Akt pathway. However, further study is required to
better elucidate themechanismofALDH2 cardiac protection.

I/R injury is a complex process and results in oxidative
stress in myocardium, such as O2

− and H2O2 accumulating
and resulting in cellular toxicity, finally due to imbalance
between production and removal of ROS. The survival
myocardial cells after myocardial infarction were more prone
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Figure 5: Identify cardiomyocytes by immunofluorescence (a), CCK-8 activity (b), and expressions of ALDH2 protein level of cardiomyocyte
in rats (c) (mean ± SD of five separate experiments). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01 versus C, #𝑝 < 0.05, and ##𝑝 < 0.01 versus HG.

to calcium overload and therefore more susceptible to I/R
injury; accumulating evidence proved that overproduction of
ROS triggered myocyte apoptosis by upregulating proapop-
totic members of Bcl-2 family. In addition, investigators have
shown that Bcl-2 gene family is known to modulate the
permeability of the mitochondrial membrane and the release
of cytochrome C [41]. Therefore, we investigated whether the
expressions of Bax and Bcl-2 genes are related to ALDH2
induced protection in diabetic myocardial I/R injury. In our
study, we detected Bax and Bcl-2 at mRNA levels. The result
showed that the expression of cardiac Bcl-2 at mRNA level
was decreased, the expression of Bax at mRNA level was
increased, Bcl-2/Bax mRNAwas decreased in DM I/R group,
and LDH release in the coronary effluent of diabetic rats
was increased. Meanwhile, ALDH2 mRNA and protein were
decreased. However, compared with DM I/R group, the ratio
of Bax to Bcl-2 mRNA and LDH levels were decreased in
DM + EtOH I/R group, and the expressions of ALDH2
mRNA and protein were increased, which suggested that the

increase of myocardial cells apoptosis may be associated with
the decrease of ALDH2. To further prove our hypothesis,
via given drug intervention, ALDH2 inhibitor CYA, PI3K
inhibitor Wor, and the opener of mitoPTP Atr, the result
suggests the ratio of Bax to Bcl-2 mRNA was decreased;
meanwhile, ALDH2 levels were decreased accompanied with
the changes of cardiac LV contractile function, oxidative
stress, and myocardial ultrastructure.

To verify whether cardiac ALDH2 directly participates in
diabetes-induced cardiomyocyte injury, in this study, we also
applied high glucose induced cardiomyocyte injury to mimic
diabetes.We found that, in cardiomyocytes model, compared
with C group, CCK-8 activity and theALDH2 protein expres-
sionwere decreased inHG group; when cardiomyocytes were
pretreatedwithAlda-1, the specific activator ofALDH2 inHG
condition, CCK-8 activity was increased accompanied with
the increase of ALDH2 protein expression. It is suggested that
direct activation of cardiomyocyte ALDH2 attenuated high
glucose induced myocardial injury. It is worthwhile to note
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Figure 6: Changes of rat myocardium ultrastructural organization in each group (magnification: 10K).

that there were some limitations in our study. In cardiomy-
ocyte model, we only observed the protection of enhanced
ALDH2 expression in HG condition. To better understand
the mechanism involved, we will investigate the effect of
cardiomyocytes ALDH2 in hypoxia and reoxygenation status
and further validate our hypothesis.

In conclusion, activation of ALDH2 participates in the
regulation of diabetic I/R injury induced cardiac myocyte
apoptosis via mitochondrial pathway. ALDH2 may play an
antiapoptotic effect through decreasing the ratio of Bax/Bcl-
2, activation of PI3K/Akt signaling pathway, and inhibit-
ing mitoPTP opening. Promoting ALDH2 expression may
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become a new pathway for the clinical treatment DM with
CHD patients, and further studies are necessary to confirm
this hypothesis.
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Multiple sclerosis (MS) is a multifactorial disease of the central nervous system (CNS) characterized by an inflammatory process
and demyelination. The etiology of the disease is still not fully understood. Therefore, finding new etiological factors is of such
crucial importance. It is suspected that the development of MS may be affected by oxidative stress (OS). In the acute phase OS
initiates inflammatory processes and in the chronic phase it sustains neurodegeneration. Redox processes inMS are associated with
mitochondrial dysfunction, dysregulation of axonal bioenergetics, iron accumulation in the brain, impaired oxidant/antioxidant
balance, and OS memory. The present paper is a review of the current literature about the role of OS in MS and it focuses on all
major aspects. The article explains the mechanisms of OS, reports unique biomarkers with regard to their clinical significance,
and presents a poorly understood relationship between OS and neurodegeneration. It also provides novel methods of treatment,
including the use of antioxidants and the role of antioxidants in neuroprotection. Furthermore, adding new drugs in the treatment
of relapse may be useful. The article considers the significance of OS in the current treatment of MS patients.

1. Introduction

Multiple sclerosis (MS) is a multifactorial disease of the
central nervous system (CNS) in which both inflammatory
and neurodegenerative processes occur simultaneously. In
the course of the disease inflammation is decreased whereas
the degeneration of the CNS progresses [1]. Several forms
of MS are distinguished. These are the following: RRMS
(relapsing-remittingMS), SPMS (secondary progressiveMS),
and PPMS (primary progressive MS). In RRMS an inflam-
matory process predominates whereas in SPMS and PPMS
a neurodegenerative process is more strongly expressed.
Relapses defined as episodic exacerbations of neurological
signs or symptoms are characteristic of RRMS [2]. Between
the relapses patients fully or partially recover from the
deficit. The most common form of MS is RRMS which may
progress into SPMS after years of remission; SPMS is a natural
consequence of RRMS in which relapses decrease and finally
disappear over time. In PPMS relapses do not occur from the
onset of MS. Progressive axonal loss typically accompanies
the PPMS form [3]. As a result, in the course of progressive

forms the dominance of neurodegeneration is related to a lack
of functional improvement [4, 5].

The ultimate causative factor of this process remains
unknown. However, it is suspected that the development of
MS may be affected by genetic and environmental factors.
Recent observations confirm the fact that oxidative stress
(OS) became an important factor associated with the devel-
opment of demyelination [1, 6, 7].

2. The Importance of OS in MS

The inflammatory component in MS is important not only
due to axonal and neuronal loss but also due to the fact that
it starts the degenerative cascade in the early stage of MS [6].
Interestingly, persistent hyperactivation of oxidative enzymes
suggests an “OS memory” in chronic neuroinflammation
[62]. The induction of the activation of microglia and mito-
chondrial dysfunction plays a particular role in inflamma-
tory processes. Microglia activated by T-lymphocytes release
proteolytic enzymes, cytokines, oxidative products, and free
radicals. On the other hand, microglia have a number of
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Figure 1: Reactive oxygen species (ROS) and reactive nitrogen species (RNS) [5, 59–61]. The classification of ROS and RNS depended on
having an unpaired electron. Nonradial species exists without an unpaired electron.

protective properties [59] such as a positive role in the
promotion of neuroprotection, lowering inflammation, and
stimulation of tissue repair [60].

The development of neurodegeneration in MS is a com-
plex process that may be related to primary apoptosis,
synaptopathy, and excitotoxicity associated with glutamate
overload, ionic channel dysfunction, calcium overload, mito-
chondriopathy, proteolytic enzyme production, and activa-
tion of apoptotic pathways. It is also important that mito-
chondrial dysfunction results in an increased production
of reactive oxygen species (ROS), which is detrimental to
neurons and glia [12, 61]. On the other hand, OS damages
the mitochondria, which disrupts the transport of adenosine
triphosphate along the axon, and consequently leads to neu-
rodegeneration [63–65]. Importantly, the neurodegenerative
process is complicated and still poorly understood.

For a better understanding of the redox processes in the
course of MS, some general issues related to OS need to be
addressed.

2.1. The Mechanisms of OS. The brain tissue is very sensitive
to the action of radicals due to its high demand for oxygen and
a limited possibility of obtaining antioxidants. An imbalance
between free radical production and antioxidative defense
results in OS and nitrosative stress [18, 66].

A free radical can be defined as an unstable, short-lived,
and highly reactive atom or molecule [18]. Free radicals, ROS
and reactive nitrogen species (RNS), can affect important
classes of biological molecules, thus leading to multiple lipid
and protein damage via peroxidation and nitration processes
[18].

The levels of ROS/RNS are involved in various physio-
logical functions such as the immune function (i.e., defense
against pathogenic microorganisms). They are also involved
in a number of cellular signaling pathways, in the mitogenic
response, and in the redox regulation [18, 67, 68]. Both ROS
and RNS can be classified into two groups, that is, radicals
and nonradicals [8, 10, 18, 69] (Figure 1).

The endogenous sources of ROS include mitochondria,
peroxisomes, endoplasmic reticulum, and phagocytic cells.
Macrophages constitute a major factor responsible for the
production of ROS [10] due to high oxygen consumption
[6, 18].

The redox reaction involves mainly a superoxide radical,
hydrogen peroxide, hydroxyl radical anion, nitric oxide
(NO), peroxynitrite [10, 13], peroxyl radical, singlet oxygen,
ozone, and hypochlorous acid [18]. Some of these free radicals
are described in more detail below.

The superoxide radical exists in two forms such as
superoxide or hydroperoxyl radical anion [18]. The enzymes
that can produce superoxide include xanthine oxidase [63],
lipoxygenase, cyclooxygenase [9, 21], and nicotinamide ade-
nine dinucleotide phosphate- (NADPH-) dependent oxidase
[30].

Hydrogen peroxide is formed by the enzyme superox-
ide dismutase (SOD). It can easily penetrate the biological
membranes and damage DNA by producing the hydroxyl
radical [29].Thehydroxyl radical can strongly react with both
organic and inorganic molecules [17].

Nitric oxide is generated by different nitric oxide syn-
thases (NOSs). Three types of NOS isoforms are distin-
guished, that is, neuronal NOS (nNOS), endothelial NOS
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(eNOS), and inducible NOS (iNOS). Nitric oxide is an
important intracellular second messenger [18]. It is involved
in a number of biological functions such as blood pressure
regulation, smooth muscle relaxation, neurotransmission,
defense mechanisms, and immune regulation [11].

Peroxynitrite, which is highly toxic, is formed by the
reaction between the superoxide radical and NO (nitrogen
monoxide) [61]. During the subsequent reaction, new reac-
tive compounds lead to oxidation processes of lipids, proteins
(methionine and tyrosine), and DNA [24].

2.2. Redox Processes in MS. Researchers suggest that dysreg-
ulation of axonal bioenergetics plays a critical role in OS and
subsequent axonal injury [25, 64].

Interestingly, the examination of the cerebrospinal fluid
(CSF) during exacerbation of MS revealed a bioenergetic
failure that was associated with an increased mitochondrial
proton leak and an increased expression of genes involved
in oxidative damage [35–37]. Moreover, the presence of
proinflammatory cytokines in the CSF and prooxidative
markers (e.g., nitrotyrosine) led to cytokine-induced synaptic
hyperexcitability and consequent glutamate-dependent neu-
rotoxicity [34, 40].

Recent studies suggest the importance of ceramides in the
CSF as signaling molecules leading to impaired mitochon-
drial function.The short-chain ceramides stimulated oxygen
species production and led to neuronal death [23, 39].

Iron accumulation in the brain is of great importance.
This process leads to chronic cell stress, resulting in axonal
and neuronal death [70]. Abnormal iron accumulation was
found in MS plaques. Extracellular hemoglobin oxidized
and led to local OS through the globin radical which was
responsible for myelin basic protein oxidative cross-linking
and heme involved in lipid peroxidation [70].

The process of neurodegeneration depends on the liber-
ation of iron from the myelin sheath during demyelination
[22]. A diffuse neurodegenerative process is related to the
high iron content in the basal ganglia [20]. Ferrous iron may
strengthen oxidative injury in the presence of oxygen radicals
produced by the oxidative burst [16, 26, 33]. Oxidative stress,
mitochondrial injury, and energy failure may be involved
in plaque formation and neurodegeneration in white and
grey matter lesions [41, 56, 71]. Another scientific report
suggested that neurodegeneration in MS was associated with
chronic subclinical extravasation of hemoglobin into lesions,
the dysfunction of different cellular protective mechanisms
against extracellular hemoglobin reactivity and OS [57].

Other studies stressed that alterations in the oxi-
dant/antioxidant balance contributed to the pathophysiology
of MS. Consideration was given to the balance between
the concentration of compounds such as lipid peroxidation
levels, carbonyl protein content, DNAdamage and SOD,CAT
activities, vitamins C and E, and nonprotein thiol content
[42]. Also, the presence of free radicals in the nervous
tissue may be toxic; for example, peroxynitrite increases
inflammation and in the chronic phase leads to such a high
concentration that it may lead to neurodegeneration [13].

Due to a constant lack of useful markers of the disease,
it is important to find compounds whose levels are easy to

mark, which may bring vast clinical implications. The review
of the literature presented below is an attempt to collect
biomarkers.

2.3. Markers of OS for Assessment: Serum, Erythrocytes, CSF,
Saliva, Urine. Free radicals can damage biological molecules
including nucleic acids, proteins, and lipids [18, 66]. The
products of these reactions can become markers of OS.
Serum is the most common material for the evaluation
of the components of OS. It allows the estimation of
most enzymes, substrates, and products of redox reactions.
These enzymes include xanthine oxidase, NOS, lipoxygenase,
cyclooxygenase, myeloperoxidase [47], prolyl oligopeptidase
[51], nicotinamide adenine dinucleotide phosphate-oxidase
1 (NOX1), and NADPH-dependent oxidase [30]. The fol-
lowing may become the markers of oxidative lipid damage:
isoprostanes (IsoP-prostaglandin like substances), for exam-
ple, 8-iso-prostaglandin (F2𝛼-8-iso-PGF2𝛼) which consti-
tutes the product of lipid peroxidation of arachidonic acid,
malondialdehyde (MDA) [18], the formation of fluorescent
peroxidized lipid-protein covalent adducts, and the increase
in conjugated diene [70]. Oxidative stress involves the oxi-
dation of proteins and glycoxidation. The following are the
results of this reaction: the glycophore content, the total level
of advanced protein oxidation (AOPP), protein carbonyls,
dityrosine level, N󸀠-formylkynurenine, and a decreased level
of serum protein thiol groups [55].

The other specific markers of protein oxidation such as
tyrosine (a marker for hydroxyl radical) and 3-nitrotyrosine
(a marker for RNS) [43] are also considered. Furthermore,
3-nitrotyrosine is a specific marker of peroxynitrite-induced
cellular damage [18].

Another study showed a possibility of using parameters
such as ketodienes and Schiff bases [46]. Other indicators
in the serum included kynurenine, N󸀠-formylkynurenine,
thioredoxin [32], and 8-hydroxy-2󸀠-deoxyguanosine [47].

The parameters used for the measurement of the overall
level of OS among healthy individuals and patients with MS
are as follows: the total oxidant status (TOS), the oxidative
stress index (OSI), and the total antioxidant status (TAS).
This reflects the overall level of OS. In turn, OSI is defined
as the ratio of TOS to TAS. The total antioxidant status
shows the overall level of antioxidant capacity of the human
body [72]. The oxidative stress index determines the oxi-
dant/antioxidant balance more reliably in the body.

Following further research,moremediatorsmay be deter-
mined in the serum, such as thiobarbituric acid reactive sub-
stances, advanced oxidation protein products, fructosamine
[73], and activated 𝛼-2-macroglobulin level [51]. Both AOPP
and MDA may be also marked in erythrocytes [74, 75]. Fur-
thermore, the following are also measured in the CSF: levels
of MDA and IsoP [54, 76, 77], ceramides [78], chemokine
11 (CCL11) [79], AOPP, and a decreased level of total thiol
groups [80].

Both saliva and urine may serve as a useful material. The
levels of thiobarbituric acid reactive substances and advanced
glycation end-products can be assessed in saliva [73]. Urine
may be a good material for the assessment of urinary 8-iso-
PGF2𝛼, which is a marker of lipid peroxidation in vivo [81].
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Researchers reported that acrolein (2-propenal) might
strengthen OS [59]. Acrolein antibody strategy was indicated
to measure local acrolein levels but quantification of urinary
3-hydroxypropylmercapturic acid (3-HPMA) was the best
marker for measuring global acrolein accumulation when
glutathione levels were not depleted [82].

Other biomarkers are serum levels of IL-6, tumor necrosis
factor (TNF-𝛼), interferon 𝛾 (IFN-𝛾), IL-4, IL-10, and IL-
17, albumin, ferritin, plasma levels of lipid hydroperoxides
(CL-LOOH), carbonyl protein, and nitric oxide metabo-
lites (NOx) [83]. Lipophilic fluorescent end-CL-products of
free radicals may be an interesting marker [84]. Oxidative
stress is also evaluated by tert-butyl hydroperoxide-initiated
chemiluminescence [85] or the formation of ROS from 2󸀠,7󸀠-
dichlorodihydrofluorescein-diacetate fluorescence [86].

The oxidative stress factors possible for assessment in
serum, erythrocytes, CSF, saliva, and urine are collectively
presented in Table 1.

2.4. Linking OS Markers with Disease Course, Relapses, Dis-
ability, and MRI Lesions. A number of researchers try to
find OS markers which are connected with MS. The review
of the literature shows that there are some OS markers
of the disease course; for example, studies demonstrated a
significant increase in the levels of 8-iso-PGF2𝛼 in the CSF
of patients with SPMS [86]. Guan et al. showed high levels of
urinary 8-iso-PGF2𝛼 (a marker of lipid peroxidation in vivo)
in MS patients. The concentration of urinary 8-iso-PGF2𝛼
was significantly higher in patients with SPMS and PPMS as
compared to the control group [81]. It was also shown that a
reduced level of prolyl oligopeptidase activity and activated
𝛼-2-macroglobulin level in the plasma were characteristic of
PPMS andRRMS [51]. In addition, in another study plasmatic
AOPPs were equally higher in RRMS and SPMS patients [87].

Recently acrolein, an endogenously produced toxic com-
pound and a pathological factor in MS, underwent analysis
[88]. It may be used as a potential biomarker for diagnosis
and prognosis of MS [82].

Results from the study of Fiorini et al. showed that
proteins such as hemopexin, alpha-1-B glycoprotein, inter-
a-trypsin inhibitor heavy chain H4, complement C3, and
antithrombin III were found to be more oxidized in patho-
logical samples. Oxidation of these proteins might be used to
determine the level of OS in the body [1].

Recent scientific findings, which offer the first evidence
of increased RNA oxidation in normal-appearing cortex of
MS brain, seem to be of great importance. However, further
studies are needed to clarify the role of RNA oxidation in MS
brain [89].

Cerebrospinal fluid IsoP, which is an OS marker of
relapse, was higher in patients with a first clinical attack
suggestive of MS as compared to the controls [77]. In
turn, lower vitamin D levels may be responsible for the
development of MS [42]. It may be related to vitamin D-
binding protein (DBP) which was found to be more oxidized
in both remitting and relapsing phases. However, higher
levels of oxidation rate of DBPwere observed during relapses.
The increased oxidation rate of DBP already observed in the
remitting course showed that some molecular pathways were

not completely suppressed during remission as compared to
the controls [1].

The degree of oxidation of clusterin was upregulated
in MS patients as compared to the healthy controls [1].
This protein was responsible for chaperone-activity already
increased in the remitting phase and kept upregulated in the
relapsing phase [1].

Karĺık et al. reported higher levels of thiobarbituric acid
reactive substances and advanced glycation end-products in
the saliva of patients with relapse. The study also demon-
strated an increase in other OS markers of relapses in
the plasma such as thiobarbituric acid reactive substances,
advanced oxidation protein products, and fructosamine [73].

Oxidative stress markers of disability included platelet
hemostatic function which was advanced in SPMS patients
and positively correlated with an increased production of the
superoxide radical and with the Expanded Disability Status
Scale (EDSS). It seems that the platelet function is activated
by a high level of OS [90].

Furthermore, in one of the studies it was demonstrated
that inflammation, oxidative and nitrosative stress biomark-
ers such as serum levels of IL-6, TNF-𝛼, IFN-𝛾, IL-4, IL-10,
and IL-17, albumin, ferritin, and plasma levels of CL-LOOH,
carbonyl protein, AOPPs, NOx, TRAP, andNcoI TNF𝛽 geno-
types might be considered potential predictive biomarkers
of high disability in MS (EDSS) and were associated with
different aspects of disease progression (higher pyramidal
symptoms, sensitive symptoms, and cerebellar symptoms)
[83].

Another study, including 110 patients with MS, demon-
strated that patients with insulin resistance (IR) had a higher
level of disability (EDSS), higher levels of interleukin IL-6 and
IL-17 and OS evaluated by tert-butyl hydroperoxide-initiated
chemiluminescence and AOPPs compared to patients with-
out IR. It appears that IR and adiposity could contribute to
more OS and disability [85].

Other studies indicated that the EDSS and gadolinium
enhancement lesion volume-Gd+ were affected by increased
levels of OS in erythrocytes in CIS, RRMS, and SPMS patients
(increased level of AOPP and MDA) [74, 75].

Summarizing the above observations, the following may
become OS markers of disability (EDSS): advanced platelet
hemostatic function and increased level of AOOPs andMDA
in erythrocytes and plasma levels of CL-LOOH, carbonyl
protein, AOPPs, NOx, and TRAP. Additionally, IL-6, IL-17,
TNF-𝛼, IFN-𝛾, IL-4, IL-10, IL-17, and OS were evaluated by
tert-butyl hydroperoxide-initiated chemiluminescence.

Data on OS and MRI lesions reported that a higher
level of AOPP and a decreased level of total thiol groups in
the plasma and in the CSF were involved in the clinically
isolated syndrome (CIS) and RRMS pathophysiology but not
with total T2 weighted lesions number and Gd enhancement
lesion volume [80].

3. The Importance of Antioxidants in MS

Oxidative stress at each stage of MS is a key element in
the pathogenesis of the disease. At the time of relapse all
these processes are intensified, leading to the loss of neurons
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Table 2: The types of antioxidants. The types of antioxidants depend on molecular structure. The table lists the most important barrier
antioxidant enzymes and other compounds and ions which are not enzymes.

Enzymes oxidants [16, 29, 41–44] Nonenzymatic antioxidants [13]
Low molecular weight antioxidants Antioxidant elements

CAT
GPx
GR
SOD
Paraoxonase
Arylesterase
GSTs
NQO1
Peroxiredoxin-3
Thioredoxin-2, 6
FeOx
𝛿-ALA-D

Uric acid
Vitamin C
Vitamin D
Vitamin E
Glutathione
Coenzyme Q
B-Carotene

AU

Ions: Cu, Fe, Zn, Mn

CAT: catalase, GPx: glutathione peroxidase, GR: glutathione reductase, SOD: superoxide dismutase, GSTs: glutathione-S-transferases, NQO1:
NAD(P)H:quinone oxidoreductase 1, FeOx: ferroxidase, 𝛿-ALA-D: 𝛿 aminolevulinate dehydratase, and AU: uric acid.

over years. Current treatment is focused on decreasing
inflammation, however only partially on preventing neu-
rodegeneration. It is possible that a new target of treatment
will focus on neutralizing free radicals. The course of the
disease is affected by the use of antioxidants and substances
that affect antioxidant pathways which reduce the severity
and cause faster remission and less pronounced course of
neuroinflammation and neurodegeneration [76, 91].

The following is a short description of antioxidants and
their practical application in MS.

3.1. Enzymatic and Nonenzymatic Antioxidants. Antioxi-
dants, which are divided into enzymatic and nonenzymatic,
are substances that protect the body against free radicals
(Table 2). Among enzymes the most important include
catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), superoxide dismutase (SOD), serum paraox-
onase, arylesterase [45], and 𝛿-aminolevulinate dehydratase
(𝛿-ALA-D) activity [42]. Superoxide dismutase has three
isoforms that is, copper/zinc SOD (SOD-1), manganese SOD
(SOD-2), and extracellular EC-SOD [13]. It needs to be
stressed that in the serum the major antioxidant enzymes
include CAT, GPx, peroxiredoxins [18, 92, 93], glutathione-S-
transferases (GSTs), and nitrite reductase NAD(P)H quinone
oxidoreductase 1 (NQO1) [38]. The concentration of these
enzymes in the serummay reflect the status of an antioxidant
line of defense.

Nonenzymatic antioxidants may be classified into low
molecular weight and antioxidant elements (ions). Low
molecular weight antioxidants include uric acid (UA), vita-
mins C, D, and E, glutathione, coenzyme Q, and b-carotene
[13]. Iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn)
are the most important ions with antioxidant properties. The
general and nonprotein thiol groups represent a nonenzy-
matic segment of the antioxidant defense system [46].

3.2. Antioxidant Factors Possible for Assessment: Serum,
Erythrocytes, CSF, Saliva, and Urine. The following can be

assessed in the serum: UA [13], nonprotein thiol groups
[42, 46], and the total glutathione and reduced glutathione
[47]. The lowest molecular weight antioxidants can be used.
Other markers of antioxidant ability in the body may be
determined in the CSF, for example, concentration of Klotho
(an antiaging protein) [94] and total thiol groups [80].
Uric acid may be determined in the CSF; however its
concentration depends on the leakage of UA molecules from
the serum through the blood-brain-barrier (BBB) and the
balance between consumption and production within the
CNS [27].

Furthermore, an impaired iron metabolism plays a major
role in the pathogenesis of MS [18]. One of a few studies
reported that in the saliva of patients withMS ferric reducing
ability (FRA) was decreased by 38% as compared to the
controls [73]. Ferroxidase (FeOx) activity of ceruloplasmin
prevents OS by promoting the connection of free radicals
from iron ions to transferrin. A reduced serum FeOx activity
was noted in 69 RRMS patients and in 62 patients with other
inflammatory neurological disorders [95]. To summarize,
FRA can be measured in saliva [73] whereas the ferroxidase
(FeOx) activity may be determined in the serum [95].

Erythrocyte SOD andGPx can bemarked in erythrocytes
[74]. Urine assessment is a noninvasive method useful in the
measurement of the oxidative status. Gholipour et al. showed
that urine 6-sulphatoxymelatonin (aMT6s, major metabolite
of melatonin) levels were significantly lower inMS patients as
compared to the control group [96].

Two parameters appear to be significant, that is, the
total radical-trapping antioxidant parameter (TRAP) and
the total antioxidant status (TAS). The first parameter may
be measured by a fluorescence-based method (TRAPm) or
calculated (TRAPc) by a mathematical formula, considering
antioxidant levels in the serum, that is, protein-bound thiol
groups, UA, and vitamins E and C [97]. What is important,
TRAP was recently proposed to measure the antioxidant
level in the plasma [83]. The difference between TRAPm and
TRAPc is due to antioxidants, which are still unidentified
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[97]. Furthermore, TAS can be determined in the serum
and it reflects the overall level of antioxidant capacity of the
patient [45].

The antioxidant factors possible for assessment in serum,
erythrocytes, CSF, saliva, and urine are collectively presented
in Table 3.

3.3. The Impact of External and Internal Antioxidant Factors
on the Course of Disease, Disability, and MRI Lesions. It
was reported that melatonin (10mg daily/30 days) caused a
statistically significant increase in antioxidative enzymes such
as SOD and GPx and a decrease in MDA in erythrocytes of
SPMS patients [74]. This suggests the possibility of a positive
impact of melatonin on the course of severe forms of MS.
Glutathione is an antioxidant in the brain which might be a
marker of the oxidative line of defense inMS patients and also
might serve to monitor the disease course [31].

Another study showed that an expression of antioxidant
power such as plasmatic ferric reducing ability (FRA) and
thiol group dosage were significantly lower in patients with
active disease [87], whichmayworsen the prognosis. Interest-
ingly, the GSTP1 polymorphism and quinone oxidoreductase
1 (NQO1) variant genotypes in MS patients suggested that
a defective function of detoxification enzymes might be a
determinant of susceptibility and the clinical manifestation
of the disease [38].

One of the studies examined coenzyme Q10 and antiox-
idized low-density lipoproteins (anti-oxLDL) antibodies,
which may help to maintain the BBB integrity and might
result in a mild disease course [98].

Aleagha et al. indicated that a decreased concentration of
Klotho in theCSF of patients with RRMS showed a significant
negative correlation with the disability [94]. Recent reports
indicated that decreased urine aMT6s levels significantly cor-
relatedwith theMS Functional Composite Score.The authors
believe that there might be some new hope in developing
a quantitative and objective measure to assess the severity
of MS [96]. The urine aMT6s levels were not correlated with
the level of disability measured by the EDSS scale [96].

Serum UA concentrations in 30MS patients and 20 con-
trols with noninflammatory neurological diseases supported
the significance of UA in the pathogenesis of MS. Serum
UA concentrations were found to be significantly lower in
MS patients as compared to the controls [27]. However, CSF
UA concentrations might not be a reliable marker of disease
activity in MS which was assessed by MRI lesions and the
CSF/serum albumin quotient [27].

On the other hand, the relationship between disability,
MRI Gd + lesions and SOD concentration in erythrocytes
in CIS and RRMS patients is not clear and requires further
studies [74, 75].

3.4. Opportunities for Antioxidant Supplementation in MS:
What Can Be Supplemented? Neuroprotection seems to be a
vast area to explore, common to a number of neurodegener-
ative diseases, including MS. The role of OS in MS appears
to be vital. Currently, a large therapeutic potential lies in
antioxidants. Research focuses on finding new substances
with antioxidant properties.

The melatonin supplementation appears to be useful
[74, 75, 99] and may scavenge the hydroxyl, carbonate,
alkoxyl, peroxyl, and aryl cation radicals and stimulate the
activities of antioxidative enzymes (GPx, SOD, etc.) [74].
It was confirmed that melatonin also plays an important
role in improving the antioxidant defense in MS through
upregulation of sirtuin 1 (SIRT1) and its target genes for
MnSOD and CAT [100]. Moreover, melatonin is selectively
taken up by mitochondrial membranes, which makes it
a potential therapeutic tool in treating neurodegenerative
disorders [50].

In vitro studies demonstrated that dihydroasparagusic
acid prevented lipopolysaccharide-induced production of
neurotoxic mediators such as NO, TNF-𝛼, prostaglandin E2,
inducible NOS, cyclooxygenase-2 protein expression, and
lipoxygenase activity in microglial cells [101].

Oxidative stress is also responsible for depletion of n-
3 polyunsaturated fatty acid (PUFA), leading to disruptions
in the lipid-based signaling, intracellular signal dysfunction
and increased neurotoxicity. Consequently, n-3 PUFA sup-
plementation is a rational therapeutic approach [102].
𝛼- (alpha-) Lipoic acid (ALA) is a natural, endogenous

antioxidant that acts as a peroxisome-proliferator-activated
receptor-𝛾 (PPAR-𝛾) [49]. The researchers showed that
increased 𝛿-ALA-D activity may be a protective agent against
OS [42].The data provided the first evidence that ALAmight
increase the production of PPAR-𝛾 in vivo in experimen-
tal autoimmune encephalomyelitis (EAE) and might reveal
antioxidative and immunomodulatory mechanisms for the
application of ALA in humanMS [49]. Khalili et al. suggested
that 1200mg of lipoic acid daily improved serumTAC among
RRMS patients without affecting other biomarkers [103]. On
the other hand, one of the systematic reviews showed that
over-the-counter antioxidants such as epigallocatechin-3-
gallate and ALA offered benefits, however only in preclinical
studies.There is no evidence that they alterMS relapses or the
disease progression [14].

Interestingly, a randomized study conducted on a sample
of 24 patients with RRMS proved that supplementation of
coenzyme Q10 for 12 weeks resulted in an increase SOD
activity, plasma TAC, and a decrease in MDA levels as
compared to the controls [104].

Idebenone, an organic compound known as a synthetic
analog of coenzyme Q10, was proven to be beneficial in
Friedreich’s ataxia and Leber’s hereditary optic neuropathy. In
these diseases idebenone protected neuronal HT22 cells from
glutamate-induced death in vitro. Fiebiger et al. reported that
the histopathological examination of the CNS of idebenone-
treated mice showed no improvement in inflammation,
demyelination, or axonal damage. It seems that this is not a
preferred method of MS treatment [105].

It was also shown that serum lipophilic antioxidants,
that is, 𝛾-tocopherol, 𝛽-carotene, and coenzyme Q10 were
deficient or moved within the border of lower physiological
value in a vast majority ofMS patients. Researchers suggested
that the deficit of lipophilic antioxidants in the blood of
MS patients could have a negative impact on bioenergetics
of reparative demyelinating processes and could promote
neurodegeneration [25].
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3.5. Antioxidants of Plant Origin. Ghaffari et al. reported
that treatment with two doses of saffron extract (5 and
10 𝜇g/rat) weekly resulted in a growth of total antioxidant
reactivity capacity, lipid peroxidation products, and antiox-
idant enzymes activity in the hippocampus of experimental
models of MS compared to the controls [106]. Other studies
demonstrated that the administration of Nigella sativa seeds
in EAE induced in Wistar rats suppressed inflammation,
enhanced remyelination in the cerebellum, and reduced the
expression of transforming growth factor beta 1 (TGF 𝛽1)
[107]. In turn, a nanodroplet formulation of pomegranate
seed oil (denominated nano-PSO) dramatically reduced oxi-
dation of lipids in the brains of rats [48, 108].

A small number of MS patients (𝑛 = 9) demonstrated
a protective effect of hypericum perforatum, which resulted
in an increase in neutrophil GPx activity and a decrease in
intracellular free calcium ions [109]. Some studies indicated
that a low fat diet and antioxidant supplements could reduce
levels of free radicals [110–112]. Dietary flavonoids have a
potential to protect neurons against OS, an ability to suppress
neuroinflammation and modulate cell signaling pathways
[112]. Flavonoids such as luteolin, quercetin, and fisetin at
concentrations of 20–80𝜇M decrease the amount of myelin
phagocytosed by macrophages [113].

Other studies described a number of potential antioxi-
dants, such as cerium oxide nanoparticles, and sulforaphane,
which is an organosulfur compound present in vegetables,
ginseng, hemp seed, and evening primrose oils [114–116].
Matrine (MAT) is another antioxidant of plant origin. It is a
quinolizidine alkaloid derived from the herb Radix Sophorae
Flave. In EAE MAT treatment significantly upregulated the
expression of the transcription factor such as nuclear factor
(erythroid-derived 2) like 2 (Nrf2) which plays a role in
inhibiting OS [58].

Following further studies, synthetic inhibitors of phos-
pholipaseA2 (PLA2) fromplants including curcumin, ginkgo
biloba, and Centella asiatica extracts were also used for the
treatment of neurological disorders [108].

4. Inflammatory Mediators and Antioxidants

New findings suggest that chemokine 11 (CCL11) in the serum
and in the CSF released from activated astrocytes promoted
OS via microglial NOX1 activation and glutamate-mediated
neurotoxicity. These findings proposed using inhibitor of
NOX1 in therapy [79]. Another study explained how TNF-
𝛼 inhibited the differentiation of progenitor cells. The effect
depended on a number of factors such as increased ROS
production, altered mitochondrial calcium uptake, mito-
chondrial membrane potential, and respiratory complex I
activity. The accumulation of progenitor cells at the lesion
sites was observed in MS patients [117] and suggested that
failed remyelination was a consequence of the inhibition of
differentiation [118–120]. In another study, authors presented
the possibility of using a TNFR2 agonist as a factor protecting
oligodendrocyte progenitor against OS [121].

Scientists suggested that enhanced astrocytic peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1𝛼) levels reduced the production of proinflammatory

mediators such as IL-6 and chemokine (C-C motif) ligand
2 and increased the expression of antioxidant enzymes,
including peroxiredoxin-3 and thioredoxin-2 in generated
human primary astrocytes. Activation of PGC-1𝛼 may be a
protective factor for neurons [44].

The results from the study of EL Andaloussi et al. pre-
sented the use of exosomes, biologically active nanovesicles
(30–120 nm) that could be easily delivered across the BBB
[122] as an improvement to induce postinjury remyelination
processes. They stimulated primary dendritic cells cultures
with low-level IFN𝛾. Exosomes (IFN𝛾-DC-Exos) contain
microRNA species which are involved in oligodendrocyte
development pathways and can increase baseline myelina-
tion, reduceOS, and improve remyelination. Researchers also
found that IFN𝛾-DC-Exos increased oxidative tolerance and
antioxidant levels in microglia and potentially included anti-
inflammatorymiRNAs. Furthermore, IFN𝛾-DC-Exos nasally
administered to animals increased CNS myelination in vivo
[123].

5. The New Possibilities in the Treatment of
MS: Neuroprotection

A number of substances are tested for a possible ability to
protect the brain against neurodegeneration. In addition, the
development of neuroprotective drugs is more problematic
[6]. A limited response to the application of ROS scavengers
results from their short half-life, on the order of milliseconds
and the degree of instability of ROS [3, 59, 124, 125].

Hydralazine may become a potential target for therapy
due to the fact that it protects cells from the damaging effects
of acrolein [59, 126–128].

Novel agents/approaches could offer help in prevent-
ing mitochondrial dysfunction and in improving neu-
rodegeneration. The following are considered: CDDO-ethyl
amide, CDDO-trifluroethylamide, pioglitazone, rosiglita-
zone, resveratrol, 5-aminoimidazole-4-carboxamide ribonu-
cleotide (AICAR), and bezafibrate [129].

Other findings suggested that neural stem cells (NSCs)
exposed to 125𝜇M H2O2 for 30min and pretreated with
different doses of lovastatin for 48 h were protected against
OS-induced cell death by the expression of PGC-1𝛼, which
is a master regulator of mitochondrial function controlling
energy metabolism and Nrf2. It is possible that in the future
lovastatin may be used to promote the survival rate of
NSCs [130]. The former group which can readily cross the
BBB includes simvastatin, atorvastatin, and cerivastatinwhile
hydrophilic statins include rosuvastatin and pravastatin [131].

The experimental results of the effects of exendin-4 and
glucagon-like peptide-1 (GLP-1) in several mouse models
of MS were reported by Hölscher. The main inflammatory
responses were much reduced, as well as the intensity of
demyelination. The cytokine release in the spleen was also
reduced. It was shown that most GLP-1 mimetics such as
exendin-4, liraglutide, and lixisenatide crossed the BBB and
showed neuroprotective effects [132, 133]. However, further
studies are needed to clarify the relationship with OS.

Novel treatments can be rated in EAE, a mouse model
of MS. One of the scientific reports showed the effect of
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polymerized form of nanocurcumin (PAP) on EAE, which
might have a therapeutic effect as an anti-inflammatory
and antioxidative stress agent with significant effects on
myelin repair mechanisms [133]. Using nontoxic inhibition
of myeloperoxidase might restore the BBB integrity thereby
limiting migration of myeloid cells into the CNS that drive
EAE pathogenesis. These inhibitors may be an effective
therapeutic agent for the treatment of MS [134]. Yun et al.
discovered a new molecule with a neuroprotective activity,
that is, antioxidant protein peroxiredoxin 6 (PRDX6), which
can reduce the inflammation in the CNS and potentiate
oligodendrocyte survival [135]. The modulation of glutamate
release and transport may also become a new therapeutic
target [136].

The process, known as “remote damage” may have a
significant effect on neurodegeneration. This process can
damage neurons functionally related to the primary focus
for months and years after the original damage such as
stroke, multiple sclerosis, amyotrophic lateral sclerosis, and
traumatic injury to the brain and the spinal cord. “Remote
damage” may be defined as a variety of pathological pro-
cesses, such as apoptosis, inflammation, glial activation,
oxidative damage, neuronal changes in receptor mosaics,
and autophagy. The impact of these factors is important at
different times. Viscomi et al. attempted to investigate this
process using the hemicerebellectomy (HCB) experimental
paradigm. The researchers presented the idea of new ther-
apies based on blocking “remote damage.” The therapeutic
window that occurs between the primary and secondary
damage can be used to implement new neuroprotective
treatment [137–139].

As it can be seen, not all the studies on the role of
antioxidants inMS are consistent and further research should
be done to test new substances for their effectiveness.

6. The Relationship between
Immunomodulatory Therapy, OS,
and Antioxidants

Immunomodulatory therapies are used to protect from
relapses whereas corticosteroids are commonly used in the
acute treatment of relapses.

The relationship between OS and dimethyl fumarate
(DMF) is partially explained. The transcription factor (Nrf2)
is a key regulator of antioxidative defense. Oral DMF
activates anti-inflammatory and antioxidative pathways to
upregulate the expression of this molecule [15, 52, 140]. A
differential expression is involved in the defense against OS,
predominantly in actively demyelinating white matter lesions
[140–142]. Treatment of oligodendrocytes with DMF induces
changes in citric acid cycle intermediates, glutathione, and
lipids, indicating that this compound can protect oligoden-
drocyte metabolism and provide protection from OS [140].

Dimethyl fumarate and monomethyl fumarate (MMF),
the immediate metabolite of DMF, activate Nrf2 tran-
scriptional pathways. Target genes of Nrf2 include gluta-
mate cysteine ligase transcription factor 1 and NAD(P)H
oxidoreductase-1, resulting in cytoprotective effects against

oxidative cellular injury. It is a potential novel mode of action
differentiating this drug from other immune-modifying
drugs [143]. This mechanism explains the possibility of using
this drug in other degenerative diseases of the CNS, such
as Parkinson’s disease [144]. It is possible that dimethyl
fumarate activates the prostaglandin EP2 receptor and con-
sequently inhibits the progression of MS via the cAMP
signaling pathway. This is another recently discovered mech-
anism of action which needs to be clarified due to OS in
MS [145]. Dimethyl fumarate attenuates overproduction of
ROS, which results in a decrease in a lipid peroxidation
product, 7-ketocholesterol induced by ROS. It can protect
murine oligodendrocytes 158N (myelin synthesizing cells)
against apoptosis and autophagy. It may be responsible
for neuroprotection [53]. Another effect of DMF may be
associated with the activation of heme oxygenase-1 [146].
The use of a signaling pathway of the Kelch-like ECH-
associated protein 1-nuclear factor erythroid 2-related fac-
tor 2-antioxidant-responsive element (Keap1-Nrf2-ARE) in
vivo and in vitro leads to the downregulation of OS and
inflammation, activated by DMF which may protect the
nervous tissue against subarachnoid hemorrhage induced
brain injury in rats [147]. In addition, it is suspected that
DMF could strengthen the BBB by targeting interendothelial
junctions in an Nrf2-dependent manner, thus protecting
against cerebral edema during ischemic stroke [148]. On
the other hand, in one of the studies on the Nrf2 path-
way DMF enhanced the severity of lung carcinogenesis in
mice [149].

It was also shown that therapies aiming at stimulating
endogenous antioxidant pathway, for example, by inducing
the Nrf2 pathway [65], may be quite effective in a situation of
moderate OS such as the one in classical EAE models. How-
ever, they might be ineffective or even counterproductive in
the case of extensive oxidative injury. It was proposed that the
amplification of oxidative injury in MS was only reflected to
a limited degree in the studied rodent models [150].

A new study reported that treatment with fingolimod
reduced hyperoxia-induced OS, activation of microglia, and
associated proinflammatory cytokine expression in neonatal
oxygen-induced brain injury.The thesis could in part explain
the efficacy of fingolimod in MS, in which OS plays an
essential role [151].

IFN𝛾 can damage myelin by spreading depression as in
migraine with aura. In contrast, the physiological level of
IFN𝛾 as produced by environmental enrichment protected
against demyelination and OS and was associated with a
moderate and phasic increase in a number of proinflamma-
tory cytokines.The controlled administration of pulsed IFN𝛾
to brain slice cultures imitating environmental enrichment
reduced OS, increased the concentration of myelin basic
protein, and reduced spreading depression. Furthermore,
stimulation of brain slice cultures with IFN𝛾 induced the
release of exosomes that had most likely neuroprotective
functions [152].

Some studies attempted to prove the efficacy of IFN-
𝛽 which was connected with other immunomodulatory
therapies or antioxidant therapies. For instance, it was
reported that treatment with IFN-𝛽 and glatiramer acetate
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significantly reduced TNF-𝛼. However, it did not affect other
ROS/NRS biomarkers or disease progression [83].

In another study the level of protein carbonyls was
elevated in RRMS patients treated with interferon 𝛽-1b and
glatiramer acetate, whereas the serum protein thiol groups
were decreased. Following the same study in RRMS patients
without immunomodulatory therapy the same markers of
OS were significantly elevated [55]. Sadowska-Bartosz et al.
demonstrated an increase in oxidation parameters in the
serum in RRMS patients treated with interferon 𝛽-1a and
interferon 𝛽-1b. However, this increase was less significant
compared to untreated RRMS patients or SPMS patients
treated with mitoxantrone [32].

Treatment with the combination of glatiramer acetate and
N-acetylcysteine had a favorable safety profile. Moreover, it
had a positive effect on the redox state [153]. The adminis-
tration of glatiramer acetate to female BALB/c mice under
stress conditions resulted in normalization of ROS levels,
restored nNOS activity, and resulted in clinical improvement
in learning [154].

Another study demonstrated that melatonin supplemen-
tation at a dose of 5mg over 90 days resulted in a significantly
decreased MDA concentration in INF-𝛽 and glatiramer
acetate-treated groups, however not in the mitoxantrone-
treated group. In turn, a significant increase in SOD activity
was observed only in glatiramer acetate-treated group as
compared to the controls [155]. Interestingly, melatonin may
also have implications for the treatment of severe MS. One
of the studies indicated that the TAC level was significantly
lower in the mitoxantrone-treated group and it increased
after melatonin supplementation [156].

Using C-phycocyanin, a biliprotein from Spirulina plat-
ensis with antioxidant, anti-inflammatory, and cytoprotec-
tive properties and INF-𝛽 improved the redox status in
mice with EAE, although they also differentially modulated
another subset of genes. C-phycocyanin mainly modulated
the expression of genes related to remyelination, gliogen-
esis, and axon-glia processes, which may be significant
in neuroregeneration [157]. Therefore, a combined use of
immunomodulatory therapies with antioxidants may prove
beneficial.

Attempts were also made to explain some of the ben-
eficial effects of natalizumab and its antioxidant capacity.
Researchers studied serum melatonin levels in 18 patients
with RRMS treated with natalizumab and noted that it caused
significant increases in serum melatonin concentrations
[158]. In one of the studies 22MS patients were assigned to
the treatment with 300mg of natalizumab. After 14 months
it was observed that natalizumab prompted a decrease in
oxidative-damage biomarker levels, induced nuclear translo-
cation of Nrf2 which was responsible for the activation of
the antioxidant pathway, and a fall in serum vascular cell
adhesion molecule-1 levels [47]. In addition, it was found
that a decrease in carbonylated protein levels was connected
with the patients with the highest levels of severity in the
process (EDSS > 5) and treatment with natalizumab [159].
Consequently, it resulted in an increase of antioxidants and
a reduction in OS biomarkers.

It should be borne in mind that mitoxantrone is poten-
tially associated with an increased level of OS but on the other
hand, the study demonstrated thatmitoxantrone did not have
an effect on the activity of paraoxonase 1 (an enzyme that
protects the cell from OS) [160].

Arnold et al. evaluated the suicidal erythrocyte death
induced by mitoxantrone. The study proved that mitox-
antrone triggered cell apoptosis, partially due to the forma-
tion of ROS and ceramide thus increasing OS. Additionally,
the authors assessed the effect of adding the antioxidant
N-acetylcysteine, which significantly reduced the effect of
mitoxantrone [86].

Due to the fact that the studies were not conclusive,
it appears that treatment with interferon and mitoxantrone
does not reduce OS [32].

To conclude, it appears that most of the drugs used inMS
are directly or indirectly associated with OS.

7. Corticosteroids in Relapses: The Importance
of OS and Antioxidants

The role of corticosteroids in OS is poorly understood.
Wang et al. examined levels of MDA and TAC in peripheral
blood and the CSF of RRMS patients in 7 days before
methylprednisolone (MP) treatment and one month after
MP treatment. They found that the increase in OS markers
preceded inflammatory response in MS patients and MP
treatment reduced the neuroinflammatory attack by decreas-
ing brain antioxidant enzymes [54].

Ozone autohemotherapy is an emerging therapeutic tech-
nique that can change the brain metabolism. It was recently
shown that MS patients demonstrated a marked increase
in cytochrome-c-oxidase (CYT-c) activity and concentration
about 40 minutes after the end of the autohemotherapy,
possibly revealing a reduction of the chronic OS level typical
of MS sufferers [161].

A protective effect of ozone (O3) therapy was reported
in EAE in rats either alone or in combination with corticos-
teroids. Such a combination allowed reducing the dose ofMP
due to a decreased level of brain glutathione, paraoxonase
1 enzyme activity, brain MDA, TNF-𝛼, IL-1𝛽, IFN-𝛾, Cox-2
immunoreactivity, and p53 proteins [162]. The study showed
that adding compounds that modulate redox pathways in the
cell could increase the effectiveness of the therapy and reduce
a dose of corticosteroids.

8. Conclusions

Thebrain tissue, with a considerable number of phospholipid
membranes, is very sensitive to the action of radicals due to a
significant presence of mitochondria and consequently mas-
sive oxygen metabolic processes. A number of studies docu-
ment the participation of OS in MS pathophysiology. Oxida-
tive stress processes participate in both inflammatory and
neurodegenerative pathophysiological components of MS.
Oxidative stress is associated with the dysregulation of axonal
bioenergetics, cytokine-induced synaptic hyperexcitability,
abnormal iron accumulation, and the oxidant/antioxidant
balance. Markers of OS assessed in the serum, erythrocytes,
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CSF, saliva, and urinemay have diagnostic propertieswhereas
antioxidantsmay have clinical application in the future.There
are at least a couple of OSmarkers of the disease course which
can be particularly useful in the diagnosis of severe forms
of MS such as SPMS and PPMS. Other useful applications
includemarkers of relapse andOSmarkers of disability.There
might be some new hope in an objective assessment of the
severity of MS.

Many antioxidants may have a positive impact on the
course of MS. These substances include melatonin, dihy-
droasparagusic acid, n-3 polyunsaturated fatty acid (PUFA),
𝛼- (alpha-) lipoic acid (ALA) and others (including plant
origin antioxidants). Innovative therapies are aimed in par-
ticular at neuroprotection and neurodegeneration. Potential
drugs include compounds such as hydralazine, exendin-4,
glucagon-like peptide-1 (GLP-1), and also lovastatin which
protects against OS-induced cell death by the expression of
PGC-1𝛼 and Nrf2.

Currently, a number of new studies focus on the
immunotherapy and OS. Natalizumab and fingolimod have
a positive effect on antioxidant capacity and may result in
a reduction in OS markers. The relationship between DMF
and OS is best known and is associated with the modulation
of OS molecules. On the other hand, mitoxantrone is a
drug that may be responsible for an increase in OS. There
are new suggestions combining mitoxantrone therapy with
antioxidant supplementation such as N-acetylcysteine and
melatonin in order to alleviate the toxicity of mitoxantrone.

Summarizing, using OS markers as biomarkers of MS
severity or relapse could be a long-awaited helpful diagnos-
tic tool. Moreover, adding antioxidants to immunotherapy
which is well-established inMSmay be reasonable and highly
beneficial for MS patients due to their ability to reduce OS.
Further research should be done to test new antioxidants for
their effectiveness.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] A. Fiorini, T. Koudriavtseva, E. Bucaj et al., “Involvement of
oxidative stress in occurrence of relapses in multiple sclerosis:
the spectrum of oxidatively modified serum proteins detected
by proteomics and redox proteomics analysis,” PLoS ONE, vol.
8, no. 6, article e65184, 2013.

[2] T. Kalincik, “Multiple sclerosis relapses: epidemiology, out-
comes and management. A systematic review,” Neuroepidemi-
ology, vol. 44, no. 4, pp. 199–214, 2015.

[3] A. Compston and A. Coles, “Multiple sclerosis,”The Lancet, vol.
372, no. 9648, pp. 1502–1517, 2008.

[4] B. D. Trapp, R. Ransohoff, and R. Rudick, “Axonal pathology in
multiple sclerosis: relationship to neurologic disability,”Current
Opinion in Neurology, vol. 12, no. 3, pp. 295–302, 1999.

[5] B. D. Trapp, J. Peterson, R. M. Ransohoff, R. Rudick, S. Mörk,
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levels in natalizumab-treated female patients with relapsing-
remitting multiple sclerosis: Relationship to oxidative stress,”
European Journal of Pharmacology, vol. 730, no. 1, pp. 26–30,
2014.
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Aging-associated cardiovascular diseases (CVDs) have some risk factors that are closely related to oxidative stress. Salvia
miltiorrhiza (SM) has been used commonly to treat CVDs for hundreds of years in the Chinese community. We aimed to
explore the effects of SM on oxidative stress in aging-associated CVDs. Through literature searches using Medicine, PubMed,
EMBASE, Cochrane library, CINAHL, and Scopus databases, we found that SM not only possesses antioxidant, antiapoptotic, and
anti-inflammatory effects but also exerts angiogenic and cardioprotective activities. SM may reduce the production of reactive
oxygen species by inhibiting oxidases, reducing the production of superoxide, inhibiting the oxidative modification of low-
density lipoproteins, and ameliorating mitochondrial oxidative stress. SM also increases the activities of catalase, manganese
superoxide dismutase, glutathione peroxidase, and coupled endothelial nitric oxide synthase. In addition, SM reduces the impact of
ischemia/reperfusion injury, prevents cardiac fibrosis after myocardial infarction, preserves cardiac function in coronary disease,
maintains the integrity of the blood-brain barrier, and promotes self-renewal and proliferation of neural stem/progenitor cells in
stroke. However, future clinical well-designed and randomized control trials will be necessary to confirm the efficacy of SM in
aging-associated CVDs.

1. Introduction

Cardiovascular diseases (CVDs) are a group of disorders
related to the heart or blood vessels. Major CVDs include
stroke, ischemic heart disease, cardiomyopathy, rheumatic
heart disease, hypertensive heart disease, endocarditis, atrial
fibrillation, aortic aneurysm, and peripheral arterial disease
[1]. Global life expectancy increased from 65.3 years in 1990
to 71.5 years in 2013. At the same time, the numbers of
deaths from noncommunicable diseases increased steadily
[2]. CVDs are the leading form of noncommunicable diseases
[2]. In 2012 and 2013, 17.3 million deaths worldwide resulted
fromCVDs [3]. Among these deaths, coronary artery disease
and stroke contributed most to the total global burden of

CVDs [1]. It is estimated that 90% of CVDs are preventable
[4].The Framingham andWorldHealth OrganizationMON-
ICA studies found several risk factors for CVDs (e.g., age,
smoking, physical inactivity, unhealthy diet, obesity, family
history, hypertension, diabetes mellitus, and hyperlipidemia)
[5–10]. Some of these risk factors are immutable; however,
many important risk factors are modifiable. When relevant
risk factors decrease, the incidence and mortality of CVDs
improved.

Most CVD risk factors are related to oxidative stress.
Reactive oxygen species (ROS) are themain cause of oxidative
stress and are highly reactive with proteins, lipids, and DNA,
damaging these cellular components [11]. Under normal con-
ditions, the production of ROS during aerobic metabolism
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Figure 1: Vascular reactive oxygen species production. Oxidases convert oxygen to superoxide, which is then dismutated to H2O2 by
superoxide dismutase (SOD). H2O2 can be converted to H2O by catalase or glutathione peroxidase. In addition, coupled endothelial NO
synthase (eNOS) catalyzes the formation of nitric oxide (NO). When tetrahydrobiopterin (BH4) generation is reduced, the uncoupled eNOS
produces superoxide instead of NO. The superoxide can react rapidly with NO to form peroxynitrite (ONOO−), a powerful oxidant and
nitrating agent. Reference numbers are inside the parentheses.DLA: 3,4-dihydroxyphenyl lactic acid; SM: Salviamiltiorrhiza; Sal A: salvianolic
acid A; Sal B: salvianolic acid B; Tan IIA: tanshinone IIA.

and the scavenging of ROS by tissue antioxidant systems are
in balance [12]. This balance is shifted in favor of oxidative
stress in the presence of cardiovascular risk factors [5, 13, 14].

The most important forms of ROS are nitric oxide (NO),
superoxide, hydrogen peroxide, and peroxynitrite (Figure 1).
NO is produced in normal physiologic conditions from L-
arginine by coupled endothelial nitric oxide synthase (eNOS)
that is activated via protein kinase A- or Akt-dependent
phosphorylation [15]. NO is a crucialmediator of blood vessel
homeostasis by inhibiting vascular smooth muscle contrac-
tion and growth, platelet aggregation, and leukocyte adhe-
sion to the endothelium. Under some circumstances, such
as hypertension, hyperglycemia, and hypercholesterolemia,
eNOS becomes uncoupled and superoxide is synthesized
rather than NO [16–20]. When normal NO production is
impaired, CVDs may occur [21].

In aged vessels, endothelial dysfunction occurs owing
to eNOS uncoupling by reducing the tetrahydrobiopterin to
dihydrobiopterin ratio [22]. Superoxide is the product of a
univalent reduction of oxygen by various oxidases [23]. The
important oxidases include xanthine oxidase, uncoupled NO

synthases, cytochrome P450 enzymes, and mitochondrial
and NADPH oxidases [24–26]. Superoxide is toxic and pos-
sesses three main effects that contribute to the pathogenesis
of CVDs [27]: (1) rapid inactivation and reaction with NO to
form the more highly reactive peroxynitrite; (2) mediation of
aberrant redox signaling in the vasculature to induce alter-
ations of vascular function, and (3) direct oxidative damage
to cell components [28].

Peroxynitrite is a powerful oxidant and nitrating agent.
Peroxynitrite can damage a wide array of cellular molecules,
including carbonate, proteins, low-density lipoproteins
(LDL), and DNA to form nitration and nitrosation products
that are involved in the pathogenesis of cardiovascular
complications [29, 30].

The superoxide dismutases (SODs) are the major antiox-
idant enzymes that degrade superoxide. There are three
isoforms of SOD in mammals: cytoplasmic Cu/ZnSOD
(SOD1), mitochondrial MnSOD (SOD2), and extracellular
Cu/ZnSOD (SOD3) [31]. All forms of SOD rapidly dismutate
superoxide to the more stable ROS, hydrogen peroxide, that
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Figure 2: The chemical structure of major hydrophilic phenolic acids and lipophilic terpenoids of Salvia miltiorrhiza.

is then converted to water and oxygen by either catalase or
glutathione peroxidase [32].

Salvia miltiorrhiza (SM) belongs to the family of Labiatae
and its dried root, referred to as “Danshen” in traditional
Chinese medicine, has been commonly used for hundreds of
years in the treatment of CVDs [33]. Our previous popula-
tion-based studies demonstrated that SM is the most com-
mon herbal drug used to treat ischemic heart disease [34]
and ischemic stroke [35]. In traditional Chinese medicine,
Danshen is regarded as an important herb for “activating
circulation and dispersing stasis or sludging of blood.” SM
exhibits strong antioxidant activity by scavenging ROS [36].
SM also modulates endothelial cell permeability, inhibits
platelet aggregation [37], and protects human umbilical vein
endothelial cells against homocysteine-induced endothelial
dysfunction [38] or vascular smooth muscle cells prolifera-
tion [39].

There are many active constituents found in alcohol and
water extracts of SM (Figure 2). At least 49 diterpenoid
quinones, more than 36 hydrophilic phenolic acids, and 23
essential oil constituents have been isolated and identified
from SM [40]. Among the chemical components, tanshinone
IIA (Tan IIA) and salvianolic acid B (Sal B) are usually chosen
as markers to assess the quality of SM [41].

Terpenoids are the most important lipophilic compo-
nents of SM. Most diterpenoids are present as tanshinones

and their analogs, which are a class of abietane diterpene
compounds found exclusively in the Salvia genus [42]. Tan-
shinone I, Tan IIA, and cryptotanshinone are the major con-
stituents of the tanshinones and are studied mainly for their
biological activity [43]. SM also contains some triterpenoids
[44]. These terpenoids possess a wide range of biological
activities including antioxidant [45], antibacterial [46], anti-
inflammatory [47], antiatherogenic [36], neuroprotective
[48], antitumor [49], and antidiabetic [50] effects.

Phenolic acids are the main type of hydrophilic compo-
nent from SM. Most of the phenolic acids in SM are conden-
sation derivatives of caffeic acid in different linkage forms
and numbers [51].Themost prominent effects of the phenolic
acids in SM are antioxidant, anticoagulant, and antithrom-
botic activities and protection of cells from ischemia-reper-
fusion (I/R) injury [33, 52, 53]. Moreover, over the past few
years, there are several studies showing that the polysaccha-
rides extracted from SM also have antioxidant and antitumor
activities [54, 55].

Unfavorable changes in CVD risk factors are seen in
aging individuals and will likely be reflected in worsening
morbidity and mortality [56]. Thus, the minimization of risk
factors is a key point for decreasing the incidence of aging-
related CVD.

Many researchers have demonstrated that SM can reduce
the impact of CVD risk factors and the injury caused by
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oxidative stress. This article provides an overview of SM in
terms of its ability to reduce oxidative stress-induced injury
and aging-related risk factors associatedwith CVD. Studies of
the effects of SM on the two most frequent CVDs, coronary
artery disease and stroke, are also reviewed.

2. Materials and Methods

The current review focuses on the role of oxidative stress and
SM (Danshen) in aging-associated CVDs. Literature searches
were done using theMedicine, PubMed, EMBASE, Cochrane
library, CINAHL, and Scopus databases, and the contents of
the identified articles were summarized.

3. Results and Discussion

3.1. Hypertension. Hypertension is the most readily modifi-
able risk factor for CVDs [57]. Oxidative stress, an aberrant
vascular redox system, and endothelial dysfunction can
contribute to hypertension [13, 28]. In traditional Chinese
medicine, Danshen is the most frequently prescribed single
herb for hypertension [58]. Tan IIA has a vasodilatory effect
through restoring eNOS coupling by increasing the ratio
of tetrahydrobiopterin to dihydrobiopterin and reducing
the production of superoxide by inhibiting the expression
of NOX4, a member of the NADPH oxidase family [59,
60]. In addition to reducing ROS, Tan IIA protects against
endothelial cell damage by decreasing the Bax/Bcl-2 ratio and
inhibiting caspase-3 activation [61]. The water extract of SM
that contains lithospermic acid B (also named tanshinoate
B) and Sal B exhibits an antihypertensive effect through the
inhibition of angiotensin-converting enzyme or the renin
angiotensin system [62–65]. Sal B and danshensu, the major
hydrophilic constituents of SM, can regulate vascular tone
and reduce blood pressure by activating of the calcium-
activated big potassium (BKCA) channel [66, 67]. In addition,
SM injection can decrease plasma levels of endothelin-1 and
thromboxane B2 [68].

3.2. Smoking. Cigarette smoking is an important and revers-
ible risk factor for CVDs but is ranked lower than hyperten-
sion because of the widespread implementation of smoke-
free legislation [69]. However, in some countries, smoking
remains the third leading risk factor forCVDs, behind dietary
risks and hypertension. Smokers return to the risk level of
never-smokers after cessation of smoking for at least 10 years
[69].

Smoking may enhance oxidative stress not only through
the production of ROS but also through weakening of the
antioxidant defense systems [70]. Smoking-associated CVDs
include abdominal aortic aneurysm, peripheral artery dis-
ease, unheralded coronary death, and subarachnoid hem-
orrhage [71]. SalA attenuates the formation of aortic aneu-
rysms in apolipoprotein E-deficient mice by selectively
inhibiting matrix metalloproteinase-9 (MMP-9) to maintain
the integrity of blood vessels [72]. A crude extract of SM dila-
tes isolated rat femoral arteries by opening tetraethylammo-
nium-sensitive potassium channels in smooth muscle cells
[73] and produces a vasorelaxant effect in the rat knee joint

through the release of calcitonin gene-related peptide and the
endothelium-derived relaxant factorsNO and prostaglandins
[74]. One recent study revealed that the injection of Danshen
root could suppress cigarette smoking-induced lung inflam-
mation by decreasing the levels of interleukin- (IL-) 8, IL-6,
and tumor necrosis factor- (TNF-) 𝛼 in Sprague-Dawley rats
[75].

3.3. Hyperglycemia. Hyperglycemia and diabetes mellitus are
strong, significant, and independent risk factors for CVDs
[76, 77]. Hyperglycemia induces oxidative stress in diabetic
patients, and the overproduction of ROS contributes to
the development of CVDs [78, 79]. Peroxynitrite plays an
important role in the pathogenesis of diabetic CVD compli-
cations through oxidative and nitrosative stress [29]. In the
presence of hyperglycemia, vascular remodeling is aug-
mented by uncoupled eNOS [80], increases in endothelial
superoxide levels that inhibit vascular smooth muscle Na-K-
ATPase activity [81], and downregulation of transient recep-
tor potential cation channel subfamily V member 4 that reg-
ulates vascular function [82]. The hydrophilic extract of SM
clearly ameliorates oxidative stress stimulated by hypergly-
cemia in diabetic patients with coronary heart disease [83].
The induction of vascular endothelial growth factor (VEGF)
expression by high glucose levels is also reversed by the SM
hydrophilic extract through amelioration of mitochondrial
oxidative stress [84].

Sal B is the main bioactive component in the SM hydro-
philic extract [85]. The tanshinones are insulin sensitizers
that enhance the activity of insulin on tyrosine phosphory-
lation through the activation of Akt and extracellular signal-
regulated kinase (ERK)1/2 and by glycogen synthase kinase
(GSK)3𝛽 and glucose transporter (GLUT)4 translocation
[86]. Furthermore, the hydrophilic polysaccharide of SM
protects against the development of type 2 diabetes by atten-
uating insulin resistance through increases in the activities of
catalase, MnSOD, and glutathione peroxidase in rats [54].

3.4. Hyperlipidemia. Hyperlipidemia is the most important
risk factor for atherosclerosis and a major cause of CVDs [87,
88]. Increased transcytosis of lipoproteins is the initial event
in atherogenesis. ROS generated by activated inflammatory
cells and the production of oxidized lipoproteins are key
points for atherosclerotic plaque erosion and rupture [89].
We showed that Tan IIA exhibits a strong antiatheroscle-
rotic effect associated with reduced vascular cell adhe-
sion molecule- (VCAM-) 1, intercellular adhesion molecule-
(ICAM-) 1, and CX3CL1 expression through inhibition of the
NF-𝜅B signaling pathway in human vascular endothelial cells
[90]. Sal B inhibits LDL oxidation and neointimal hyper-
plasia in endothelium-denuded hypercholesterolemic rabbits
through inhibition of ROS production [91]. Magnesium tan-
shinoate B, an important aqueous component of SM, can also
inhibit oxidative modification of LDLs, prevent the uptake
of LDLs by macrophages [92], and protect endothelial cells
against oxidized lipoprotein-induced apoptosis [93].
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3.5. Overweight and Obesity. Obesity has become a global
epidemic. The 2013 National Health and Nutrition Examina-
tion Survey (NHANES) guidelines recommended 64.5% of
American adults for weight loss treatment [94]. Obesity is an
independent risk factor for CVDs [95]. Adipose tissue is a
significant source of TNF-𝛼, IL-6, resistin, leptin, angioten-
sinogen, and adiponectin [96]. The production of these
proinflammatory cytokines may contribute to the low-level
systemic inflammation seen in obesity-associated chronic
pathologies [97].

Endothelial dysfunction is present in obese individuals
due to decreased NO and increased oxidative stress [98].
Cryptotanshinone inhibits phosphorylation of STAT3 during
early adipogenesis and then downregulates the expression
of the early transcription factors C/EBP𝛽 and PPAR𝛾 to
suppress preadipocyte differentiation [99]. Sal B can also
suppress the expression of PPAR𝛾 and C/EBP𝛼 and increase
the expression of GATA binding proteins 2 and 3 to prevent
the differentiation of preadipocytes and weight gain in obese
mice [100]. There is also a study in a rodent model demon-
strating that a Chinese herbal extract (SK0506) containing
SM possesses a favorable impact on the metabolic syndrome
through suppression of visceral fat accumulation and regula-
tion of lipid metabolism [101].

3.6. Coronary Artery and Ischemic Heart Diseases

3.6.1. Angina. Angina pectoris and coronary artery spasm are
the most common coronary artery diseases. Tan IIA elicits a
strong vasodilatory effect in rat and porcine coronary arte-
rioles through the BKCA channel and increased NO and
cytochrome P450 metabolites [102, 103]. SalB also can relax
the rat coronary artery by inhibiting calcium channels in
vascular smoothmuscle cells [104]. A systematic review of 60
eligible randomized controlled trials indicates that the Dan-
shen dripping pill, in which SM is the main component, is
more effective than isosorbide dinitrate in treating angina
pectoris [105].

3.6.2. Myocardial Infarction (MI). Tan IIA prevents platelet
activation by inhibiting the mitogen-activated protein kinase
(MAPK) pathway, such as Erk-2 phosphorylation [106]. After
MI, reperfusion of ischemic tissue provides oxygen and
substrates that are necessary for tissue recovery. However,
reperfusion may also induce I/R injury, including exces-
sive production of ROS, enhanced biosynthesis of adhesion
molecules, activation of leukocytes, and involvement of
cytokines and other inflammatorymediators that cause target
and remote organ damage [107]. Both the hydrophilic and
lipophilic constituents of SM appear to improve the I/R-
induced vascular damage multifactorially and synergistically
[108]. The protective function of Tan IIA on myocardial I/R
injury may be through inhibiting ROS production and atten-
uating the expression of high mobility group box B1 protein
that results in the activation of proinflammatory pathways
[109]. Tan IIA can also reduce monocyte chemoattractant
protein-1 expression and macrophage infiltration.

The expression of transforming growth factor-𝛽1 in car-
diac fibroblasts is inhibited by Tan IIA via the NF-𝜅B signal-
ing pathway [110]. The water-soluble fraction of an SM root
extract possesses antioxidant activity, and the hydrophilic
components of SM, including protocatechuic aldehyde and
Sal B, inhibit the TNF-𝛼-induced expression of ICAM-1
and VCAM-1 and the NF-𝜅B and activator protein-1 DNA
binding activities in human umbilical vein endothelial cells
[111].

Danshensu, the major water-soluble component of SM,
protects isolated heart tissue against I/R injury through acti-
vation of Akt/ERK1/2/Nrf2 signaling [53]. Recent research
shows that Sal A has antiapoptotic effects via activating
ERK1/2 and downregulating c-Jun N-terminal kinase (JNK),
with increased Bcl-2 and reduced Bax protein expression [112,
113]. A combination of SalB and ginsenoside Rg1 increases the
viability of cardiac myocytes and reduces infarct size, thereby
improving the functional parameters of the heart against I/R
injury in rats [114]. The injection of SM containing water-
soluble components such as Sal A shows a cardioprotective
effect after infarction by inhibiting L-type Ca2+ channels and
decreasing the contractility of adult rat cardiac myocytes
[115]. Moreover, even the polysaccharide from SM possesses
cardiac protective properties [116].

3.6.3. Cardiac Remodeling. Cardiac remodeling is an impor-
tant aspect of the progression to heart failure observed after
MI [117]. Patients with reverse remodeling during treat-
ment have better outcomes and lower mortality than those
without such remodeling [118]. Tanshinone VI protects the
myocardium against I/R injury and attenuates the progres-
sion of myocardial remodeling in vitro [119]. Tan IIA attenu-
ates the expression of angiotensin II-induced collagen type I,
ROS formation, and the proliferation of cardiac fibroblasts
[120, 121]. Recent research also demonstrates that Tan
IIA inhibits extracellular matrix remodeling induced by
angiotensin II in human cardiac fibroblasts through inhibi-
tion of Smad signaling and MMP-9 expression via nuclear
localization of NF-𝜅B [122]. Salvianolic acids, including SalA
and Sal B, suppress ROS at the early stage of acute MI and
then inhibit the subsequent transcription and posttransla-
tional activation of MMP-9 [123, 124]. Sal B functions as a
competitive inhibitor of MMP-9 and inhibits the migration,
proliferation, collagen synthesis, and cytokine secretion of
cardiac fibroblasts [125, 126].

3.7. Stroke. Stroke is the second leading global cause of death
behind heart disease [3]. A nationwide population-based
study surveyed the usage of traditional Chinese medicine
for stroke patients in Taiwan. This study revealed that about
15% of stroke patients used traditional Chinese medicine and
that SM was the most used single herb [127]. Disruption of
the blood-brain barrier (BBB), inflammatory processes, and
nerve cell apoptosis occur after stroke. Tan IIA decreases BBB
permeability and suppresses the expression of ICAM-1 and
MMP-9 significantly to reduce the infarct area [128]. Another
study found that the protective effect of Tan IIA on I/R-
induced nerve cells apoptosis involves suppression of excess
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Table 1: The main antiapoptotic and anti-inflammatory mechanisms of SM.

Mechanism References
Antiapoptosis

Salvianolic acid A MAPK signaling pathway
↑ERK1/2; ↓JNK with ↓Bax/Bcl-2 [112, 113]

Salvianolic acid B ↑SIRT1; ↓Ac-FOXO1 with ↓Bax/Bcl-2 [134]
Magnesium tanshinoate B ↓JNK, ↓cytochrome c release, ↓caspase-3 [93]
Danshensu ↑PI3K/Akt signal pathway; ↑p-GSK-3𝛽 levels [136]
Tanshinone IIA ↓Bax; ↓caspase-3, and ↓Bax/Bcl-2 ratio [37]
Anti-inflammation
Danshen root ↓IL 8; ↓IL-6 and ↓TNF𝛼 [75]
Salvianolic acid B ↑SIRT1; ↓TNF-𝛼; ↓IL-1𝛽 [134]
Protocatechuic aldehyde ↓NF-𝜅B; ↓AP-1; ↓VCAM-1; ↓ICAM-1 [111]

Tanshinone IIA ↓HMGB1; ↓NF-𝜅B; ↓MCP-1; ↓TNF-𝛼; ↓TGF-𝛽1; ↓CX3CL1; ↓ICAM- 1;
↓VCAM-1 [90, 109, 110]

Albumin-conjugated PEGylated Tan IIA
↓p38 MAPK; ↓ERK1/2; ↓JNK; iNOS; ↓MPO; ↓TNF-𝛼; ↓IL-1𝛽; ↓IL-6;
↓TNF-𝛼; ↓IL-8; ↓GFAP; ↓MMP-9; ↓COX-2;
↑PPAR𝛾; ↑IL-10; ↑TGF-𝛽1

[131, 132]

↑means upregulation; ↓means downregulation.
COX-2, cyclooxygenase-2; MAPK,mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-JunN-terminal kinase; IL, interleukin;
GFAP, glial fibrillary acidic protein; GSK-3𝛽, glycogen synthase kinase-3𝛽; interleukin; MPO, myeloperoxidase; MCP-1, monocyte chemoattractant protein-1;
TNF-𝛼, tumor necrosis factor-alpha; TGF-𝛽1, transforming growth factor-𝛽1; SIRT1, silent information regulator 1; PI3K, phosphoinositide 3-kinase; VCAM-
1, vascular cell adhesion molecule; ICAM-1, intercellular adhesion molecule; MMP-9, matrix metalloproteinase-9; PPAR𝛾, peroxisome proliferator activated
receptor 𝛾.

activation of glial cells, inhibiting the activities of caspase-3
and caspase-8, central regulators of apoptosis [129].

Tan IIA protects the integrity of the BBB through the
increased expression of critical endothelial tight junction
proteins [130]. Tan IIA is neuroprotective against ischemic
stroke, but its short half-life and poor permeability across the
BBB limits its effectiveness. There are reports demonstrating
that albumin-conjugated PEGylated Tan IIA possesses better
brain delivery efficacy and displays remarkable neuroprotec-
tive effects through modulation of the MAPK signal path-
ways and inflammatory cascades [131, 132]. SalB exhibits its
neuroprotective effect through antioxidant and antiapoptotic
activities by reducing the Bax/Bcl-2 ratio in hippocampal
CA1 neurons in mice with I/R injury [133]. The expression
of silent information regulator 1, a nicotinamide adenine
dinucleotide-dependent deacetylase, is also upregulated by
Sal B yielding an antiapoptotic effect after ischemia [134].

A novel derivative of Sal B exhibits a neuroprotective
effect against cerebral ischemic injury through angiogenesis
and nerve function recovery via the JAK2/STAT3 and VEGF/
Flk-1 pathways [135]. Danshensu also possesses a neuro-
protective effect against I/R injury by inhibiting apoptosis
through activating the phosphoinositide 3-kinase (PI3K)/Akt
signaling pathway [136]. Rehabilitation can facilitate some
recovery of neurological function after a stroke with evidence
of neurogenesis [137]. Sal B promotes neural stem/progenitor
cell self-renewal and proliferation through the PI3K/Akt
signaling pathway, resulting in improved cognitive function
after stroke in rats [138].These results suggest that SMmay act
as a potential drug in the treatment of brain injury or neuro-
degenerative diseases.

3.8. Future Prospects. Figures 1 and 2 illustrate the chemical
structure and effects of SMonROS. Table 1 lists themain anti-
apoptotic and anti-inflammatorymechanisms of SM. In addi-
tion, there are several clinical trials related to SMunderway in
the United States, including two phase III clinical trials. One
is the “Phase III Trial of Dantonic� (T89) Capsule to Prevent
and Treat Stable Angina.” The other trial is the “Phase III
Study ofCompoundDanshenDripping Pills to TreatDiabetic
Retinopathy.” Both trials focus on oxidative stress and CVDs.
The results will provide important new information about the
clinical utility of SM.

The tanshinones are functionally active components in
SM. However, they are poorly water-soluble with a low disso-
lution rate that results in loworal bioavailability.Many studies
have focused on improving the drug delivery systems for tan-
shinones including the use of liposomes [139], nanoparticles
[131, 140], and solid dispersions [141]. Further research in this
area is needed to assure optimal delivery of SM products.

4. Conclusion

SM exhibits antioxidant, antiapoptotic, and anti-inflamma-
tory effects. SM reduces ROS production through inhibiting
oxidases, reducing the production of superoxide, inhibiting
oxidative modification of LDLs, and ameliorating mitochon-
drial oxidative stress. It also increases the activities of cata-
lase, MnSOD, glutathione peroxidase, and coupled eNOS.
Moreover, in coronary artery disease and stroke, SM not only
reduces the impact of I/R injury but also prevents cardiac
fibrosis after MI, preserves cardiac function in coronary
disease, and maintains the integrity of the BBB, thereby
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promoting neural stem/progenitor cell self-renewal and pro-
liferation following a stroke.Therefore, SM can be an effective
agent for the prevention and treatment of CVDs. However,
in accordance with in vitro and in vivo laboratory evidence,
well-designed clinical studies are necessary to confirm the
efficacy of SM in the treatment of CVDs.
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This study investigated the effects of weaning on the hepatic redox status, apoptosis, function, and the mitogen-activated protein
kinase (MAPK) signaling pathways during the first week after weaning in piglets. A total of 12 litters of piglets were weaned at d
21 and divided into the weaning group (WG) and the control group (CG). Six piglets from each group were slaughtered at d 0 (d
20, referred to weaning), d 1, d 4, and d 7 after weaning. Results showed that weaning significantly increased the concentrations of
hepatic free radicals H

2
O
2
and NO, malondialdehyde (MDA), and 8-hydroxy-2󸀠-deoxyguanosine (8-OHdG), while significantly

decreasing the inhibitory hydroxyl ability (IHA) and glutathione peroxidase (GSH-Px), and altered the level of superoxide
dismutase (SOD). The apoptosis results showed that weaning increased the concentrations of caspase-3, caspase-8, caspase-9 and
the ratio of Bax/Bcl-2. In addition, aspartate aminotransferase transaminase (AST) and alanine aminotransferase (ALT) in liver
homogenates increased after weaning. The phosphorylated JNK and ERK1/2 increased, while the activated p38 initially decreased
and then increased. Our results suggested that weaning increased the hepatic oxidative stress and aminotransferases and initiated
apoptosis, which may be related to the activated MAPK pathways in postweaning piglets.

1. Introduction

Weaning is abruptly stressful in the neonates’ life, and that
stress can result in growth retardation and susceptibility to
diseases in mammals. These issues are especially serious
in commercial swine husbandry during the first week after
weaning, which often results in “postweaning stress syn-
drome (PWSD)” [1]. Previous studies have reported that
weaning decreased intestinal digestive enzyme activities,
damaged tight junction proteins, impaired immune response
and barrier function, increased cytokines, and activated
signaling pathways, both transiently and long term [2–5].Our
recent study indicated that weaning disrupted the physiologic
equilibrium of oxidant and antioxidant and led to oxidative
stress, eventually inducing enterocyte apoptosis and cell cycle
arrest in the small intestine of postweaning piglets [6, 7].

The liver, which is located between the absorptive surfaces
of the gastrointestinal tract, plays an important role in nutri-
ents’metabolism and transformation.The liver’s blood supply
primarily originates from the intestine through the portal

vein; so when the intestinal function is disrupted, an increase
in intestinal permeability may contribute to the translocation
of metabolites to the liver and impairment of liver function
[8, 9]. Furthermore, the liver is more vulnerable to damage
under particular kinds of stress [10]. The liver is a thermo-
genic organ that contains a large number of mitochondria in
mammals, which is the place with high oxygen consumption
and reactive oxygen species (ROS) formation [11, 12]. How-
ever, changes in hepatic function throughout the weaning
period receive less attention from researchers compared to
the intestine. One study showed that weaning induced endo-
plasmic reticulum stress in the liver of piglets [13]. Little
data is available regarding weaning-induced oxidative injury,
apoptosis, and loss of function in the potential mecha-
nisms within the piglets’ liver. The mitogen-activated protein
kinases (MAPKs), the family of the serine-threonine protein
kinases that transduce signals from the cell membrane to
the nucleus, include extracellular signal-regulated kinases
(ERKs), c-Jun N-terminal kinases (JNKs) and p38 and, in
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particular, participate in oxidative stress-induced cell apop-
tosis and proliferation [14]. MAPKs have been shown to be
activated in an ischemic-injured ileum and in a weaning
jejunum in pigs [5, 15]. Whether weaning results in MAPKs
activation in the liver remains unknown.

The present objective was to study the immediate effects
of weaning on themarkers of hepatic oxidative stress, apopto-
sis, function, and MAPK signaling pathways in postweaning
piglets and then to evaluate whether there was a novel,
promising method for preventing weaning stress in human
beings and domestic animals.

2. Materials and Methods

2.1. Animals, Diets, and Sampling. The experiment was con-
ducted according to the guidelines of Shanghai Jiao Tong
University Institutional Animal Care and Use Committee. A
total of 120 7-day-old piglets (Duroc × Landrace) from 12
litters were randomly assigned by litter to two groups: the
normal suckling (control group, CG) and the weaning group
(WG), resulting in six litters per group. All piglets were kept
with their sows in gestation crates in the same farrowing
pens, while they suckled, and they had free access to the basal
diet from d 7 to d 28. The dietary ingredients and nutrition
levels are shown in Table 1. At d 21, 6 litters of piglets were
randomly selected, weaned, and thenmoved to nursery pens;
the others remained with their mothers without mixing any
litters. Water was consumed ad libitum, and the temperature
in nursery pens was about 30∘C with a relative humidity of
50–70%. Pens were regularly cleaned of the manure, and the
pig house was well-ventilated. At d 20 after birth (d 0), before
the separation of the piglets into the two study groups, six
piglets with a similar body weight from six different litters
were randomly selected and sacrificed for testing (half males
and half females). At d 1, d 4, and d 7 after weaning, one
piglet of similar body weight from each litter was selected and
sacrificed for testing. All the selected pigs were anaesthetized
by intramuscular injection of sodium pentobarbital (Merck,
Germany) (40mg/kg BW). Liver tissues were sampled and
immediately stored at −80∘C for analysis of redox status,
enzyme activities, and protein expression.

2.2. Determination of H2O2 and NO in Liver Tissues. The
liver tissues were weighed and homogenized in an H

2
O
2
lysis

buffer (1 : 20, w/v) according to the manufacturer’s instruc-
tions (Beyotime Biotech, Shanghai, China).The supernatants
were gathered by centrifuging at 12,000×g for 10min. Briefly,
the sample solution (50𝜇L) was incubated with reaction
solution (100 𝜇L) at room temperature for 30min, and then
the absorbance was read at 560 nm.The H

2
O
2
concentration

was calculated by the standard curvemade from the standard
solutions.

NO production in tissues was measured by the Griess
method according to the specification of the NO assay kit
(Beyotime Biotech, Shanghai, China). Briefly, liver tissues
were weighed and homogenized in a RIPA lysis buffer (1 : 10,
w/v). The supernatants were gathered by centrifuging at
12,000×g for 10min. The sample solution (40 𝜇L) and an

Table 1: Dietary ingredients and nutrient levels.

Item Amount
Ingredients (%)
Corn 41.18
Fermented soybean meal 5.00
Peeled soybean meal 7.00
Extruded soybean 11.22
Fish meal 5.00
Plasma protein 4.00
Whey powder 15.00
Limestone 0.50
Monocalcium phosphate 0.90
Choline 0.10
Lactose 8.75
Sodium chloride 0.35
Vitamin premix1 0.50
Mineral premix2 0.50
Total 100.00

Nutrition levels
Digestible Energy (MJ/kg) 14.48
Crude protein (%) 20.50
Ca (%) 0.85
Total P (%) 0.67
Available P (%) 0.55
Lysine (%) 1.55
Methionine (%) 0.42
Methionine + cysteine (%) 0.83
Tryptophan (%) 0.27
Threonine (%) 1.01

1Provided per kg of mixed diet: vitamin A, 12 000 IU/kg; vitamin D3,
3200 IU/kg; vitamin K3, 2.5mg; vitamin E, 80mg; vitamin B1, 2.5mg;
vitamin B2, 6.5mg; vitamin B6, 5mg; vitamin B12, 0.05mg; niacin, 45mg;
and D-pantothenic acid, 20mg.
2 Provided per kg of mixed diet: folic acid, 1.5mg; biotin, 0.15mg; Fe, 150mg
as ferrous sulfate; Cu, 125mg as copper sulfate; Zn, 200mg as zinc oxide;Mn,
30mg as manganous oxide; I, 0.3mg as potassium iodide; and Se, 0.3mg as
selenium selenite.

equal volume of Griess reagents I and II were added to
a 96-well microplate. The absorbance was measured at a
wavelength of 540 nm.The NO concentration was calculated
using a curve calibrated from sodium nitrite standards.

2.3. Determination of Lipid Peroxidation and Antioxidant
Enzyme Activity. The activities of malondialdehyde (MDA)
(Nanjing KeyGEN BioTech, Nanjing, China), the inhibitory
hydroxyl ability (IHA), superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-Px) (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) in the liver were deter-
mined through enzymatic colorimetricmethods according to
the commercial kits, respectively. Briefly, the concentration
of MDA, which is an indicator of lipid peroxidation, was
analyzed using the thiobarbituric acid (TBA) method to
generate a colored product with an absorbance at 532 nm.The
concentration of IHA was detected by the Fenton reaction
method and the absorbance was read at 550 nm. Activity
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of SOD was determined using the hydroxylamine method,
and absorbance was recorded at 550 nm. GSH-Px activity
was expressed by measuring the reduction of glutathione
per min after the subtraction of the nonenzymatic reaction.
All absorbance levels were determined using a UV-visible
spectrophotometer (Tongfang, Inc., China) as described by
Zhu et al. [6].

2.4. ELISA for DNA Injury, Caspases, and Indices of Hepatic
Function. The activities of 8-hydroxy-2󸀠-deoxyguanosine (8-
OHdG), caspase-3, caspase-8, caspase-9 (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), aspartate amino-
transferase transaminase (AST) and alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), and gamma glu-
tamyltransferase (GGT) (Shanghai Yuanye Bioengineering
Institute, Shanghai, China) were determined using com-
mercially available enzyme-linked immune sorbent assay
(ELISA) kits. Briefly, liver tissues were homogenized in 0.9%
of saline solution and then centrifuged at 12,000 ×g for
15min, to release the enzymes into the solution. Then, the
microplates were coated of with anti-8-OHdG, caspase-3,
caspase-8, caspase-9, AST, ALT, GGT, and ALP, followed
by detection with a horseradish peroxidase-labeled substrate
after incubation for 10 minutes at 37∘C. Absorbance values
were then read in a spectrophotometer at 450 nm.

2.5. Western Blot Analysis. Liver samples were homoge-
nized in 500 𝜇L of ice-cold RIPA lysis buffer (KGP703-
100, KeyGEN Biotech, Nanjing, China), containing 1mM of
phenylmethylsulfonyl fluoride (PMSF, Amresco, Shanghai,
China) and protease inhibitor cocktail tablets (05892791001,
Roche, Germany) and incubating the suspension on ice for
30min. The lysates were centrifuged for 10min at 12,000×g,
and the supernatants were collected. The protein content
was measured using the BCA protein assay kit, according
to the manufacturer’s instructions (P0010, Beyotime Biotech,
Shanghai, China). Tissue extracts (amounts equalized by pro-
tein concentration) were mixed with 5 × SDS-PAGE loading
buffer (BL502A, Biosharp, US) and boiled for 3min at 100∘C.
Protein (40 𝜇g) was electrophoresed in 10% SDS-PAGE gels
and transferred to polyvinylidene difluoride (PVDF) mem-
branes (0.45𝜇m pore size, IPVH00010, Millipore, MA). The
membranes were blocked for 2 h with 5% (w/v) skimmed
milk powder (D8340, Solarbio, Shanghai, China) in Tris-
Tween buffered saline (T-TBS) buffer [0.5M NaCl (S7653,
Sigma-Aldrich, Shanghai, China), 20mM Tris (Amresco,
Shanghai, China), pH 7.5, and 0.1% (v/v) Tween-20 (P7949,
Sigma-Aldrich, Shanghai, China)], then washed three times
with T-TBS, and incubated overnight at 4∘C with primary
antibodies following dilutions in 5% skimmed milk powder
or BSA (0218054950, MP, US). The primary antibodies were
JNK (1 : 2000, sc-571, Santa Cruz), p38𝛼 (1 : 200, sc-535, Santa
Cruz), p-p38 (1 : 200, sc-7973, Santa Cruz), Bax (1 : 100, sc-
493, Santa Cruz), Bcl-2 (1 : 200, sc-492, Santa Cruz), p-JNK
(1 : 500, orb10951, Biorbyt Ltd, UK), ERK1/2 (1 : 1000, number
9102, Cell Signaling Technology), phospho-ERK1/2 (1 : 2000,
number 4370, Cell Signaling Technology) (Thr202/Tyr204,
Rabbit mAb) incubated overnight at 4∘C, and then incubated

Table 2: Concentrations of free radicals in liver homogenates ofWG
at d 1, d 4, and d 7 compared with CG (𝑛 = 5).

CG WG 𝑃

H
2
O
2
(𝜇mol/g prot)

d 0 11.75 ± 0.71

d 1 11.38 ± 0.34 14.04 ± 0.83 0.000
d 4 11.46 ± 0.69 13.49 ± 1.21 0.012
d 7 13.24 ± 1.47 14.55 ± 0.97 0.134

NO (𝜇mol/g prot)
d 0 19.01 ± 0.64

d 1 15.54 ± 0.32 19.46 ± 0.25 0.000
d 4 18.50 ± 1.32 19.10 ± 1.08 0.473
d 7 18.45 ± 0.90 21.11 ± 0.86 0.001

CG: control group; WG: weaning group. Differences were considered
significant at 𝑃 < 0.05.

with goat anti-rabbit (1 : 2000, ab97051, Abcam, UK) or
goat anti-mouse IgG-HRP (1 : 2000, sc-2005, Santa Cruz)
antibodies for 2 h. Image acquisition was performed on
an enhanced chemiluminescence detection system (Tanon,
Shanghai, China). Image J software was used to quantify the
density of the specific protein bands.

2.6. Statistical Analysis. Data among groups both the CG and
WG were tested for normal distribution using the statistical
software SPSS 17.0 (SPSS Inc., Chicago, IL, US). If the data
were not distributed normally, log transformation of variables
was performed among treatment groups. No significant
variance of data was found before the independent sample
𝑡-test method was conducted. All the data were presented
as mean ± SD. 𝑃 values < 0.05 were considered statistically
significant.

3. Results

3.1. Concentrations of Free Radicals in the Liver. The concen-
trations of free radicals in liver homogenates are shown in
Table 2. Compared with the CG, the content of H

2
O
2
was

significantly increased by 23.37% and 17.71% (𝑃 < 0.05) at
d 1 and d 4 in the livers of the WG, but no difference was
observed at d 7 between the CG and WG. Likewise, weaning
increased the NO production at d 1 (by 25.23%) and d 7 (by
14.42%), while there was no significant difference at d 4.

3.2. Oxidant Injury and Antioxidant Enzyme Activity. We
measured the concentrations of MDA and 8-OHdG and
monitored the activities of IHA, SOD, and GSH-Px in the
liver homogenates of CG and WG (shown in Figures 1 and
2). As the marker of lipid peroxidation, hepatic MDA levels
inWGwere no different from that found in the CG at d 1, but
hepatic MDA levels were significantly higher (𝑃 < 0.05) at d
4 and d 7. Compared with the CG, 8-OHdG, as an indicator
of DNA injury, was significantly higher (𝑃 < 0.05) in theWG
at d 1, d 4, and d 7. The concentration of inhibitory hydroxyl
radical (IHA)was significantly higher (𝑃 < 0.05) in theWGat
d 1, d 4, and d 7, although IHA showed a downward curve
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Figure 1: Oxidative injury obtained at d 0, d 1, d 4, and d 7 in the liver of WG compared with CG (𝑛 = 5). CG: control group; WG: weaning
group. MDA: malondialdehyde (nmol/mg prot); 8-OHdG: 8-hydroxy-2-deoxyguanosine (ng/mg prot). ∗Means are significantly different
(𝑃 < 0.05).
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Figure 3: Caspase-3, caspase-8, and caspase-9 activities (pmol/g prot) at d 0, d 1, d 4, and d 7 in the liver of WG compared with CG. CG:
control group; WG: weaning group. ∗Means are significantly different (𝑃 < 0.05).

over that time period. Contrarily, the concentration of SOD
in the WG was much less at d 1 and then significantly
(𝑃 < 0.05) higher than that found in the CG at d 7. No
significant difference was observed in GSH-Px activity at d
1 after weaning, but the value was significantly lowered (𝑃 <
0.05) at d 4 and d 7 in the WG when compared with the CG.

3.3. ELISA Results for Caspase Activity. As shown in Figure 3,
the levels of caspase-3 and caspase-8 were significantly higher
(𝑃 < 0.05) in the livers of WG than those in the CG at d
1 and d 7. No difference was observed in the concentrations
of caspase-3 and caspase-8 at d 4. Compared with the CG,
the WG experienced a significantly increased concentration
of caspase-9 (𝑃 < 0.05) in the liver at d 1, d 4, and d 7.

3.4. ELISA Results for Enzyme Activities of Hepatic Function.
The effects of weaning on hepatic function at different time
points are shown in Figure 4. The concentration of AST was
significantly higher (𝑃 < 0.05) in WG than in the CG at d
1 and d 7 (by 5.35% and 8.08%, resp.). Meanwhile, the ALT
activity was significantly increased (𝑃 < 0.05) in weaned
piglets at d 1 (by 11.74%) and d 7 (by 10.29%). However, no

significant differences were observed in the concentration of
ALP and GGT in the WG when compared with the CG.

3.5. Protein Expression of MAPK Signaling Pathways and
Regulator of Apoptosis. We measured the effects of weaning
on the protein expressions of regulators of apoptosis (ratio of
Bax/Bcl-2) andMAPK signaling pathways (Figure 5). Results
showed that the ratio of Bax/Bcl-2 was significantly higher
(𝑃 < 0.05) in the WG at d 1, but there were no differences
between the WG and the CG at d 4 or d 7. Compared with
the CG, the ratio of p-ERK/ERK was increased (𝑃 < 0.05)
at d 4 and d 7, while the ratio of p-JNK/JNK was increased
(𝑃 < 0.05) at d 1, d 4, and d 7 in the WG. Weaning lowered
(𝑃 < 0.05) the ratio of p-p38/p38𝛼 at d 1 and 4, but the value
was significantly higher at d 7.

4. Discussion

Weaning is the result of multiple factors involving physio-
logical, environmental, and psychological changes in piglets,
which often induces oxidative stress in vivo [6, 16]. Oxidative
stress is a systematic response involving the pathophysiology
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Figure 4: Indices of hepatic enzyme activities at d 0, d 1, d 4, and d 7 in WG compared with CG. CG: control group; WG: weaning group.
AST: aspartate aminotransferase transaminase (U/g prot); ALT: alanine aminotransferase (U/g prot); ALP: alkaline phosphatase (U/g prot);
GGT: gamma glutamyltransferase (U/g prot). ∗Means are significantly different (𝑃 < 0.05).

ofmanydifferent disorders, including the hepatic redox status
and function in piglets as shown in the present study [17].

H
2
O
2
and NO are small, highly reactive molecules that

play a dual role in normal cell progression, as both toxins and
signaling molecules [18, 19]. In the present study, we found
that NO and H

2
O
2
were significantly increased in the liver

homogenates ofWG.The results were similar to our previous
reports, which indicated that the concentrations of H

2
O
2
and

NOwere increased in the serum, ileum, and colon of weaning
piglets [6, 20]. Furthermore, to investigate whether the
increased ROS led to oxidative injury caused by weaning, we
determined the concentrations of MDA and 8-OHdG in the
liver for both the CG and WG. MDA is derived by polyun-
saturated fatty acid peroxidation and its contents have been
considered a biological marker of lipid oxidative injury [21].
In this study, the concentration of MDA was significantly
increased at d 4 and d 7 after weaning. However, our previous
report found that the serum MDA increased only at d 14
after weaning, which indicated a postponed response [6]. We
speculated that the liver was the major location for fatty acid
𝛽-oxidation, where MDA was produced as a decomposition

product [22]. In addition, guanine is the most easily oxidized
by the hydroxyl radical among the four DNA bases, because
the oxidation potential of guanine is lower than the other
three DNA bases [23].Therefore, oxidative DNA damage can
produce 8-OHdG in the nucleotide pool during DNA repli-
cation [24]. Findings of high 8-OHdG levels in the organs
have been considered a biomarker of DNA oxidative injury
[25]. Interestingly, we found that 8-OHdG was markedly
increased after weaning at d 1, d 4, and d 7, which alignedwith
the resulting of inhibitory hydroxyl ability (IHA) (indirectly
reflected the level of the hydroxyl radical).

The classical enzymatic antioxidants, such as SOD and
GSH-Px, represented a first line of defense against ROS by
detoxifying them; antioxidants can remove ROS rapidly and
efficiently from the intracellular environment [26]. In the
present study, we found that weaning led to decreased GSH-
Px but increased SOD and an upward trend at d 7 after
weaning. Similarly, Yin et al. reported that plasma GSH-Px
decreased, but the enzyme activity and genes of SOD in the
jejunum and ileum exhibited a significant upward trend at
7 d [27]. Indeed, the increased enzymatic activity of SOD
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suggested the process of enhanced resistance to oxidative
stress within the piglets. These results might be explained
by a compensatory response to reduce the oxidative stress
caused by weaning. Our results showed that weaning led
to the increase of hepatic ROS and caused oxidative injury
and insufficiency of antioxidant enzyme activities in the
WG, which suggested a higher risk of oxidative stress than
that in CG. Recently, other research suggested that oxidative
stress may accompany other stresses, such as endoplasmic
reticulum (ER) stress [28]. Zhao reported that ER stress
arose due to the increase of X-box binding protein 1 (XBP1)
expression in the hepatocyte nucleus of weaning piglets [13],
which was just in accordance with our results.

To further study whether weaning resulted in hepatic
apoptosis, we investigated the concentrations of caspase-3,
caspase-8, and caspase-9 and the protein expression of Bax
and Bcl-2. Generally, the apoptosis response is regulated
by either the death receptor pathway or the mitochondrial
pathway in cells, depending on different stimuli sources [29].
Apoptosis is a vital component of various processes such
as normal cell turnover and chemical-induced cell death,
which played an important role in oxidative stress-induced
injury. Although caspases are the central components of the
apoptotic response, a high Bax/Bcl-2 ratio has been found to
increase induction of caspases activation, such as caspase-9,
representing the mitochondria pathway [30]. However, the
activation of caspase-8 was involved in the death recep-
tor pathway. Both of these pathways activated the effector
caspase-3, an executioner caspase, which initiates the process
of apoptosis [31, 32]. In the present study, from the protein
expression and enzyme activity, we confirmed both that the
ratio of Bax/Bcl-2 and the activities of caspase-3, caspase-8
and caspase-9 were significantly increased at d 1 after wean-
ing. Likewise, a ratio of Bax/Bcl-2 was reported, in other
research, as a regulator that determined the susceptibility to
apoptosis in melanoma cells [33]. San-Miguel et al. reported
that the relative expression of the ratio of Bax/Bcl-2 and
the activity of caspase-3 were increased in the liver of
infected rabbits [34]. Recently, we have reported that weaning
may induce enterocyte apoptosis through the activation of
Fas-dependent and mitochondria-dependent apoptosis [7].
Taken together, the results of this study proved the hypothesis
that alteration in the Bax/Bcl-2 ratio caused by weaning
regulated downstream caspase-driven apoptosis.

Additionally, we detected the enzymes in liver homo-
genates through ELISA. ALT, AST, ALP, andGGTwere abun-
dant intracellular enzymes in the liver, whichwere considered
to be specific indicators for hepatic damage due to subsequent
leakage of enzymes into blood circulation [35]. Elevated
serum ALP and GGT have been associated with dam-
aged liver function caused by hepatic cholestasis and some
destruction of the hepatic cell membranes. Both of ALP and
GGT were indicators that identified bile duct obstruction or
cholestasis disease, both intra- and extrahepatic [36]. In the
present study, constant ALP and GGT concentrations sug-
gested that the hepatobiliary system was unobstructed after
weaning. Aminotransferases are sensitive indicators of liver
cell injury and are most helpful in identifying acute hepato-
cellular diseases such as hepatitis. High levels of AST andALT

in the liver homogenates of the WG were found, which sug-
gested that oxidative stress was a common mechanism that
damaged hepatocellular function [35, 37]. However, further
studies arewarranted to explore the changeswithin the serum
concentrations and hepatic structure of weaning piglets.

Finally, the mechanisms involved in these changes in
redox status, apoptosis, and function in the liver of weaning
piglets were also investigated.TheMAPK pathways including
ERK1/2, p38, and JNK/SAPK were considered signaling cas-
cades for regulation of various cellular processes, such as cell
proliferation and apoptosis within a wide range of cell types
[14]. In our study, we found that p-JNK/JNK and p-ERK/
ERK were increased after weaning, but p-p38/p38𝛼 showed
a different fluctuation curve. This finding was not consistent
with Hu et al.’s research, which reported that the ratios of
p-p38/p38, p-ERK/ERK, and p-JNK/JNK were increased by
weaning in jejunum [5]. However, Campbell et al. found
that phosphorylated p38 was found in normal mouse livers,
while it was rapidly inactivated within 30min after a partial
hepatectomy [38], which supported our results.Therefore, we
believed the difference between our results andHu et al.’s may
be attributed to tissue specificity. ERKs are important for cell
survival and play an adaptive role in protecting cells from
oxidative stress [39]. The increased expression of ERK in this
study suggested a protective effect on the livers of postwean-
ing piglets. However, the role of stress kinases p38-MAPK
and JNK in connecting redox status and apoptosis remains
controversial [14]. For example,Wang et al. reported that JNK
activation, but not p38, was involved in methamphetamine-
induced caspase-3 activation and neuronal cell death through
the mitochondrial apoptosis pathway [40]. In other research,
the proapoptotic p38-MAPKactivated the downstream target
Bax cascade in UVB irradiated human skin [41]. These data
therefore indicate that the MAPK pathways are required
for proliferation and apoptosis, depending on cell types
and stimuli [14]. Further studies are suggested to use the
inhibitors of MAPK pathways or through overexpression or
knockout of these pathways to explore whether weaning can
induce hepatic apoptosis in vitro.

5. Conclusion

Our study was the first to provide clear evidence that wean-
ing induced hepatic oxidative stress and aminotransferases,
which may be related to activatedMAPK signaling pathways.
A possible mechanism was suggested by this research that
weaning increased the hepatic ROS production at first and
then decreased antioxidant enzyme activities, which resulted
in oxidative damage. Meanwhile, it initiated apoptosis by
increasing the ratio of Bax/Bcl-2 and caspases involved in
activating MAPK pathways (shown in Figure 6). The con-
clusions of this study may help to find suitable therapeutic
strategies to relieve postweaning stress in both human beings
and domestic animals.

Competing Interests

The authors declare that there are no competing interests in
relation to this work.



Oxidative Medicine and Cellular Longevity 9

Bax/Bcl-2

Cas-9 Cas-8

Cas-3Apoptosis ↑

ERK
MAPK JNK

p38 P

P

P
ROS

Weaning

function
Impaired liver

Figure 6: Schematic mechanisms illustrating the effects of weaning on hepatic redox status, apoptosis, and function in piglets.

Acknowledgments

This research was supported financially by the National
Natural Science Foundation of China (Grant no. 30972103).

References

[1] J. M. Campbell, J. D. Crenshaw, and J. Polo, “The biological
stress of early weaned piglets,” Journal of Animal Science and
Biotechnology, vol. 4, no. 1, article 19, 2013.
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Background. Increased oxidative stress is a well described feature of patients in hemodialysis. Their need for multiple blood
transfusions and supplemental iron causes a significant iron overload that has recently been associated with increased oxidation of
polyunsaturated lipids and accelerated aging due to DNA damage caused by telomere shortening.Methods. A total of 70 patients
were evaluated concomitantly, 35 volunteers with ferritin levels below 500 ng/mL (Group A) and 35 volunteers with ferritin levels
higher than 500 ng/mL (Group B). A sample of venous blood was taken to extract DNA from leukocytes and to measure relative
telomere length by real-time PCR. Results. Patients in Group B had significantly higher plasma TBARS (𝑝 = 0.008), carbonyls
(𝑝 = 0.0004), and urea (𝑝 = 0.02) compared with those in Group A. Telomeres were significantly shorter in Group B, 0.66 (SD,
0.051), compared with 0.75 (SD, 0.155) in Group A (𝑝 = 0.0017). We observed a statistically significant association between relative
telomere length and ferritin levels (𝑟 = −0.37, 𝑝 = 0.001). Relative telomere length was inversely related to time on hemodialysis
(𝑟 = −0.27, 𝑝 = 0.02). Conclusions. Our findings demonstrate that iron overload was associated with increased levels of oxidative
stress and shorter relative telomere length.

1. Introduction

Iron overload is a common complication in patients with
renal chronic failure submitted to hemodialysis (HD). It
results from the necessity that these patients undergo transfu-
sions of red cells to treat symptomatic anemia, as well as from
the administration of enteral and/or parenteral iron supple-
ments [1]. Although it is still controversial, multiple clinical
studies have found an association between iron overload and
the oxidation of polyunsaturated lipids catalyzed by metallic
ions in atherosclerotic disease and in the development of
cardiovascular events [2, 3].

There are several studies that demonstrate that iron over-
load is related with oxidative stress. On both in vivo and in
vitro models iron overload allowed us to study the oxidative

stress induction through mechanisms which activate the
increase on ROS. A study conducted in young women with
low iron levels who were given daily supplements of iron
found that serum ferritin levels were almost twice the basal
levels after 6 weeks of treatment and that body iron was
more than twice the basal level. However, plasma levels of
malondialdehyde and exhaled ethane increased more than
40% [4].

Chai et al. confirmed that the hematopoietic inhibitory
effects of iron overload in an iron-overloaded mouse model
were parallel to clinical conditions. Secondly, its related
mechanism was investigated. It was demonstrated that iron
overload increased the ROS levels of HSPCs through the
NOX4/ROS/P38 MAPK signaling pathways [5].
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In an experimental study it was observed that taurine
supplementation reduces oxidative stress and improves car-
diovascular function in an iron-overload murine model
[6]. The therapeutic effects of resveratrol in murine iron-
overloadmodels that showed cardiac iron overload, increased
oxidative stress, altered Ca2+ homeostasis, and myocardial
fibrosis resulting in heart disease have been recently reported,
as well as increased nuclear and acetylated levels of FOXO1
with corresponding inverse changes in SIRT1 levels in the
heart which are corrected by resveratrol therapy. Also they
demonstrated that the iron mediated pathological effects on
human cardiomyocytes and cardiofibroblast were prevented
by resveratrol [7].

It also has been shown that iron-overloaded rats had sig-
nificant increases inmalonyl-dialdehyde (MDA), a marker of
lipid peroxidation, and nitric oxide (NO) in liver and spleen
compared to control group. The effects of iron overload on
lipid peroxidation and NO levels were significantly reduced
with the administration of curcumin (𝑝 < 0.05). Further-
more, the endogenous antioxidant activity in liver and spleen
was also significantly decreased in chronic iron overload and
after administration of curcuminwas completely restored [8].
Sripetchwandee et al. demonstrated the first evidence of the
effect of combining iron chelator therapy and antioxidants
(deferiprone and N-acetylcysteine, resp.) for 4 weeks on the
cerebral iron-overload inducted disfunction on Wistar rats
which restored completely the cerebral function [9].

The oxidation of polyunsaturated fatty acids generates
MDA and 4-hydroxyalkenals; MDA can be measured by
TBARS test. Iron-induced oxidative stress may be key deter-
minant in the significant increase of 8-OH-G, 2-hydro-
xyadenine, and 8-hydroxyadenine adducts [10]. These le-
sions, caused by hydroxyl radical attack, could significantly
increase DNA damage as in the telomere region and/or
impair its repair. Telomeres are the specialized DNA struc-
tures located at the end of eukaryotic chromosomes and con-
sist of tandemly repeated DNA sequences. Telomeres shorten
with each cell division, and it is well known that telom-
ere length in peripheral blood mononuclear cells (PBMCs)
decreases with age [11].

The telomere shortening rate is increased by oxidative
stress. Boxall et al. suggest that the length of time on dialysis is
independently associated with increased telomere shortening
in HD patients and hypothesize that this is caused by the
cumulative exposure of DNA to oxidative stress [12]. Telom-
ere attrition, expressed in leukocytes (WBCs), can serve as a
biomarker of cumulative oxidative stress and inflammation.

Chronic oxidative stress accelerates cellular aging, while
telomere shortening has been associated with hypertension,
endothelial dysfunction, atherosclerosis, and cardiovascular
mortality [13]. A recent study showed that telomeres are
shorter in patients with a diagnosis of DM2 with more years
of evolution, compared with healthy subjects of the same age.
The time of duration of the disease suggests a parallel and
progressive increase of inflammation and oxidative stress that
plays a direct role in telomere shortening [14].

With aging, the renal function decreases, showing an
evidently lower glomerular flow rate. It has been shown that
telomere shortening occurs first in cells of the cortex before

it occurs in cells of the renal medulla [15]. The increased
oxidative stress caused by iron overload may induce this
telomere shortening, and this in turn may contribute to renal
diseases such as glomerulosclerosis. Measuring telomere
length provides evidence of the aging that occurs as a result
of the oxidative stress caused by high body iron levels.

Sullivan was the first to suggest (1981) that the high
incidence of cardiac disease may be related to elevated serum
iron levels [16]. Subsequent investigations provided evidence
that high levels of body iron may actually increase the risk of
cardiovascular disease. Kiechl and colleagues found a strong
correlation between the serum levels of body iron and the
probability of developing new atherosclerotic carotid lesions
[17].

The Rotterdam study indicated that high levels of body
iron, evidenced by a serum ferritin concentration of 200𝜇g/L
or greater, almost double the risk of acute myocardial infarc-
tion in elderly patients. In a number of patients in theBruneck
study, serum ferritin and LDL cholesterol showed synergistic
effects associated with the progression of carotid atheroscle-
rosis, suggesting that iron promotes lipid peroxidation [18].
Increased oxidative stress and inflammation are associated
with atherosclerotic coronary artery disease in hemodialysis
patients [19].

Patients with end stage renal disease have a markedly
increased risk of presenting cardiovascular complications
[20]. Recent evidence shows that there is a strong association
between telomere shortening and heart failure [21]. Iron
can contribute to cardiovascular complications through its
oxidative effects on low-density lipoproteins and its induction
of endothelial dysfunction [22–26].

This information has been used recently to enlighten the
mechanisms and provide experimental bases to achieve new
target therapies on the treatment of the complications gener-
ated by the iron overload and on one of its consequences: the
oxidative stress. The purpose of our study was to evaluate the
effect of iron overload on lipid oxidation and telomere length,
as well as the incidence and/or progression of coronary artery
disease compared with patients without iron overload, with
nephropathy and undergoing renal replacement therapy in
the hemodialysis program of our hospital unit.

2. Subjects and Methods

We included a total of 70 patients with nephropathy under-
going renal replacement therapy in the hemodialysis program
of the High-Specialty Medical Unit No. 1 Baj́ıo. The patients
were of both genders and older than 18 years of age; 35 of them
were volunteers with ferritin levels higher than 500 ng/mL
(Group A) and 35 were volunteers with ferritin levels below
500 ng/mL (Group B), who were evaluated concomitantly.
Patients with immune disorders and the habit of smoking
and alcoholism were not included. A sample of venous blood
was taken in order to extract DNA from leukocytes and
to measure telomere length by real-time PCR. Serum levels
of ferritin and oxidation markers were also determined.
All patients underwent transthoracic echocardiography. This
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protocol was approved by the local bioethics committee and a
written informed consent was obtained from each volunteer.

2.1. Measurement of Biochemical Parameters. Serum levels
of glucose were determined using the glucose oxidase-
peroxidase method (Biosystems, Spain). Uric acid, urea,
creatinine, cholesterol, and triglycerides were estimated using
enzymatic methods (STANBIO Laboratory, Boerne, TX,
USA). Ferritin levels in plasma were determined with an
automated analyzer using dry chemistry technique. The
analyzer is Johnson & Johnson’s E60 IQ which is reported in
units of the IS (ng/mL).

2.2. Telomere Measurement. DNA samples were extracted
from white blood cells. The ratio of telomere repeat copy
number to a single gene copy number (T/S) was determined
by a previously described modified version of the quan-
titative real-time PCR telomere assay [27]. We performed
PCR amplification with oligonucleotide primers designed to
hybridize to the TTAGGG and CCCTAA repeats. The final
concentrations of reagents in the PCR were 0.2 SYBR Green
I (Molecular Probes), 15mM Tris-HCl pH 8.0, 50mM KCl,
2mMMgCl

2
, 0.2mMeach dNTP, 5mMDTT, 1%DMSO, and

1.25U AmpliTaq Gold DNA polymerase. The final telomere
primer concentrations were tel 1,270 nM and tel 2,900 nM.
The final 36B4 (single copy gene) primer concentrations
were 36B4u, 300 nM, 36B4d, and 500 nM. The primer
sequences (written 5󸀠 → 3󸀠) were tel 1, GGTTTTTGA-
GGGTGAGGGTGAGGGTGAGGGTGAGGGT, tel2, TCC-
CGACTATCCCTATCCCTATCCCTATCCCTATCCCTA,
36B4u, CAGCAAGTGGGAAGGTGTAATCC, 36B4d, and
CCCATTCTATCATCAACGGGTACAA. All PCRs were
performed on a LightCycler� 1.5 (Roche).The thermal cycling
profile for both amplicons began with a 95∘C incubation for
3min to activate the AmpliTaq Gold DNA polymerase. The
telomere PCR conditions were 40 cycles of 95∘C for 15 s and
54∘C for 2min; for 36B4 PCR, they were 40 cycles of 95∘C
for 15 s and 58∘C for 1min. The LightCycler 1.5 (Roche) was
then used to generate the standard curve for each run and to
determine the dilution factors of standards corresponding to
the amounts of T and S in each sample.

2.3. Measurement of Lipid Peroxidation and Oxidized Protein.
Malondialdehyde levels and carbonyls content were quanti-
fied as we previously described [28]. The MDA levels were
determined with the thiobarbituric acid-reactive substances
(TBARS) assay using 30 𝜇L of sera, whereas the carbonyl
content was measured using 5𝜇L of sera.

2.4. Cardiovascular Evaluation

2.4.1. Echocardiogram. The echocardiogram was performed
with a Hewlett Packard Sonos 5500 equipped with an elec-
tronic 3.5MHz phased array probe and an 8MHz linear
array probe. The diameters of the left atrium, left ventricle,
right ventricle, interventricular septum, and posterior wall
of the left ventricle were measured. The image analysis was
performed according to the criteria of the American Society

of Echocardiography.The left ventricularmass was calculated
using the Devereux method. The results of the echocar-
diographic studies were recorded on a CD for subsequent
assessment by two experienced echocardiographers who
determined by consensus whether the patient had ischemia
or myocardial infarction.

2.5. Statistics. To determine the differences between groups,
we used Student’s 𝑡-test for independent samples.ThePearson
correlation coefficient (𝑟) was used to assess the association
between relative telomere length and other variables. All data
are presented as mean ± SE, with 𝑝 < 0.05 as a cut-off for
statistical significance.

3. Results

3.1. General Characteristics. We included 70 patients of both
genders with nephropathy on renal replacement therapy, 35
of which had ferritin levels below 500 ng/mL, aged 46.48 ±
16.9 years (Group A), and the other 35 had ferritin levels
higher than 500 ng/mL, aged 45.34 ± 16.57 years (Group
B). Patients were receiving i.v. iron dextran at an average
of ≥400mg/month. Patient characteristics of the different
groups are shown in Table 1.

3.2. Free Iron and Oxidative Stress: Lipid Peroxidation and
Oxidized Protein. Serum levels of ferritin and oxidation
markers were determined. The levels of ferritin were 308 ±
145 ng/dL (GroupA) versus 3224±2078 ng/dL (GroupB),𝑝 <
0.001. Patients with ferritin levels higher than 500 ng/mL had
significant differences with higher levels of TBARS (11.7±4.6
versus 9.4 ± 2.2 nmoles/mL, 𝑝 = 0.008), carbonyls (27.2 ± 5.2
versus 22.5 ± 5.4 ng/𝜇L, 𝑝 = 0.0004), and urea (131.10 ±
50.77 versus 104.23 ± 46.36mg/dL, 𝑝 = 0.02) compared
with patients with ferritin levels below 500 ng/mL (Group A)
(Table 2).

Interestingly serumTBARS and carbonyls were positively
associated with ferritin levels in all subjects (𝑟 = 0.26, 𝑝 =
0.02, 𝑟 = 0.35, 𝑝 = 0.01, resp.); the relationship is shown in
Figure 1. A length of time under hemodialysis demonstrated
significant relationship with higher ferritin levels (𝑟 = −0.27,
𝑝 = 0.02) as well (Figure 2).

3.3. Relative Telomere Length. A sample of venous blood
was taken in order to extract DNA from leukocytes and to
measure relative telomere length by PCR in real time. The
length of telomeres was markedly shorter in the group with
higher ferritin levels. Telomeres were significantly shorter in
Group B than in Group A.The relative telomere length (T/S)
in patients with higher ferritin levels was 0.66 (SD, 0.051),
versus 0.75 (SD, 0.155) in controls (𝑝 = 0.0017) (Figure 3).
We observed a statistically significant association between
relative telomere length and ferritin levels (𝑟 = −0.37, 𝑝 =
0.001) (Figure 4). We did not observe an inverse significant
correlation between relative telomere length and age (𝑟 =
0.01, 𝑝 = 0.51). Relative telomere length (T/S) was inversely
related to the time under hemodialysis (𝑟 = −0.27, 𝑝 = 0.02)
(Figure 5).
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Figure 1: Serum TBARS and carbonyls were positively associated with ferritin levels in patients with nephropathy undergoing renal
replacement therapy in hemodialysis (𝑛 = 70).

Table 1: Demographic and clinical characteristics in patients with high ferritin levels (Group A) and low ferritin levels (Group B).

Group A (𝑛 = 35) Group B (𝑛 = 35)
𝑝

𝑛 (%) 𝑛 (%)
Female (%) 51.42 (18) 51.42 (18) Ns
Male (%) 48.57 (17) 48.57 (17) Ns
Age in years 45.4 ± 16.6 46.5 ± 16.9 0.77
Duration on HD (months) 40.87 ± 41.65 20.17 ± 29.00 0.01∗

Diabetes (%) 68.57 (24) 51.42 (18) 0.22
Hypertension (%) 11.43 (4) 17.14 (6) 0.73
Other (%) 20 (7) 31.42 (11) 0.41
Data shown as mean ± SD. Student’s 𝑡-test was used to determine the differences.
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Figure 2: The relationship between ferritin (ng/dL) and length of
time on hemodialysis in all subjects (𝑛 = 70).

3.4. Iron and Cardiovascular Disease. We found through the
analysis of echocardiographic parameters that hypertrophy
of the left ventricle, related to the Left Ventricular Mass
Index (LVMI), was higher in the high ferritin level group (29
patients, 82.86%, versus 8 patients, 22.86%, 𝑝 = 0.01). The
results of echocardiographic examination are summarized in
Table 3.
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Figure 3: Comparison of relative telomere lengths (T/S) between
groups.

In this study, the shortening of telomeres was associated
with a significant increase in left ventricular mass (𝑟 = 0.40,
𝑝 = 0.01).The linear regression analysis between serum levels
of ferritin with left ventricular mass observed was 𝑝 = 0.002.
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Table 2: Comparison of biochemical indices of iron status and oxidative markers between groups.

Group A (𝑛 = 35) Group B (𝑛 = 35)
𝑝

Mean ± SD Mean ± SD
Uric acid (mg/dL) 5.83 ± 1.04 5.45 ± 1.44 0.24
Creatinine (mg/dL) 7.81 ± 2.42 8.97 ± 2.65 0.06
Urea (mg/dL) 104.2 ± 46.3 131.10 ± 50.7 0.02∗

Glucose (mg/dL) 100.9 ± 34.1 90.7 ± 30.3 0.18
Hemoglobin (g/dL) 11.23 ± 1.93 12.54 ± 1.85 0.01∗

Ferritin (ng/mL) 308 ± 145 3224 ± 2078 <0.0001∗

Iron (𝜇g/dL) 78.5 ± 38.7 152.7 ± 86.1 <0.0001∗

Iron saturation percentage (%) 48.3 ± 33.5 82.8 ± 39.2 0.0002∗

TBARS (nmol/mL) 9.4 ± 2.2 11.7 ± 4.6 0.008∗

Carbonyls (ng/𝜇L) 22.5 ± 5.4 27.2 ± 5.2 0.0004∗
∗Data shown as mean ± SD. Student’s t-test was used to determine the differences.
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Figure 4: The relationship between relative telomere length (T/S)
and ferritin.

Table 3: Echocardiographic examination results.

Parameter (𝑛 = 70)
LV mass (gr) 186.6 ± 67.4
LV systolic pressure (mm) 32.2 ± 5.6
LV diastolic pressure (mm) 50.7 ± 7.0
Ejection fraction (%) 65.2 ± 6.1
Fractional shortening (%) 36.6 ± 5.9

4. Discussion

The results of this study suggest that higher ferritin levels are
associated with increased telomere shortening in hemodial-
ysis patients. On this matter oxidative stress and inflamma-
tion are well-established key factors in the pathogenesis of
atherosclerosis and vascular disease among chronic kidney
disease patients [29].

Moreover, oxidative stress has also been related to
immune system dysregulation in patients with uremia, indi-
cated by increased oxidative biomarkers and activation of
circulating leukocytes [30]. Uremia has been determined as
an important factor in premature aging in patients with end
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Figure 5: The relationship between relative telomere length (T/S)
and time under hemodialysis.

stage renal disease [31]. Importantly, in our study serum
urea levels were significantly higher in the group with higher
ferritin levels (Group B); this metabolic condition induces
various abnormalities in the patient, increasing the risk of
developing uremic encephalopathy and other complications
associated with poor prognosis.

Iron overload is a common complication in patients
submitted to hemodialysis; the process of lipid peroxidation
is catalyzed by iron and results in the formation of peroxyl
radicals.We found a strong correlation between iron overload
and increased oxidative biomarkers. The group with higher
ferritin levels showed more telomere shortening; relative
telomere length (T/S) in patients with higher ferritin levels
was 0.66 (SD, 0.051), versus 0.75 (SD, 0.155) in controls
(𝑝 = 0.0017); the telomere shortening rate was increased
by oxidative stress. There is no immediate explanation of
this phenomenon, but the relative increase in oxidative
markers observed in patients with iron overload could be
a contributing factor. The most significant finding of our
study was the observation that hemodialysis patients with
higher ferritin levels (Group B) showed increased telomere
shortening.
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Oxidative stress, in association with chronic inflamma-
tion, has been suggested as a possible contributory factor for
this increase inmortality as well [32].The increased oxidative
stress caused by iron overload may induce this telomere
shortening, which may contribute to renal diseases such as
glomerulosclerosis, and prevent renal regeneration [33, 34].

Patients with chronic kidney disease have significantly
increased morbidity and mortality from cardiovascular dis-
ease. Previous studies demonstrated a potential role of
anemia in the pathogenesis of left ventricular hypertrophy
[35]. Moreover several previous studies have documented
that key cardiovascular diseases that increase with age (coro-
nary atherosclerosis, arterial stiffening, increased carotid
intima/media thickness, and clinically overt cardiovascular
disease events such as myocardial infarction and stroke)
are all associated with shortened telomere length. Likewise,
vascular risk factors such as smoking, body mass index, and
hypertension are inversely associated with telomere length
[36].

Iron-overload cardiomyopathy is a prevalent cause of
heart failure on aworldwide basis and is amajor cause ofmor-
tality andmorbidity in patients with secondary iron overload.
In this study the analysis of echocardiographic parameters
showed that higher ferritin levels in hemodialysis patients
are associated with a significant increase in left ventricular
mass which has been associated with higher cardiovascular
risk in other studies. Murine iron-overload models showed
cardiac iron overload, increased oxidative stress, altered
Ca2 homeostasis, and myocardial fibrosis resulting in heart
disease [37].

Premature cardiovascular disease is a significant cause
of morbidity and mortality [38], while end stage renal
disease, and particularly its treatment with hemodialysis, is
a condition of increased oxidative stress [39, 40].

Iron-induced oxidative stress plays a fundamental role
in the pathogenesis of iron-overload mediated heart disease.
The basic molecular mechanism of iron-overload cardiomy-
opathy has not been elucidated and strategies to treat this
global epidemic are limited. Iron overload in humans leads to
an advanced cardiomyopathy [41–44] and the development
and validation of preclinical models of iron-overload car-
diomyopathy are important for the discovery of new therapies
[45, 46].

Monitoring the serum levels of ferritin has several ben-
efits for patients with renal disease that are at increased risk
of cardiovascular events, such as limiting the damage caused
by oxidative stress [47, 48] and thus allowing the initiation
of appropriate preventive therapeutic measures such [49] as
the use of iron chelators. Telomere attrition, expressed in
white blood cells (WBCs), can serve as a biomarker of the
cumulative oxidative stress.

5. Conclusions

Our findings demonstrate that iron overload was associated
with increased levels of oxidative stress and shorter relative
telomere length. Identifying factors that accelerate the aging
process in end stage renal disease can provide important

therapeutic targets to revert this process. High levels of
ferritin are related to signs of increased oxidative stress
as reflected by increased TBARS and carbonyl levels in
hemodialysis patients. Iron overload was found to be a
major contributing factor to left ventricular hypertrophy. In
addition iron overload is a potential therapeutic target to
prevent premature aging and iron chelation agents may limit
the increased oxidative stress in these patients.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

Dr. Luis Benitez was an active part on the production of
the present work, unfortunately he passed away in the final
process of the manuscript.

References

[1] G.Weiss and L. T. Goodnough, “Anemia of chronic disease,”The
New England Journal of Medicine, vol. 352, no. 10, pp. 1011–1023,
2005.

[2] S. M. Lynch and B. Frei, “Mechanisms of metal ion-dependent
oxidation of human low density lipoprotein,” Journal of Nutri-
tion, vol. 126, no. 4, 1996.

[3] E. Wieland, S. Parthasarathy, and D. Steinberg, “Peroxidase-
dependentmetal-independent oxidation of lowdensity lipopro-
tein in vitro: a model for in vivo oxidation?” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 90, no. 13, pp. 5929–5933, 1993.

[4] S. M. King, C. M. Donangelo, M. D. Knutson et al., “Daily
supplementation with iron increases lipid peroxidation in
young women with low iron stores,” Experimental Biology and
Medicine, vol. 233, no. 6, pp. 701–707, 2008.

[5] X. Chai, D. Li, X. Cao et al., “ROS-mediated iron over-
load injures the hematopoiesis of bone marrow by damaging
hematopoietic stem/progenitor cells in mice,” Scientific Reports,
vol. 5, Article ID 10181, 2015.

[6] G. Y. Oudit, M. G. Trivieri, N. Khaper et al., “Taurine supple-
mentation reduces oxidative stress and improves cardiovascular
function in an iron-overload murine model,” Circulation, vol.
109, no. 15, pp. 1877–1885, 2004.

[7] S. K. Das, W. Wang, P. Zhabyeyev et al., “Iron-overload injury
and cardiomyopathy in acquired and genetic models is atten-
uated by resveratrol therapy,” Scientific Reports, vol. 5, article
18132, 2015.

[8] F. A. Badria, A. S. Ibrahim, A. F. Badria, and A. A. Elmarakby,
“Curcumin attenuates iron accumulation and oxidative stress in
the liver and spleen of chronic iron-overloaded rats,” PLoSONE,
vol. 10, no. 7, Article ID e0134156, 2015.

[9] J. Sripetchwandee, N. Pipatpiboon, N. Chattipakorn, and S.
Chattipakorn, “Combined therapy of iron chelator and antiox-
idant completely restores brain dysfunction induced by iron
toxicity,” PLoS ONE, vol. 9, no. 1, Article ID e85115, 2014.

[10] E. Skrzydlewska, S. Sulkowski, M. Koda, B. Zalewski, L.
Kanczuga-Koda, and M. Sulkowska, “Lipid peroxidation and
antioxidant status in colorectal cancer,” World Journal of Gas-
troenterology, vol. 11, no. 3, pp. 403–406, 2005.



Oxidative Medicine and Cellular Longevity 7

[11] A. Benetos, K. Okuda, M. Lajemi et al., “Telomere length as
an indicator of biological aging—the gender effect and relation
with pulse pressure and pulse wave velocity,” Hypertension, vol.
37, no. 2, pp. 381–385, 2001.

[12] M. C. Boxall, T. H. J. Goodship, A. L. Brown,M. C.Ward, and T.
von Zglinicki, “Telomere shortening and haemodialysis,” Blood
Purification, vol. 24, no. 2, pp. 185–189, 2006.

[13] E. Jeanclos, N. J. Schork, K. O. Kyvik,M. Kimura, J. H. Skurnick,
and A. Aviv, “Telomere length inversely correlates with pulse
pressure and is highly familial,”Hypertension, vol. 36, no. 2, pp.
195–200, 2000.

[14] B. Murillo-Ortiz, F. Albarrán-Tamayo, D. Arenas-Aranda et al.,
“Telomere length and type 2 diabetes in males, a premature
aging syndrome,” Aging Male, vol. 15, no. 1, pp. 54–58, 2012.

[15] L. P. Wills and R. G. Schnellmann, “Telomeres and telomerase
in renal health,” Journal of the American Society of Nephrology,
vol. 22, no. 1, pp. 39–41, 2011.

[16] J. L. Sullivan, “Iron and the sex difference in heart disease risk,”
The Lancet, vol. 317, no. 8233, pp. 1293–1294, 1981.

[17] S. Kiechl, J. Willeit, G. Egger, W. Poewe, and F. Oberhollenzer,
“Body iron stores and the risk of carotid atherosclerosis:
prospective results from the bruneck study,”Circulation, vol. 96,
no. 10, pp. 3300–3307, 1997.

[18] K. Klipstein-Grobusch, J. F. Koster, D. E. Grobbee et al., “Serum
ferritin and risk of myocardial infarction in the elderly: the
Rotterdam Study,” American Journal of Clinical Nutrition, vol.
69, no. 6, pp. 1231–1236, 1999.

[19] E. Senol, A. Ersoy, S. Erdinc, E. Sarandol, and M. Yurtkuran,
“Oxidative stress and ferritin levels in haemodialysis patients,”
Nephrology Dialysis Transplantation, vol. 23, no. 2, pp. 665–672,
2008.

[20] M. Laddha, V. Sachdeva, P.M. Diggikar, P. K. Satpathy, andA. L.
Kakrani, “Echocardiographic assessment of cardiac dysfunction
in patients of end stage renal disease on haemodialysis,” Journal
of Association of Physicians of India, vol. 62, pp. 28–33, 2014.

[21] L. S. M. Wong, P. van der Harst, R. A. de Boer et al., “Renal
dysfunction is associated with shorter telomere length in heart
failure,” Clinical Research in Cardiology, vol. 98, no. 10, pp. 629–
634, 2009.

[22] J. Kletzmayr andW. H. Hörl, “Iron overload and cardiovascular
complications in dialysis patients,” Nephrology Dialysis Trans-
plantation, vol. 17, supplement 2, pp. 25–29, 2002.

[23] I. S. Vari, B. Balkau, A. Kettaneh et al., “Ferritin and transferrin
are associated with metabolic syndrome abnormalities and
their change over time in a general population: data from
an Epidemiological Study on the Insulin Resistance syndrome
(DESIR),” Diabetes Care, vol. 30, no. 7, pp. 1795–1801, 2007.

[24] K. A. Schwartz, Z. Li, D. E. Schwartz, T. G. Cooper, and W.
Emmett Braselton, “Earliest cardiac toxicity induced by iron
overload selectively inhibits electrical conduction,” Journal of
Applied Physiology, vol. 93, no. 2, pp. 746–751, 2002.

[25] A. G. Mainous III and V. A. Dı́az, “Relation of serum ferritin
level to cardiovascular fitness among youngmen,”TheAmerican
Journal of Cardiology, vol. 103, no. 1, pp. 115–118, 2009.

[26] B. de Valk and J. J.M.Marx, “Iron, atherosclerosis, and ischemic
heart disease,” Archives of Internal Medicine, vol. 159, no. 14, pp.
1542–1548, 1999.

[27] R. M. Cawthon, “Telomere measurement by quantitative PCR,”
Nucleic Acids Research, vol. 30, no. 10, article e47, 2002.

[28] E. Franco-Robles, A. Campos-Cervantes, B. O.Murillo-Ortiz et
al., “Effects of curcumin on brain-derived neurotrophic factor

levels and oxidative damage in obesity and diabetes,” Applied
Physiology, Nutrition and Metabolism, vol. 39, no. 2, pp. 211–218,
2014.

[29] B.Descamps-Latscha, P. Jungers, andV.Witko-Sarsat, “Immune
system dysregulation in uremia: role of oxidative stress,” Blood
Purification, vol. 20, no. 5, pp. 481–484, 2002.

[30] S. Sela, R. Shurtz-Swirski, M. Cohen-Mazor et al., “Primed
peripheral polymorphonuclear leukocyte: a culprit underlying
chronic low-grade inflammation and systemic oxidative stress
in chronic kidney disease,” Journal of the American Society of
Nephrology, vol. 16, no. 8, pp. 2431–2438, 2005.
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High blood pressure is the most powerful contributor to the cardiovascular morbidity and mortality, and inverse correlation
between consumption of polyphenol-rich foods or beverages and incidence of cardiovascular diseases gains more importance.
Reactive oxygen species plays an important role in the development of hypertension. We found that wild thyme (a spice plant,
rich in polyphenolic compounds) induced a significant decrease of blood pressure and vascular resistance in hypertensive rats.
The inverse correlation between vascular resistance and plasma heme oxygenase-1 suggests that endogenous vasodilator carbon
monoxide generated by heme oxidation could account for this normalization of blood pressure. Next product of heme oxidation,
bilirubin (a chain-breaking antioxidant that acts as a lipid peroxyl radical scavenger), becomes significantly increased after wild
thyme treatment and induces the reduction of plasma lipid peroxidation in hypertensive, but not in normotensive rats.The obtained
results promote wild thyme as useful supplement for cardiovascular interventions.

1. Introduction

High blood pressure is certainly the most prevalent and
powerful contributor to the cardiovascular morbidity and
mortality in the majority of industrialized countries, with
essential hypertension accounting for about 95% of all cases
of hypertension [1]. Hypertension is recognized as a highly
significant risk factor, and many effective antihyperten-
sive drugs are developed, including angiotensin convert-
ing enzyme inhibitors, angiotensin-II receptor antagonists,
diuretics, beta blockers, calcium channels blockers, and nitric
oxide (NO) donors [2, 3].

Yet, for various reasons, hypertension is still a poorly
controlled disorder, even in countries with very efficient
preventive medical services. At the same time, about 75

to 80% of the world population (particularly in developing
countries) uses alternative treatment options, often herbal
medicines for the treatment of various health problems [4].
It should also be noted that there is a growing body of evi-
dence suggesting the effectiveness of alternative therapeutic
approaches in the treatment of various disorders, including
hypertension. Thus, epidemiological evidence suggests the
existence of a negative correlation between consumption
of polyphenol-rich foods (fruits, vegetables, cocoa, etc.) or
beverages (wine, especially red wine, grape juice, tea, etc.)
and the incidence of cardiovascular disease [5, 6]. Thymus
serpyllum L. (wild thyme, TE) has traditionally been used as a
spice plant, whose aqueous extract is rich in the polyphenolic
compounds [7] that are considered to be responsible for
their antioxidant effects. Also, the antihypertensive effect of
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essential oils from Chinese medicinal plants was confirmed
in experimental studies [8]. Similarly, water extracts of plants
from Lamiaceae family, rich in phenolic acids, decreased
systolic blood pressure after subcutaneous administration
in conscious stroke-prone spontaneously hypertensive rats
[9] and inhibit rabbit lung angiotensin I-converting enzyme
in vitro [10]. In addition, our previous study showed that
aqueous extract obtained from TE induces powerful NO-
independent systemic vasodilatation in spontaneously hyper-
tensive rats (SHR) [7].

On the other hand, it is well known that reactive oxygen
species (ROS), amongst other factors, play an important role
in the development of hypertension in many experimental
models, as well as in patients with essential, renovascular,
and malignant hypertension [11]. Several experiments in
which the expression of heme oxygenase-1 (HO-1), inducible
form of the rate-limiting enzyme in the degradation of
heme [12], was upregulated by different modulators or by
gene transfer suggested that HO-1 participates in defence
mechanisms against agents that induce oxidative injury [13].
Heme oxygenase cleaves the heme ring to form the water-
soluble 1-carbon fragment as carbon monoxide (CO), iron,
and a biliverdin [14], which is reduced by biliverdin reductase
to bilirubin (lipophilic linear tetrapyrrole), a compound
with potent antioxidant capacity, abundant in blood plasma
[15]. Further studies confirmed the circulating forms of
bilirubin, such as free bilirubin, albumin-bound bilirubin,
conjugated bilirubin, and unconjugated bilirubin as effective
scavengers of peroxyl radicals able to protect human low-
density lipoprotein against peroxidation [13]. The CO, gener-
ated in equimolar concentrations to biliverdin during heme
oxidation by HO, like NO, inhibits platelet aggregation and
acts as a vasodilatorwhen bioavailability ofNO is limited [16].
This relaxation of vascular smooth muscle cells results from
activation of pathways, including the stimulation of soluble
guanylyl cyclase, opening of calcium activated K+ channel,
inhibition of cytochrome P450-dependent monooxygenase,
or blocking the production of constrictor substances like
endothelin [17]. Furthermore, the increased ROS production
that was observed in hypertensive animals and humans could
be reduced by treatment with superoxide dismutase (SOD)
mimetics or antioxidants, resulting in the improvement of
vascular and renal function, regression of vascular remod-
elling, and reduction of blood pressure [11]. Considering all
the above, we hypothesized that TE regulates blood pressure
and oxidative stress of SHR through a mechanism that could
involve HO-1.

Therefore, the aim of the present study was to evaluate
the ability of TE treatment to upregulate the expression and
activity of inducible form of HO-1 and its correlation with
antihypertensive as well as antioxidant responses of SHR.

2. Material and Methods

2.1.Thyme Extract Preparation. Dry thyme extract (TE) from
Thymus serpyllum L. was prepared as described previously
[7]. Briefly, TE was extracted by pouring 200mL of boiled
distilled water over the herbal samples (10 g) at room tem-
perature, filtered through a tea strainer, and freeze-dried.

The yield of freeze-dried TE amounted to 1.67% (w/w).
The total polyphenols content of the corresponding freeze-
dried TE exhibited 20.08mg GAE/100mg of TE, while the
HPLC analysis of the polyphenolic profile of the obtained
extract showed rosmarinic (4.30mg/100mg of freeze-dried
TE) and caffeic acids (0.08mg/100mg of freeze-dried TE)
as predominant TE phenols. The antioxidant capacity of
TE evaluated by the FRAP and ABTS assays amounted
to 1.66mmol Fe(II)/100mg and 86.1 𝜇mol Trolox/100mg of
freeze-dried TE, respectively. As the dose-dependent antihy-
pertensive evaluations revealed only the dose of 100mg/kg
freeze-dried TE effective in reducing systolic blood pressure
[7], the present study was carried out with this TE dose.

2.2. Animals. We used six-month-old male spontaneously
hypertensive rats (SHR, descendants of breeders originally
obtained through Taconic Farms, Germantown, NY, USA)
and normotensive Wistar (W) rats, bred at the Institute for
Medical Research, University of Belgrade, Serbia, weighing
about 300 g. They were maintained in temperature and
humidity controlled rooms on a twelve-hour light-dark cycle.

The experimental protocol was approved by the Ethic
Committee of the Institute for Medical Research, University
of Belgrade, Serbia (number 0312-1/10), according to the
National Law on Animal Welfare.

Rats were divided in 4 groups: two control groups,
normotensive W rats (W-C) and SHR-C, received vehicle
(0.2mL saline), and two treated groups, W-TE and SHR-TE,
received i.v. bolus of TE (100mg/kg b.w. dissolved in 0.2mL
saline).

2.3. Systemic Haemodynamic Measurements. For the direct
haemodynamic measurements, after bolus injection of TE
or vehicle, all rats were anesthetized with 35mg/kg b.w.
sodium pentobarbital, intraperitoneally. Mean arterial pres-
sure (MAP) and heart rate (HR) were measured through a
femoral artery catheter (PE–50, Clay-Adams Parsippany, NY,
USA), connected to a physiological data acquisition system
(Cardiomax III-TCR, Columbus Instruments, Columbus,
OH, USA). A jugular vein was cannulated with polyethylene
tubing PE-50 for the injection of solutions. The left carotid
artery was catheterized with a thermo sensor, which was
coupled to Cardiomax III for the determination of cardiac
output.The second end of thermocouple sensor was placed in
cold saline. Following 20min for stabilization after surgery,
rats were given a bolus injection of TE or vehicle, and
haemodynamic parameters were recorded 30 minutes after
injection. Cardiac output was normalized to body weight and
expressed as cardiac index (CI, mL/min/kg). Total peripheral
vascular resistance (TPVR, mmHg × min × kg/mL) was
calculated from MAP and CI (assuming that the mean right
atrial pressure is zero).

2.4. Regional Haemodynamic Measurements. For regional
blood flow measurements left carotid artery was gently
separated from the surrounding tissue. An ultrasonic flow
probe, 1RB (internal diameter = 1mm) was placed around the
artery and total carotid blood flow (CBF) was recorded using
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a Transonic T106 Small Animal Flowmeter (Transonic T106
Small Animal Flowmeter, Transonic System Inc., Ithaca, New
York). After abdominal incision renal artery preparation was
utilized and renal blood flow (RBF) was recorded. Vascular
resistance in these two vascular beds (CVR and RVR) was
calculated by dividing MAP with total blood flow through
respective blood vessel, normalized for the body weight, and
expressed as mmHg min kg/mL.

2.5. Plasma Sample and Tissue Isolation. Blood samples
obtained by puncture of the abdominal aorta were collected
under anaesthesia, 30minutes after TE or vehicle application,
into tubes containing lithium-heparin (Li-heparin, Sigma,
USA) as an anticoagulant. The plasma was separated by
centrifugation at 4000 rpm for 20min. After plasma remov-
ing, the remaining erythrocytes were rinsed three times,
aliquoted, and stored at −80∘C. Liver and kidney tissues
were removed immediately on ice, rinsed with cold saline,
weighed, and then cut into portions, frozen in liquid nitrogen,
and stored at−80∘C for the later estimation of protein content
and enzymatic antioxidant defence.

2.6. Enzyme-Linked Immunosorbent Assay for Heme
Oxygenase-1. Plasma and liver HO-1, an inducible heme
degrading enzyme with antioxidant properties, was detected
and quantified using commercially available, rat specific,
enzyme-linked immunosorbent assay kit (HO-1, rat, EIA.
ADI-EKS-810A, Enzo Life Sciences International, Inc.).
Plasma, previously stored at −20∘C, was defrosted and
in accordance with the manufacturer’s recommendations
prepared for analysis. On the day of analysis, tissue
was homogenized and prepared for the assay procedure
according to the manufacturer’s instructions. All samples,
including standard, were assayed in duplicate. The intensity
of the colour was measured in a microplate reader at 450 nm.
HO-1 concentrations from the sample were quantitated by
interpolating absorbance readings from a standard curve
generated with the calibrated HO-1 protein standard. Values
were expressed as ng/mL for plasma HO-1 and as 𝜇g/g of
liver tissue.

2.7. Heme Oxygenase Enzyme Activity. Plasma bilirubin
serves as a marker for heme oxygenase activity. Direct biliru-
bin (BIL-D) and total bilirubin (BIL-T) levels were deter-
mined using commercial kits for automatic analyser COBAS
INTEGRA 400 plus (Hoffmann-La Roche, Germany).

2.8. Superoxide Dismutase, Catalase, and Glutathione Per-
oxidase Enzyme Activities. Antioxidant enzyme activities
of the erythrocytes (e) as well as liver (L) and kidney
(k) homogenates were measured by following the spec-
trophotometric methods: catalase (CAT) was determined
as previously described [18], glutathione peroxidase (GPx)
was measured according to Paglia and Valentine [19], and
superoxide dismutase (SOD) was determined according to
McCord and Fridovich [20].

2.9. Lipid Peroxidation. For the assessment of lipid peroxi-
dation in plasma (p), liver (L), and kidney (k) lipid peroxide

levels were estimated by assaying thiobarbituric acid reac-
tive substances (TBARS) at 540 nm using 2-thiobarbituric
acid (4,6-dihydroxy-2-mercaptopyrimidine; TBA, Acros,
Organic). An extinction coefficient of 156000M−1 cm−1 was
used for calculation [21].The level of p-TBARS was expressed
as nmol/mL, while L-TBARS and k-TBARSwere expressed as
𝜇mol/g tissue.

2.10. Statistical Analysis. The data are given as mean ±
SEM.Comparisons between the respective groupsweremade
by using Student’s t-tests. 𝑝 values < 0.05 were considered
significant. Correlations between obtained parameters in
normotensive as well as in hypertensive rats were also
examined, and 𝑝 values < 0.05 were considered significant
(Statistica 8.0 for Windows).

3. Results

3.1. Effects of TE on Haemodynamic Parameters. Haemo-
dynamic parameters are shown in Figure 1. As expected,
MAP, HR, and TPVR of SHR-C were significantly higher
compared to the values of these parameters in W-C group
(𝑝 < 0.001), but without changes of CI. Bolus injection
of saline solution containing dry thyme extract resulted in
a significant decrease of MAP (𝑝 < 0.001) only in the
group of SHR-TE, while TPVR was reduced in both SHR-TE
(𝑝 < 0.01) and W-TE (𝑝 < 0.001) rats compared to their
respective controls (Figures 1(a) and 1(d)) without changes in
CI (Figure 1(c)). Injection of TE did not affect HR of both rat
strains (Figure 1(b)).

3.2. Effects of TE on Regional Haemodynamic Parameters.
Regional haemodynamic parameters are presented in Fig-
ure 2. The resistance in both vascular beds, carotid and renal
artery, were significantly elevated in SHR-C compared to W-
C (Figures 2(b) and 2(d), 𝑝 < 0.001 and 𝑝 < 0.05), without
changes of respective vascular blood flow (Figures 2(a) and
2(c)). Acute TE treatment led to a decrease of CBF inWistar
rats (Figure 2(a), 𝑝 < 0.05), while in the SHR caused a
significant reduction of CVR (Figure 2(b), 𝑝 < 0.05). Despite
marked reduction of MAP, RVR remained nonsignificantly
changed due to acute TE treatment (Figure 2(d)) but still
showed a tendency to get closer to W groups.

3.3. Effects of TE on Plasma and Liver HO-1 Enzyme Concen-
tration. We found that plasma HO-1 concentration did not
differ significantly between the examined groups, although
the value in SHR-TE group was the highest (Figure 3(a)).
The expression of liver HO-1 (Figure 3(b)) was lower in
hypertensive than in normotensive rats (1.32 ± 0.10 versus
1.62 ± 0.10mg/g tissue, 𝑝 = 0.0634). TE treatment signifi-
cantly increased the content of this enzyme in hypertensive
rats (SHR-TE, 1.66 ± 0.09, versus SHR-C, 1.32 ± 0.10mg/g
tissue, 𝑝 < 0.05). On the contrary, the application of TE
into normotensive rats resulted in a prominent decrease of
quantity of this enzyme (W-C: 1.62 ± 0.10 versus W-TE: 1.38
± 0.04mg/g tissue, 𝑝 = 0.0507).



4 Oxidative Medicine and Cellular Longevity

W-C W-TE SHR-C SHR-TE
0

20

40

60

80

100

120

140

160

180

200

220

###

M
A

P 
(m

m
H

g)
∗∗∗

(a)

W-C W-TE SHR-C SHR-TE
0

50

100

150

200

250

300

350

400

450

500

H
R 

(b
pm

)

∗∗∗

(b)

W-C W-TE SHR-C SHR-TE
0

50

100

150

200

250

300

350

400

450

CI
 (m

L/
m

in
/k

g)

(c)

W-C W-TE SHR-C SHR-TE
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

##

#

∗∗∗

TP
V

R
(m

m
H

gm
in

kg
/m

L)

(d)

Figure 1: Haemodynamic parameters: (a) mean arterial pressure (MAP), (b) heart rate (HR), (c) cardiac index (CI), and (d) total peripheral
vascular resistance (TPVR) in experimental groups. W-C, normotensiveWistar rats, and SHR-C, spontaneously hypertensive rats, received
vehicle. W-TE and SHR-TE groups received thyme extract. ∗∗∗𝑝 < 0.001, the significant difference between SHR-C and W-C; ###𝑝 < 0.001,
##𝑝 < 0.01, and #𝑝 < 0.05, the significant difference between TE treated and appropriate control group.

3.4. Heme Oxygenase Enzyme Activity. Acute TE treatment
significantly increased plasma BIL-D level in both rat strains
(SHR-TE versus SHR-C: 𝑝 < 0.001; W-TE versus W-C: 𝑝 <
0.05, Figure 3(c)). Figure 3(d) shows that the plasma BIL-T
content was not significantly different in W rats. However,
the decreased BIL-T of hypertensive rats compared to age-
matched normotensive rats was significantly reversed by TE
treatment (SHR-TE versus SHR-C: 𝑝 < 0.05).

3.5. Effects of TE on Plasma, Liver, and Kidney Lipid Per-
oxidation. SHR-C had higher p-TBARS then W-C rats
(𝑝 = 0.0772, Figure 4(a)). Acute TE treatment significantly
reduced the level of p-TBARS in SHR-TE group compared
to SHR-C (𝑝 < 0.01, Figure 4(a)). On the contrary, in
normotensive rats the value of p-TBARS became almost
significantly elevated in response to TE treatment (𝑝 =
0.0625, Figure 4(a)). Liver homogenate TBARS levels did not
differ amongst W-C, SHR-C, and W-TE groups. However, L-
TBARS wasmarkedly increased in SHR-TE than that in SHR-
C group (𝑝 < 0.01 Figure 4(b)). The kidney TBARS level

was significantly lower in SHR-C group compared to theW-C
(𝑝 < 0.001 Figure 4(c)), and TE had no effects on it, in either
hypertensive or normotensive rats.

3.6. Effects of TE on Antioxidant Enzymes Activities in Ery-
throcytes, Liver, and Kidney. SOD, CAT, and GPx enzyme
activities in the erythrocytes, liver, and kidney from all
experimental animals are shown in Figure 5. There were no
differences in erythrocytes, liver, and kidney SOD activities
between SHR-C and W-C rats (Figures 5(a), 5(d), and 5(g)).
TE treatment significantly increased the kidney SOD activity
in the SHR (SHR-TE versus SHR-C: 𝑝 < 0.001), but not in
the W rats (Figure 5(g)). Erythrocytes and liver CAT activity
(Figures 5(b) and 5(e))was unchanged in SHR-C as compared
to W-C rats, but the treatment has led to the increases
of erythrocytes CAT activity only in SHR-TE compared to
SHR-C (𝑝 < 0.05). In contrast, CAT activity in kidney
(Figure 5(h)) was found to be increased in both W-TE and
SHR-C compared to W-C (𝑝 < 0.05, 𝑝 < 0.001, resp.).
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Figure 2: Regional haemodynamic parameters: (a) carotid blood flow (CBF), (b) carotid vascular resistance (CVR), (c) renal blood
flow (RBF), and (d) renal vascular resistance (RVR) in experimental groups. W-C, normotensive Wistar rats, and SHR-C, spontaneously
hypertensive rats, received vehicle. W-TE and SHR-TE groups received thyme extract. ∗𝑝 < 0.05 and ∗∗∗𝑝 < 0.001, the significant difference
between SHR-C and W-C; #𝑝 < 0.05, the significant difference between TE treated and appropriate control group.

GPx activity from the erythrocytes of SHR-Cwas significantly
lower compared to W-C (𝑝 < 0.01, Figure 5(c)). Bolus
injection of TE induced a significant elevation of kidney GPx
activities in normotensive rats (𝑝 < 0.05, Figure 5(i)). The
opposite effect was found in kidney homogenates of SHR
(Figure 5(e)). Namely, the activity of GPx was significantly
reduced in SHR-TE compared to SHR-C (𝑝 < 0.01). In the
liver homogenates the activity of this antioxidant enzymewas
unchanged in both W-TE and SHR-TE groups compared to
their controls (Figure 5(f)).

3.7. Correlation Analysis of Obtained Parameters. In SHR,
vascular resistance of the systemic circulation was found to
be positively correlated in relation to MAP (𝑟 = 0.7546, 𝑝 =
0.005), whereas in normotensive rats the negative correlation
of TPVR and CI (𝑟 = −0.8027, 𝑝 = 0.002) was observed.

Correlation between haemodynamic parameters and
oxidative status is shown inTable 1.MAP exhibits a significant
positive correlation with p-TBARS. Also, MAP and TPVR

showed strong negative correlation with regard to L-TBARS
and HO-1 expression and activity in hypertensive but not in
normotensive rats. In addition, in the group of hypertensive
rats, we found a significant positive intercorrelation between
L-TBARS, quantity of plasma and liver HO-1, and bilirubin
concentrations, followed by strong and negative intercorre-
lation between these parameters with p-TBARS, while in the
kidneywehave not found a correlation between the examined
parameters (Table 2). Table 3 represents the correlation of
antioxidant enzyme activity and systemic haemodynamic
parameters, with oxidative status in hypertensive and nor-
motensive rats.

4. Discussion

Earlier, we suggested that a powerful vasodilator molecule,
nitric oxide, is not liable for normalization of blood pressure
in TE treated SHR [7].
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Figure 3: The quantity of (a) plasma and (b) liver heme oxygenase-1 (HO-1), (c) direct bilirubin (BIL-D) in plasma, and (d) total plasma
bilirubin (BIL-T) in experimental groups. W-C, normotensive Wistar rats, and SHR-C, spontaneously hypertensive rats, received vehicle.
W-TE and SHR-TE groups received thyme extract. ###𝑝 < 0.001 and #𝑝 < 0.05, the significant difference between TE treated and appropriate
control group.
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Figure 4: The quantity of (a) plasma (p), (b) liver (L), and (c) kidney (k) thiobarbituric acid reactive substances (TBARS) in experimental
groups. W-C, normotensive Wistar rats, and SHR-C, spontaneously hypertensive rats received vehicle. W-TE and SHR-TE groups received
thyme extract. ∗∗∗𝑝 < 0.001, the significant difference between SHR-C and W-C; ##𝑝 < 0.01, the significant difference between TE treated
and appropriate control group.
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Figure 5: Antioxidant enzyme activities of (a), (b), and (c) erythrocytes, (d), (e), and (f) liver and (g), (h), and (i) kidney in experimental
groups. W-C, normotensiveWistar rats, and SHR-C, spontaneously hypertensive rats, received vehicle. W-TE and SHR-TE groups received
thyme extract, superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01, the significant
difference between SHR-C and W-C; #𝑝 < 0.05 and ##𝑝 < 0.01, the significant difference between TE treated and appropriate control group.

Here, we hypothesized that induction of HO-1, due to
TE treatment, may contribute to powerful blood pressure-
lowering effect and reduction of systemic oxidative stress
in SHR. In support of our hypothesis are the results by Jin
et al. that identified rosmarinic acid as an inducer of HO-
1 expression by increasing ROS production in vitro [22].
Further evidence identifies derivate of caffeic acid, caffeic acid
phenethyl ester, as potent HO-1 inducer that can be used to
markedly increase heme oxygenase activity in astrocytes [23].
To our knowledge, the present study is the first showing TE-
induction of HO-1 in vivo, in hypertensive rats. Considering
all the above and the composition of used TE, we suggest that

this strong induction of HO-1 in SHR represents the response
of the liver to TE-induced increase of ROS production. This
assumption is supported with significant positive correlation
between liver ROSmeasured by TBARS and the level of HO-1
in hypertensive rats.

In the present study, wild thyme induced significant and
pronounced systemic vasorelaxation in both hypertensive
and normotensive rats compared to vehicle, but only in
hypertensive rats did such relaxation significantly and pos-
itively correlate with markedly reduced mean arterial pres-
sure. As expected, results from SHR showed increased TPVR,
CVR, and RVR accompanied with significant elevation of
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Table 2: The correlation of oxidative stress parameters with heme oxigenase-1 expression and activity in hypertensive (𝑛 = 12) and
normotensive rats (𝑛 = 12).

L-HO-1 HO-1 BIL-D BIL-T
W SHR W SHR W SHR W SHR

L-TBARS 0.0775
𝑝 = 0.811

0.6284
𝑝 = 0.029

−0.1981
𝑝 = 0.537

0.6444
𝑝 = 0.024

0.0034
𝑝 = 0.992

0.7475
𝑝 =
0.005

0.2548
𝑝 = 0.424

0.5980
𝑝 =
0.040

p-TBARS −0.2623
𝑝 = 0.410

−0.7715
𝑝 = 0.003

−0.0377
𝑝 = 0.908

−0.3397
𝑝 = 0.280

0.0890
𝑝 = 0.783

−0.7623
𝑝 =
0.004

0.0614
𝑝 = 0.850

−0.5674
𝑝 = 0.054

k-TBARS 0.6801
𝑝 = 0.015

0.4457
𝑝 = 0.147

0.1703
𝑝 = 0.597

0.4521
𝑝 = 0.140

−0.4280
𝑝 = 0.165

0.0775
𝑝 = 0.811

0.2146
𝑝 = 0.503

0.4398
𝑝 = 0.153

SHR: spontaneously hypertensive rats that received vehicle or thyme extract; W:Wistar rats that received vehicle or thyme extract; L-TBARS, p-TBARS, and k-
TBARS: liver thiobarbituric acid reactive substance, plasma thiobarbituric acid reactive substance, and kidney thiobarbituric acid reactive substances; quantity
of L-HO-1 and p-HO-1: liver and plasma heme oxigenase-1 enzyme; BIL-D: direct bilirubin; BIL-T: total bilirubin. Marked correlations are significant at 𝑝 <
0.050.

Table 3: The correlation of antioxidant enzymes activity and systemic haemodynamic parameters, with oxidative status in hypertensive
(𝑛 = 12) and normotensive rats (𝑛 = 12).

e-CAT k-SOD k-CAT k-GPx
W SHR W SHR W SHR W SHR

MAP 0.3742
𝑝 = 0.231

−0.6178
𝑝 = 0.032

−0.3627
𝑝 = 0.247

−0.7413
𝑝 =
0.006

−0.6051
𝑝 = 0.037

0.2260
𝑝 = 0.480

−0.3523
𝑝 = 0.261

0.7480
𝑝 =
0.005

TPVR 0.3559
𝑝 = 0.256

−0.6041
𝑝 = 0.038

0.2728
𝑝 = 0.391

−0.7791
𝑝 = 0.003

−0.2638
𝑝 = 0.407

0.0124
𝑝 = 0.969

−0.3770
𝑝 = 0.227

0.5628
𝑝 = 0.057

L-TBARS −0.0027
𝑝 = 0.993

0.6543
𝑝 = 0.021

−0.1804
𝑝 = 0.575

0.7807
𝑝 = 0.003

0.0896
𝑝 = 0.782

−0.1624
𝑝 = 0.614

0.0496
𝑝 = 0.878

−0.4627
𝑝 = 0.130

p-TBARS 0.0818
𝑝 = 0.800

−0.3587
𝑝 = 0.252

−0.5557
𝑝 = 0.061

−0.6479
𝑝 = 0.023

0.3237
𝑝 = 0.305

0.2503
𝑝 = 0.433

0.2615
𝑝 = 0.412

0.2261
𝑝 = 0.480

k-TBARS 0.6637
𝑝 = 0.019

−0.2964
𝑝 = 0.350

−0.0921
𝑝 = 0.776

0.3710
𝑝 = 0.235

−0.2610
𝑝 = 0.413

−0.0555
𝑝 = 0.864

−0.3946
𝑝 = 0.204

−0.2397
𝑝 = 0.453

BIL-D −0.4345
𝑝 = 0.158

0.6818
𝑝 = 0.015

−0.2737
𝑝 = 0.389

0.7989
𝑝 = 0.002

0.1852
𝑝 = 0.564

−0.2638
𝑝 = 0.407

0.3991
𝑝 = 0.199

−0.6828
𝑝 = 0.014

SHR: spontaneously hypertensive rats that received vehicle or thyme extract;W:Wistar rats that received vehicle or thyme extract;MAP:mean arterial pressure;
TPVR: total peripheral vascular resistance; L-TBARS, p-TBARS, and k-TBARS: liver thiobarbituric acid reactive substance, plasma thiobarbituric acid reactive
substance, and kidney thiobarbituric acid reactive substance; BIL-D: direct bilirubin; e-CAT and k-CAT: erythrocyte catalase and kidney catalase; k-SOD:
kidney superoxide dismutase; k-GPx: kidney glutathione peroxidase. Marked correlations are significant at 𝑝 < 0.050.

blood pressure and HR, without changes of CI, CBF, or
RBF compared to Wistar rats. Our results in hypertensive
rats treated with TE are in favour of previously obtained
findings [24–26] that plant polyphenols decrease arterial
pressure in SHR. Some studies showed that upregulating the
HO/CO system lowers BP in young (8 weeks) but not in
adult (20 weeks) spontaneously hypertensive rats (SHR) [27].
Other studies have demonstrated that either acute or chronic
administration of HO-1 inducer was able to normalize blood
pressure in SHR and that heme administration decreased
blood pressure in SHR, while HO inhibitors produced an
increase in systemic arterial pressure, even in normoten-
sive rats [28]. The induction of HO-1 that we found in
hypertensive rats was in significant negative correlation with
the TPVR, indicating that HO-1 generated CO could be
accountable for the intensive systemic vasorelaxation and
the decrease of blood pressure that we observed in SHR-TE
group. These results are in accordance with reports in which,
like NO, HO-derived CO serves as a vasodilator to lower

blood pressure, regardless of whether it operates via cGMP-
dependent or cGMP-independent pathways, thus explaining
a number of the potential actions of CO regarding the
pathogenesis of cardiovascular diseases [28].This vasodilator
effect may also contribute to the improvement of regional
haemodynamics in the carotid artery of hypertensive rats.

The increased iron concentration produced by the HO-
1 activity is believed to cause the increased expression of
ferritin and ferritin synthesis, which serves to sequester iron,
a potent oxidant for cells [28]. Here, we did not determine
ferritin content, but there is evidence that tea polyphenols
could act as metal chelators [29] and therefore could remove
ferrous ions, thereby protecting cells against metal ion-
induced oxidative stress.

The next product of heme metabolism, biliverdin,
becomes cleaved by biliverdin reductase to bilirubin, a chain-
breaking antioxidant that acts as a lipid peroxyl radical
(ROO⋅) scavenger [16]. Bilirubin is toxic in high concen-
tration; however, it prevents adhesion molecule expression
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and neutrophil adhesion and inhibits ROS and NADPH
oxidase activity in biological systems [28]. Serum biliru-
bin circulates in the bloodstream in forms of direct and
indirect bilirubin and has potent endogenous antioxidant
properties that are found to have inverse associations with
cardiovascular disease [30]. At physiologic oxygen pressure,
bilirubin surpasses 𝛼-tocopherol, the most potent protector
against lipid peroxidation. Increased levels of serum TBARS
(a by-product of lipid peroxidation) have been previously
reported in SHR [31], as well as in patients with hypertension
and metabolic syndrome [32], ischemic heart disease [33],
peripheral arterial disease [34], and diabetes mellitus [35].
In the present study, along with slight plasma and marked
liver HO-1 elevation, plasma level of BIL-D became increased
and was followed by reduction of plasma lipid peroxidation
in SHR received TE. Also, there was significant negative
intercorrelation between the p-TBARS and liverHO-1, as well
as BIL-D, confirming the antioxidant defence properties of
these endogenous products.

Interestingly, the liver HO systemwas nearly significantly
suppressed in W-TE rats and that might be a possible reason
for a moderate increase of plasma lipid peroxidation in this
group.

The present study demonstrated almost similar SOD,
CAT, and GPx enzyme activity in the liver of all experimental
groups, which indicates that these antioxidant enzymes are
not crucial for the oxidative status of the liver. Reduced
activity of erythrocyte GPx from SHR in comparison to W
rats failed to become corrected with TE, but TE induced the
enhancement of erythrocyte CAT activity almost threefold
and therefore protected SHR against hydrogen peroxide
induced systemic oxidative stress. A similar kidney SOD
activity that we found in SHR and W rats was in accordance
with data obtained by Fortepiani and Reckelhoff [36] who
showed that the expression of kidney Mn-SOD and Cu
and Zn-SOD was similar in WKY and SHR despite higher
ability of hypertensive kidney to produce superoxide. Also,
they showed 30% lower expression of GPx and CAT in
SHR than WKY and that WKY had increased expression of
these enzymes in response to oxidative stress. We did not
measure the expression of previously mentioned enzymes,
but the activity of k-SOD that we observed was higher
after TE in SHR, but not in W rats. At the same time, k-
CAT and k-GPx enzyme activity was higher about 2-fold in
hypertensive than in normotensive kidney. Further, we found
the TE-induced increase of kidney CAT and GPx enzyme
activity in normotensive rats. These data indicate that the
increased activity of the k-CAT and k-GPx could have been
a compensatory mechanism for the prevention of moderate
plasma lipid peroxidation that we obtained in W-TE rats.

On the other hand, we found decreased activity of the
kidney GPx enzyme in hypertensive rats after TE. Conse-
quently, serum concentrations of bilirubin were high enough
to account for a substantial portion of the total antioxidant
capacity of serum [15], and bilirubin might alleviate oxidant
stress in the blood [14]; we could assume that bilirubin
ROO⋅ scavenging activity in our study is sufficient to avoid
oxidant stress in the hypertensive kidney. In addition to

the direct effects of TE on HO system, the increased k-
SOD activity due to the TE injection that we observed in
hypertensive rats could be accountable for normalization of
BP. Indeed, k-SOD was in significant negative correlation
withMAP andTVR in this rat strain, but not in normotensive
rats. Further, the increased k-SOD activity was in signifi-
cant negative association with GPx that in turn negatively
correlates against bilirubin, thus emphasizing the bilirubin
(regardless of whether it is total or direct) responsible for
plasma antioxidant defence.

The numerous polyphenolic substances and other chem-
ical compounds that were found in the plants from the Lami-
aceae family were speculated to account for the beneficial
effects of these plant extracts on the cardiovascular system.
However, the results of this experimental animal study indi-
cate that strong and significant hypotensive and antioxidative
activity of aqueous extract from Thymus serpyllum L. in
hypertensive rats, at least partially, resulted due to targeting
heme oxygenase system. Besides rosmarinic acid, used plant
extract contains caffeic acid and quercetin and luteolin in
trace [7]; thus further studies are needed to elucidate which
of these polyphenolic compounds is responsible for those
beneficial effects of TE or whether they are a consequence of
their synergistic action.
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Milanović et al., “Antioxidant and antihypertensive activity of
extract from Thymus serpyllum L. in experimental hyperten-
sion,” Plant Foods for Human Nutrition, vol. 68, no. 3, pp. 235–
240, 2013.

[8] M. S. Kumar, S. Kumar, and B. Raja, “Antihypertensive
and antioxidant potential of borneol-a natural terpene in L-
NAME—induced hypertensive rats,” International Journal of
Pharmaceutical and Biological Archive, vol. 1, pp. 271–279, 2010.

[9] K. Ohashi, T. Bohgaki, and H. Shibuya, “Antihypertensive
substance in the leaves of kumis kucing (Orthosiphon aristatus)
in Java island,” Yakugaku Zasshi, vol. 120, no. 5, pp. 474–482,
2000.

[10] Y.-I. I. Kwon, D. A. Vattem, and K. Shetty, “Evaluation of clonal
herbs of Lamiaceae species for management of diabetes and
hypertension,” Asia Pacific Journal of Clinical Nutrition, vol. 15,
no. 1, pp. 107–118, 2006.

[11] R. M. Touyz, “Reactive oxygen species, vascular oxidative
stress, and redox signaling in hypertension: what is the clinical
significance?” Hypertension, vol. 44, no. 3, pp. 248–252, 2004.

[12] A. L. Furfaro, N. Traverso, C. Domenicotti et al., “TheNrf2/HO-
1 axis in cancer cell growth and chemoresistance,” Oxidative
Medicine and Cellular Longevity, vol. 2016, Article ID 1958174,
14 pages, 2016.

[13] M. Mayer, “Association of serum bilirubin concentration with
risk of coronary artery disease,” Clinical Chemistry, vol. 46, no.
11, pp. 1723–1727, 2000.

[14] T. W. Sedlak and S. H. Snyder, “Bilirubin benefits: cellular pro-
tection by a biliverdin reductase antioxidant cycle,” Pediatrics,
vol. 113, no. 6, pp. 1776–1782, 2004.

[15] V. Lobo, A. Patil, A. Phatak, and N. Chandra, “Free radicals,
antioxidants and functional foods: impact on human health,”
Pharmacognosy Reviews, vol. 4, no. 8, p. 118, 2010.

[16] G. E. Mann, D. J. Rowlands, F. Y. L. Li, P. De Winter, and R.
C. M. Siow, “Activation of endothelial nitric oxide synthase by
dietary isoflavones: role of NO in Nrf2-mediated antioxidant
gene expression,” Cardiovascular Research, vol. 75, no. 2, pp.
261–274, 2007.

[17] J. F. Ndisang, L.Wu,W. Zhao, and R.Wang, “Induction of heme
oxygenase-1 and stimulation of cGMP production by hemin in
aortic tissues from hypertensive rats,” Blood, vol. 101, no. 10, pp.
3893–3900, 2003.

[18] E. Beutler, “Catalase,” in Red Cell Metabolism, a Manual of
Biochemical Methods, Grune and Stratton, New York, NY, USA,
3rd edition, 1982.

[19] D. E. Paglia and W. N. Valentine, “Studies on the quantitative
and qualitative characterization of erythrocyte glutathione per-
oxidase,” Journal of Laboratory and Clinical Medicine, vol. 70,
no. 1, pp. 158–169, 1967.

[20] J.M.McCord and I. Fridovich, “Theutility of superoxide dismu-
tase in studying free radical reactions. I. Radicals generated by
the interaction of sulfite, dimethyl sulfoxide, and oxygen,” The
Journal of Biological Chemistry, vol. 244, no. 22, pp. 6056–6063,
1969.

[21] H. Ohkawa, N. Ohishi, and K. Yagi, “Assay for lipid peroxides
in animal tissues by thiobarbituric acid reaction,” Analytical
Biochemistry, vol. 95, no. 2, pp. 351–358, 1979.

[22] C. H. Jin, H. S. Yang, D. S. Choi, M. W. Byun, W. G. Kim,
and I. Y. Jeong, “Rosmarinic acid attenuated SIN-1-induced
cytotoxicity in HepG2 cells through the HO-1 induction and
radical scavenging activity,” Food Science and Biotechnology, vol.
22, no. 2, pp. 549–556, 2013.

[23] G. Scapagnini, R. Foresti, V. Calabrese, A. M. Giuffrida Stella,
C. J. Green, and R. Motterlini, “Caffeic acid phenethyl ester
and curcumin: a novel class of heme oxygenase-1 inducers,”
Molecular Pharmacology, vol. 61, no. 3, pp. 554–561, 2002.

[24] J.-C. Liu, F.-L. Hsu, J.-C. Tsai et al., “Antihypertensive effects of
tannins isolated from traditional Chinese herbs as non-specific
inhibitors of angiontensin converting enzyme,” Life Sciences,
vol. 73, no. 12, pp. 1543–1555, 2003.

[25] N. Peng, J. T. Clark, J. Prasain, H. Kim, C. R. White, and J. M.
Wyss, “Antihypertensive and cognitive effects of grape polyphe-
nols in estrogen-depleted, female, spontaneously hypertensive
rats,”American Journal of Physiology. Regulatory, Integrative and
Comparative Physiology, vol. 289, no. 3, pp. R771–R775, 2005.

[26] S. J. Thandapilly, J. L. LeMaistre, X. L. Louis, C. M. Anderson,
T. Netticadan, and H. D. Anderson, “Vascular and cardiac
effects of grape powder in the spontaneously hypertensive rat,”
American Journal of Hypertension, vol. 25, no. 10, pp. 1070–1076,
2012.

[27] J. F. Ndisang, W. Zhao, and R. Wang, “Selective regulation of
blood pressure by heme oxygenase-1 in hypertension,” Hyper-
tension, vol. 40, no. 3, pp. 315–321, 2002.

[28] N. G. Abraham and A. Kappas, “Pharmacological and clinical
aspects of heme oxygenase,” Pharmacological Reviews, vol. 60,
no. 1, pp. 79–127, 2008.

[29] V. Stangl, H. Dreger, K. Stangl, and M. Lorenz, “Molecular
targets of tea polyphenols in the cardiovascular system,” Car-
diovascular Research, vol. 73, no. 2, pp. 348–358, 2007.

[30] J. Jo, J. E. Yun, H. Lee, H. Kimm, and S. H. Jee, “Total, direct,
and indirect serum bilirubin concentrations and metabolic
syndrome among the Korean population,” Endocrine, vol. 39,
no. 2, pp. 182–189, 2011.

[31] M. A. Newaz and N. N. A. Nawal, “Effect of 𝛾-tocotreenol
on blood pressure, lipid peroxtoation and total antioxtoant
status in spontaneously hypertensive rats (SHR),” Clinical and
Experimental Hypertension, vol. 21, no. 8, pp. 1297–1313, 1999.

[32] V. O. Palmieri, I. Grattagliano, P. Portincasa, and G. Palasciano,
“Systemic oxidative alterations are associated with visceral adi-
posity and liver steatosis in patients with metabolic syndrome,”
The Journal of Nutrition, vol. 136, no. 12, pp. 3022–3026, 2006.

[33] B. R. Maharjan, J. C. Jha, D. Adhikari et al., “Oxidative stress,
antioxidant status and lipid profile in ischemic heart disease
patients from western region of Nepal,” Nepal Medical College
Journal, vol. 10, no. 1, pp. 20–24, 2008.

[34] J. Miquel, A. Ramirez-Bosca, A. Soler et al., “Increase with age
of serum lipid peroxides: implications for the prevention of
atherosclerosis,” Mechanisms of Ageing and Development, vol.
100, no. 1, pp. 17–24, 1998.

[35] A. A. Osuntokl, O. A. Fasanmade, A. O. Adekola, and C. O.
Amira, “Lipid peroxidation and erythrocyte fragility in poorly
controlled type 2 diabetes mellitus,” Nigerian Quarterly Journal
of Hospital Medicine, vol. 17, no. 4, pp. 148–151, 2007.

[36] L. A. Fortepiani and J. F. Reckelhoff, “Increasing oxidative
stress with molsidomine increases blood pressure in genetically
hypertensive rats but not normotensive controls,” American
Journal of Physiology—Regulatory Integrative and Comparative
Physiology, vol. 289, no. 3, pp. R763–R770, 2005.



Research Article
Blood Levels of Oxidant/Antioxidant Parameters in
Rats Infected with Toxoplasma gondii

Somayeh Bahrami,1 Ali Shahriari,2 Mehdi Tavalla,3

Somayeh Azadmanesh,1 and Hossein Hamidinejat1

1Department of Parasitology, Faculty of Veterinary Medicine, Shahid Chamran University of Ahvaz, Ahvaz, Iran
2Department of Biochemistry, Faculty of Veterinary Medicine, Shahid Chamran University of Ahvaz, Ahvaz, Iran
3Department of Medical Parasitology, Faculty of Medicine, Jundishapur University of Medical Sciences, Ahvaz, Iran

Correspondence should be addressed to Somayeh Bahrami; s.bahrami@scu.ac.ir

Received 6 April 2016; Revised 25 July 2016; Accepted 6 September 2016

Academic Editor: Claudio Cabello-Verrugio

Copyright © 2016 Somayeh Bahrami et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Toxoplasmosis is a common parasitic infection in the world. Since increased free radicals and oxidative stress are reported in many
parasitic diseases the purpose of the present studywas to evaluate the oxidative stress in acute and chronic toxoplasmosis. RH strains
of Toxoplasma tachyzoites were used in the present study. Twenty-five female rats were infected with the parasite while 25 other rats
were as the control group that received normal saline. Zero-, 5-, 7-, 10-, and 45-day postinfection (DPI) blood samples were taken.
Some parameters related to oxidant and antioxidants such as antioxidant enzymes, malondialdehyde, and total antioxidant capacity
were measured. On day 7 after infection, GPX activity and GSH level were significantly increased and in the mentioned day the
amount of total antioxidant capacity was significantly reduced. In other cases, there were no significant differences between the
groups in different days. Overall, based on the results it seems that, on day 7 after infection, in infected rats responses to oxidative
stress were triggered and led to decrease of total antioxidant capacity. Furthermore, glutathione was increased to cope with stress.
It seems that probably antioxidant defense system entered the infection to the chronic phase and changed the parasites stage.

1. Introduction

Toxoplasma gondii is an obligate intracellular protozoan para-
site responsible for toxoplasmosis, a disease that affects many
mammals including man [1, 2]. Infection of an immunocom-
petent individual is usually asymptomatic; however, infection
of immunocompromised individuals or congenital infection
of a fetus can lead to debilitating or life-threatening illness.
Infection generally occurs through either ingestion of oocysts
shed in the faeces of a cat, which is the definitive host, or
ingestion of viable tissue-cysts in undercooked meat. When
primary infection occurs during pregnancy, congenital trans-
mission could occur. Initial infection and acute disease are
characterized by the presence of fast-replicating tachyzoites.
Around 10–14 days after infection, tachyzoites differentiate
into bradyzoites that replicate more slowly and form cysts
in tissues throughout the body. Tissue cysts are long-lived
and not associated with disease. However, in people with

immunodeficiency, such as AIDS or malignancies, rupture of
tissue cysts and the transformation of bradyzoites to tachy-
zoites result in disease reactivation. Congenitally infected
individuals are also at risk of repeated disease reactivation,
most notably in their brain and eyes, although the reason(s)
for this has not been established. Recent investigations
indicate that parasitic infections with high tolerance of the
host are the result of defense mechanisms which include
enhanced generation of reactive oxygen species (ROS) [3, 4].
Cells and biological fluids froman antioxidant defense system
aid at suppression of ROS generation and prevention of
ROS reactions with cellular components. A balance between
oxidants and antioxidant is known to exist under physio-
logical conditions. However, even small changes in oxidant
or/and antioxidant levels may disturb its balance and leads to
oxidative stress. This situation becomes dangerous when the
antioxidant system is unable to prevent oxidative reactions
triggered by ROS and directed oxidative modification of
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lipids, proteins, and DNA [5–7]. Free radicals are produced
continuously by normal metabolic processes, but their rate of
production increases during certain parasitic infections.

Stage conversion between tachyzoite and bradyzoite
forms of Toxoplasma is associated with morphological and
molecular biological changes, including stage-specific anti-
gen expression and alterations to metabolism [8]. Different
studies confirmed that alkaline medium, heat shock protein,
and acid conditions can induce stage conversion in vitro.
These methods appear to rely on stressing the parasites.
Having these facts in mind, the present study was designed
to compare the antioxidant profile of rats during acute
and chronic toxoplasmosis and investigate probable role of
oxidative stress in Toxoplasma gondii tachyzoite-bradyzoite
interconversion.

2. Materials and Methods

2.1. Parasite. The virulent RH strain of T. gondiiwas obtained
from Jundishapur University of Medical Sciences, Ahvaz,
Iran. Tachyzoites of this strain were collected by serial
intraperitoneal passages in BALB/c mice. Parasites (1 × 105)
were inoculated in the mice, and after 72 hours, tachyzoites
were provided by repeated flushing of the peritoneal cavity
by phosphate buffered saline (PBS). Tachyzoites were then
harvested and centrifuged at 200×g for 5min at room
temperature to remove peritoneal cells and cellular debris.
The supernatants were collected and centrifuged at 800×g for
10min. The pellets, enriched with parasite tachyzoites, were
recovered with PBS and used in the experiments [9].

2.2. In Vivo Study. Fifty femaleWistar rats, 8 to 10 weeks old,
approximately 250–280 g, were purchased from laboratory
animal breeding council (Jundishapur University of Medical
Science, Ahvaz, Iran). They were housed in a room under
controlled temperature (24 ± 2∘C), lighting (12 h light/dark
cycle), and relative humidity 40–70% conditions. During
experiment, all rats had free access to water and standard rat
chow. After 1 week acclimation, firstly modified agglutination
test was used to ensure rats were not already infected with
Toxoplasma, and then they were divided randomly into
two equal groups: The infected and control groups were
each inoculated intraperitoneally with 1 × 107 organisms
[10] and normal saline, respectively. On days 0, 5, 7, 10,
and 45 after infection, five rats from each group were
euthanized in a glass desiccator jar for open-drop anesthesia
with chloroform following standard animal ethics guidelines
of Iran. Blood samples were obtained by cardiac puncture
into sterile vacuum tubes with and without anticoagulant
(EDTA). Serum was separated by centrifuge and stored at
−20∘C until use. During the present study, the animals were
handled according to the recommendation of the Ethics
Committee, Shahid Chamran University of Ahvaz, Ahvaz,
Iran (Ethical Approval number 29/6/94, 30 Sept. 2014). Acute
and chronic toxoplasmosis of was confirmed by PCR and
modified agglutination test (MAT), respectively.

2.3. DNA Extraction and Polymerase Chain Reaction (PCR)
Amplification. Induction of acute toxoplasmosis was con-
firmed with PCR in infected rats on days 5, 7, and 10 after
infection. DNA was extracted from whole blood using a
genomic DNA purification kit (CinnaGen, Iran). For detec-
tion of T. gondii DNA, primers targeting the G529 gene were
selected from the literature [11]. PCR reactions included a
negative control, consisting of the reaction mix and 2𝜇L of
DNase/RNase-free water and a positive control that consisted
of a DNA sample from the tachyzoites of T. gondii. All
PCR were performed in a 25 𝜇L reaction containing 12.5 𝜇L
Taq DNA polymerase master mix Red (Amplicon, Den-
mark), 1𝜇Mprimers, and 50 ng DNA templates. PCR cycling
included an initial denaturation at 94∘C for 4min, followed
by 30 cycles of denaturation at 94∘C for 50 s, annealing
at 57∘C for 50 s, and extension at 72∘C for 60 s. This was
followed by a final extension at 72∘C for 5min. PCR products
were electrophoresed in 1.5% agarose (SinaClon Bioscience,
Iran) in Tris-acetic acid-EDTA (TAE) buffer, stained with
Green Safe stain (SinaClon Bioscience, Iran), and visualized
under ultraviolet light. Positive samples showed a band of
approximately 400 bp.

2.4. Modified Agglutination Test. To ensure that chronic
toxoplasmosis occurred in rats on day 45 after infection,MAT
was used as described by Desmonts and Remington and
Dubey and Desmonts [12, 13]. The sera were diluted twofold
(1 : 20 to 1 : 320) with phosphate buffered saline containing
0.2M 2-mercaptoethanol and 50 𝜇L of each dilution was put
in awell of 96U-bottomELISAplates.Thereafter, 50𝜇L of the
whole formalin-preserved T. gondii tachyzoites was added to
each serum dilution. The wells were then mixed thoroughly
by pipetting up and down several times, covered, and then
incubated at 37∘C overnight.The test was considered positive
when a layer of agglutinated parasites was formed in wells
at dilutions of 1 : 20 or higher. Positive and negative controls
were included in each test.

2.5. Oxidant/Antioxidant Assessment. The determination of
the SOD activity was based on the generation of super-
oxide radicals produced by xanthine and xanthine oxi-
dase, which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-
5-phenyltetrazolium chloride to form a red formazon dye.
Briefly, 300 𝜇L of mixed substrate was added to 200 𝜇L of
diluted hemolysates. The samples were mixed well and 75 𝜇L
xanthine oxidase was added to reactions.The absorbance was
measured at 505 nm and the SOD activity was then calcu-
lated according to the manufacturer’s instruction (Ransod�-
Randox Lab, Antrim, UK) and expressed as U/mL.

Glutathione peroxidase activity was determined based
on the fact that GPX catalyzed the oxidation of glutathione
by cumene hydroperoxide. In presence of the glutathione
reductase and nicotinamide adenine dinucleotide phosphate
(NADPH), the oxidized glutathione was immediately con-
verted to the reduced form with concomitant oxidation of
NADPH to NADP+. To evaluate GPX activity in hemolysates
10 𝜇L of samples was mixed with 500𝜇L reagent R1 and
20𝜇L cumene R2. The absorbance was measured at 340 nm
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and the GPX activity was then calculated according to the
manufacturer’s instruction (Ransel�-Randox Lab, Antrim,
UK). The enzymes activities were expressed as U/mL.

The procedure to estimate the reduced glutathione (GSH)
level followed the method described by Ellman [14]. In this
method thiols react with Ellman’s reagent (5,5󸀠-dithiobis-(2-
nitrobenzoic acid) or DTNB), cleaving the disulfide bond
to give 2-nitro-5-thiobenzoate (TNB−), which ionizes to the
TNB2− dianion in water at neutral and alkaline pH.

To evaluate GSH level in samples, 15 𝜇L of hemolysates
was mixed with 260𝜇L assay buffer (0.1M sodium phosphate
and 1mM EDTA, pH: 8) and 5 𝜇L Ellman reagents. Samples
were incubated for 15min at room temperature and the
TNB2− formation was quantified in a spectrophotometer
by measuring the absorbance of visible light at 412 nm.
Absorbance values were compared with a standard curve
generated from standard curve from known GSH.

Catalase activity was determined spectrophotometrically
by the method of Koroliuk et al. [15]. Briefly, 10 𝜇L of sample
was incubated with 100 𝜇mol/mL of H

2
O
2
in 0.05mmol/L

Tris-HCl buffer pH = 7 for 10min. The reaction was termi-
nated by rapidly adding 50 𝜇L of 4% ammonium molybdate.
Yellow complex of ammonium molybdate and H

2
O
2
was

measured at 410 nm. One unit of catalase activity was defined
as the amount of enzyme required to decompose 1𝜇molH

2
O
2

per min.
Total antioxidant capacity of serum was measured

according to the method of Benzie and Strain [16]. Briefly,
a working solution of FRAP (ferric reducing antioxidant
power) was provided by mixing buffer acetate with TPTZ
solution in HCl. After that FeCl

3
was added and mixed. 8 𝜇L

of serum and 240𝜇L of mentioned working solution were
mixed and incubated for 10min at room temperature. The
optical density of samples was measured at 532 nm. Total
antioxidant capacity was expressed as mmol/L.

Malondialdehyde levels in samples were measured using
the thiobarbituric acid reaction method of Placer et al. [17].
Quantification of the thiobarbituric acid reactive substances
was determined at 532 nm by comparing the absorption
to the standard curve of MDA equivalents generated by
acid-catalyzed hydrolysis of 1,1,3,3-tetramethoxypropane. To
measure MDA level, a working solution containing 15%
trichloroacetic acid, 0.375% thiobarbituric acid, and 0.25N
hydrochloric acid was prepared. For each sample, 250𝜇L
serum and 500 𝜇L working solution were mixed and placed
in boiling water for 10min. After cooling the samples were
centrifuged at 3000 rpm for 10min. Finally 200 𝜇L of each
supernatant was transferred to microplates and the optical
density of samples was measured at 535 nm. The values of
MDA were expressed as 𝜇mol/L.

2.6. Statistical Analysis. The mean value and standard error
were calculated for each group of measurements. The
Kolmogorov-Smirnov test was used to test the normal distri-
bution of the data before statistical analysis was performed.
Statistical analyses were conducted with the general linear
model procedure of SAS for Windows version 9.1 (SAS,
1998) to determine if variables differed between groups.

Whenever significant differences were found, mean values
were compared by the Tukey test. A probability value of less
than 0.05 was considered significant.

3. Results

After induction of experimental toxoplasmosis, acute toxo-
plasmosis was confirmed by PCR. In all the samples obtained
5 and 7 days after infection, DNA of Toxoplasmawas detected
in blood. Ten days after infection except for the two samples
others were positive. Although in two samples DNA was
not detected they were serologically positive. The accuracy
of experimental chronic toxoplasmosis induction (samples
obtained 45 days after infection) was serologically checked
out. In all the samples complete carpet of agglutinated
organisms was seen and considered as positive.

The antioxidant enzymes activities, total antioxidant
capacity, and MDA level in blood of experimentally infected
rats were compared to those of noninfected.

Changes of SOD activity in different days in infected (𝑝 =
0.91) and uninfected group (𝑝 = 0.62) were not significant.
Also after comparing SOD activity in infected and uninfected
groups on the days 0 (𝑝 = 0.81), 5 (𝑝 = 0.36), 7 (𝑝 = 0.75),
10 (𝑝 = 0.35), and 45 (𝑝 = 0.80) after infection, significant
changes were not found (Table 1).

According to our data, level of GSH in noninfected rats in
different days was not significantly changed while, in infected
rats on the 7th day after infection, GSH was significantly
increased comparing to 5th (𝑝 = 0.002), 10th (𝑝 = 0.001), and
45th (𝑝 = 0.001) day after infection. After comparing GSH
level in infected and uninfected rats on the days 0 (𝑝 = 0.57),
5 (𝑝 = 0.22), and 45 (𝑝 = 0.55) after infection, significant
changes were not found whereas on day 7 (𝑝 = 0.019) GSH
level was substantially increased (Table 2).

Changes of GPX activity on days 5 (𝑝 = 0.03) and 7 (𝑝 =
0.04) after infection were significant in infected group. Also
significant differences were detected in GPX activity between
the infected rats and the controls on days 5 (𝑝 = 0.03) and 7
(𝑝 = 0.02) after infection (Table 3).

As shown in Table 4 the values for the activity of catalase
in infected and uninfected rats were constant throughout the
experiment. Also no significant differences were detected in
catalase activity between the infected rats and the controls on
days 0 (𝑝 = 0.72), 5 (𝑝 = 0.57), 7 (𝑝 = 0.51), 10 (𝑝 = 0.53),
and 45 (𝑝 = 0.75) after infection.

The control value for the total antioxidant capacity in
uninfected rats was constant throughout all stages of exper-
iment whilst a statically significant decrease in the total
antioxidant capacity was noticed on day 7 after infection in
infected ones (𝑝 = 0.004). Significant difference was detected
in total antioxidant capacity between the infected rats and the
control ones on day 7 after infection (𝑝 = 0.02) (Table 5).

Changes of MDA level in different days in infected (𝑝 =
0.57) and uninfected rats (𝑝 = 0.21) were not significant. Also
after comparingMDA level in infected and uninfected groups
on days 0 (𝑝 = 0.53), 5 (𝑝 = 0.49), 7 (𝑝 = 0.12), 10 (𝑝 = 0.15),
and 45 (𝑝 = 0.28) after infection, significant changes were not
found (Table 6).
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Table 1: Mean ± standard error of SOD activity (U/mL) in noninfected and T. gondii infected rats.

Days after infection
0 5 7 10 45

Infected 98.2 ± 10.3Aa 103.1 ± 9.3Aa 114.2 ± 13.9Aa 114.3 ± 15.3Aa 104.6 ± 17.8Aa

Noninfected 94.6 ± 8.7Aa 85.1 ± 16.3Aa 107.2 ± 16.2Aa 91.1 ± 18.05Aa 110 ± 10.8Aa

Values in columns and rows with different uppercase and lowercase superscripts are significantly different (𝑝 < 0.05).

Table 2: Mean ± standard error of GSH level (𝜇mol/mL) in noninfected and T. gondii infected rats.

Days after infection
0 5 7 10 45

Infected 72.6 ± 5.3Aa 78.6 ± 7.7Aa 174.7 ± 16.4Bb 52.1 ± 6.3Aa 75.4 ± 18.3Aa

Noninfected 70.3 ± 5.4Aa 66.6 ± 4.9Aa 98.4 ± 14.9Bb 106.2 ± 20.4Aa 90.4 ± 14.4Aa

Values in columns and rows with different uppercase and lowercase superscripts are significantly different (𝑝 < 0.05).

Table 3: Mean ± standard error of GPX activity (U/mL) in noninfected and T. gondii infected rats.

Days after infection
0 5 7 10 45

Infected 114.4 ± 11.6Aa 313.5 ± 43.53Bb 296.47 ± 42.1Bb 128.1 ± 30.3Aa 118.6 ± 28.7Aa

Noninfected 117.3 ± 10.9Aa 114.6 ± 14.4Aa 107.4 ± 19.4Aa 121.6 ± 23.4Aa 107.1 ± 18.1Aa

Values in columns and rows with different uppercase and lowercase superscripts are significantly different (𝑝 < 0.05).

Table 4: Mean ± standard error of catalase activity (U/mL) in noninfected and T. gondii infected rats.

Days after infection
0 5 7 10 45

Infected 513.5 ± 82.3Aa 466.8 ± 88.1Aa 515.8 ± 63.2Aa 551.5 ± 32.4Aa 408.5 ± 78.8Aa

Noninfected 532.5 ± 78.2Aa 528.5 ± 75.6Aa 427.5 ± 105.3Aa 471.2 ± 88.7Aa 449.7 ± 95.3Aa

Values in columns and rows with different uppercase and lowercase superscripts are significantly different (𝑝 < 0.05).

Table 5: Mean ± standard error of total antioxidant capacity (mmol/L) in noninfected and T. gondii infected rats.

Days after infection
0 5 7 10 45

Infected 987.2 ± 218.3Aa 1016 ± 138.5Aa 366.3 ± 53.6Bb 1064.0 ± 70.7Aa 1124.0 ± 105.3Aa

Noninfected 874.1 ± 128.3Aa 869.6 ± 125.5Aa 895.6 ± 314.8Aa 816.1 ± 169.9Aa 961.72 ± 172.3Aa

Values in columns and rows with different uppercase and lowercase superscripts are significantly different (𝑝 < 0.05).

Table 6: Mean ± standard error of MDA (𝜇mol/L) in noninfected and T. gondii infected rats.

Days after infection
0 5 7 10 45

Infected 20.6 ± 3.2Aa 22.16 ± 5.4Aa 13.56 ± 2.9Aa 13.07 ± 1.2Aa 15.5 ± 2.8Aa

Noninfected 19.6 ± 3.2Aa 18.2 ± 2.7Aa 25.6 ± 6.01Aa 18.5 ± 3.2Aa 21.7 ± 4.1Aa

Values in columns and rows with different uppercase and lowercase superscripts are significantly different (𝑝 < 0.05).

4. Discussion

A critical aspect of host defense to Toxoplasma gondii is
the activation of parasiticidal mechanisms in host leuko-
cytes. Mononuclear phagocytes, particularly macrophages
that have been activated by lymphokines, are the principal
defense against intracellular pathogens such as T. gondii and
respiratory burst (rapid release of reactive oxygen species)

plays an important role against T. gondii [18]. One of the
mechanisms that protect the host cells against excess free
radicals is the enzymatic antioxidant defense which includes
SOD, catalase, peroxiredoxins, flavor hemoglobins, and glu-
tathione S-transferase/GPX coupled to glutathione reductase.
SOD is a key enzyme that appears to act as the first line
defense against ROS but in the present study its activity was
constant throughout all stages of experiment in infected rats.
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Glutathione peroxidase and catalase are the two main
enzymes involved in H

2
O
2
detoxification [19]. Hydrogen

peroxide (H
2
O
2
) is one of the main reactive oxygen species

(ROS) leading to oxidative stress [20]. H
2
O
2
is continuously

generated by several enzymes (including superoxide dismu-
tase, glucose oxidase, and monoamine oxidase) and must be
degraded to prevent oxidative damage.The cytotoxic effect of
H
2
O
2
is thought to be caused by hydroxyl radicals generated

from iron-catalyzed reactions, causing subsequent damage
to DNA, proteins, and membrane lipids [21]. According to
our results significant changes of catalase activity were not
found during the experiment in infected rats while GSH
level and GPX activity were substantially increased on the
7th day after infection. This is despite the fact that GSH
elevation may be due to stimulation of antioxidant defense
system against infection. GPX are a family of selenium-
containing antioxidant enzymes that catalyze the reduction
of hydrogen peroxide in the presence of reduced glutathione
[22]. Glutathione exists in both reduced (GSH) and oxidized
(GSSG) states. In the reduced state, the thiol group of cysteine
is able to donate a reducing equivalent to unstable molecules
such as reactive oxygen species. In donating an electron,
glutathione itself becomes reactive but readily reacts with
another reactive glutathione to form glutathione disulfide
(GSSG). GSH can be regenerated from GSSG by the enzyme
glutathione reductase (GSR) [23].

For reduction of glutathione via glutathione reductase,
which converts reactive H

2
O
2
into H

2
O by glutathione

peroxidase, NADPH is necessary. One of the most impor-
tant metabolic pathways that generate NADPH is pentose
phosphate pathway. It is possible that pentose phosphate
pathway or otherNADPH-generation pathways are increased
in response to oxidative stress in acute toxoplasmosis (on
day 7 after infection). However more detailed studies should
be done to prove this claim. Based on the results of present
study statistically significant decrease in the total antioxidant
capacity was noticed on day 7 after infection in infected rats
and significant difference was detected in total antioxidant
capacity between the infected rats and the control ones on
day 7 after infection. Total antioxidant capacity is based on
the cumulative action of all the enzymatic (like SOD, catalase,
GPX, etc.) and nonenzymatic antioxidants (like vitamins E
and C, glutathione, melatonin, etc.) present in plasma and
body fluids, thus providing an integrated parameter rather
than the simple sum of measurable antioxidants.

Measuring serum TAC may help in the evaluation of
physiological, environmental, and nutritional factors of the
redox status in humans. Determining serum TAC may help
to identify conditions affecting oxidative status in vivo. The
measure of TAC considers the cumulative action of all the
antioxidants present in serum and body fluids, thus providing
an integrated parameter rather than the simple sum of mea-
surable antioxidants. The capacity of known and unknown
antioxidants and their synergistic interaction is therefore
assessed, thus giving an insight into the delicate balance in
vivo between oxidants and antioxidants [24]. In the present
study GSH level was increased on day 7 after infection but
TAC was decreased. Probably other antioxidants have been
consumed to compensate and cope with oxidative stress and

to prevent injuries from stress and effective infection control.
Reduction of TAC is due to oxidative stress and returning to
the basic state is probably due to the compatibility with stress.
The enhanced production of ROS during infection can pose
a threat to biomolecules by oxidation of proteins, damage to
nucleic acids, and causing peroxidation of lipids [25]. MDA is
a highly reactive aldehyde compound that results from lipid
peroxidation of polyunsaturated fatty acids. The production
of this aldehyde is used as a biomarker of oxidative stress
[26]. In the present study MDA level was increased on day
7 after infection but it was not significant. Overall it seems
that on day 7 after infection oxidative stress has occurred but
it was not terminated to end product of lipid peroxidation
elevation. Engin et al. have suggested that in toxoplasmosis
MDA elevation is restricted to intracellular area and serum
MDA level does not change [27].

In another point of view some studies have shown that
inhibitors of mitochondrial function and inducers of oxida-
tive stress can induce Toxoplasma encystment in vitro [28,
29]. Based on the present study perhaps antioxidant defense
system is one of the effective mechanisms in tachyzoite-
bradyzoite interconversion. However this study alone cannot
confirm the above hypothesis. Understanding tachyzoite-
bradyzoite interconversion process could help in designing
new chemotherapeutic agents capable of eliminating tissue
cysts. Therefore, further studies are required in this issue.
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Epigallocatechin-3-gallate (EGCG), extracted from green tea, has been shown to have antioxidative activity. In the present study,
we evaluated the effect of EGCG on the kidney function in db/db mice and also tried to investigate the underlying mechanism of
the renoprotective effects of EGCG in both animals and cells. EGCG treatment could decrease the level of urinary protein, 8-iso-
PGF2a, and Ang II. Moreover, EGCG could also change the level of several parameters associated with oxidative stress. In addition,
the protein expression levels of AT-1R, p22-phox, p47-phox, p-ERK1/2, p-p38 MAPK, TGF-𝛽1, and 𝛼-SMA in diabetic db/db mice
were upregulated, and all of these symptoms were downregulated with the treatment of EGCG at 50 and 100mg/kg/d. Furthermore,
the pathological changes were ameliorated in db/db mice after EGCG treatment. HK-2 cell-based experiments indicated that
EGCG could inhibit the expression of MAPK pathways, which is the downstream effector of Ang II mediated oxidative stress.
All these results indicated that EGCG treatment could ameliorate changes of renal pathology and delay the progression of DKD by
suppressing hyperglycemia-induced oxidative stress in diabetic db/db mice.

1. Introduction

Based on the survey of International Diabetes Federation
(IDF), the number of people with diabetes mellitus (DM) was
as high as 415.0million in 2015 all over theworld [1]. InChina,
there are more than 98.4 million patients with diabetes in
2013, ranking first in the world, and the number is estimated
to reach 143.0 million in 2035 [1]. Diabetes, a worldwide
health problem, is defined as a group of metabolic diseases
characterized by hyperglycemia.Diabetes is always associated
with long-term damage, dysfunction, and failure of different
organs, leading to the development of several complications
[2, 3]. Diabetic kidney disease (DKD) is a kind of chronic
microvascular complications associated with diabetes, and
40% or more diabetic patients have developed DKD despite
current treatments [2, 3]. DKD is also a major cause of
chronic renal failure [2, 3].Therefore, it is of great importance

to find new approaches to delay the progression of DKD so as
to reduce the number of dialysis patients.

Several recent studies have suggested that oxidative stress
is involved in the procession and development of kidney
injury, including DKD [2, 4–6]. Oxidative stress refers to
the increase of reactive oxygen species (ROS) production
and/or the decrease of antioxidant production disordering
the balance between oxidation and antioxidation, leading
to renal injury [2, 6]. Through multiple mechanisms, ROS
can cause kidney damage, such as inducing the expression
of angiotensin II (Ang II), increasing the production of
transforming growth factor-𝛽1 (TGF-𝛽1) and smooth muscle
actin-𝛼 (𝛼-SMA), and activating the mitogen-activated pro-
tein kinase (MAPK) cascade [7–12]. In addition, it has been
demonstrated that themajor source for the generation of ROS
is nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase in diabetic conditions [5, 6, 13–15]. As reported
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previously, NADPH oxidase inhibitor can effectively restrain
ROS generation, reduce the level of urinary protein, ame-
liorate the pathological changes of kidney, and delay the
progression of DKD in the type 2 diabetic rat model [13].

Drinking tea is a common habit for Chinese people,
which has a long history in China. Epigallocatechin-3-gallate
(EGCG), a kind of green tea extract, is themajor polyphenolic
constituent present in green tea. Since it has been suggested
to have anti-inflammatory, antioxidative, and hypoglycemic
effects, EGCG has become a research hotpot in recent years
[16–19]. But EGCG has been shown to exert prooxidative
activities in some other studies [20, 21]. To date, a variety of
studies have demonstrated that EGCG has salutary effects,
but the precise mechanisms of EGCG are still unclear in
DKD.

Therefore, we performed the present study to evaluate the
effect of EGCG on the kidney function in db/db mice. Addi-
tionally, we also tried to investigate the underlying mecha-
nism of the renoprotective effects of EGCG in both animals
and cells.

2. Materials and Methods

2.1. Animals and Experimental Groups. Eight-week-old
C57BLKS/J db/dbmice (type 2 diabeticmicemodel) and their
normal mice were purchased from Model Animal Research
Center of Nanjing University (Nanjing, Jiangsu, China). The
average weight of db/db mice was 33.7 ± 1.5 g. All the animal
experimental procedures were approved by the Animal Care
Committee of Fudan University. Mice were housed in plastic
cages with a controlled temperature of 23–26∘C, humidity
of 50–55%, and a 12 h light/dark cycle. All the mice had free
access to food and distilled water.

EGCG (>90% purity) was obtained from Sigma-Aldrich
(St. Louis,MO,USA).ThenMice were allocated into 4 groups
with the following treatment (𝑛 = 16, each): (1) normal,
C57BLKS/J normal nontreated mice (gavage administration
of 0.9% saline); (2) control, C57BLKS/J db/db nontreated
mice (gavage administration of 0.9% saline); (3) EGCG A,
C57BLKS/J db/db treated mice (gavage administration of
EGCG 50mg/kg/d); and (4) EGCG B, C57BLKS/J db/db
treated mice (gavage administration of EGCG 100mg/kg/d).
The doses of EGCG were based on the previous researches
[22]. Mice were sacrificed at week 4 and at week 8, with 8
animals killed each time in each group, respectively.

2.2. Oral Glucose Tolerance Test (OGTT). After fasting for
16 h, a basal blood sample was collected from the tip of the tail
ofmice (𝑡 = 0min).Thenmice fromall groupswere subjected
to an OGTT. Briefly, animals were given glucose (1 g/kg) by
gavage and blood samples were collected from the tail vein
of mice at 0, 15, 30, 60, 90, and 120 minutes after adminis-
tration for the measurement of glucose. Fasting blood glu-
cose concentration was measured with the OneTouch Basic
glucose meter (LifeScan Canada Ltd., Burnaby, BC, Canada)
and fasting plasma insulin was measured with mouse insulin
ELISA kits (Crystal Chem, Downers Grove, IL, USA).

2.3. Measurement of Urine Protein, 8-Iso-prostaglandin F2𝛼
(8-Iso-PGF2a), and Ang II in the Renal Homogenate. Mice,
one per metabolic cage, were placed for 24 h urine collection.
Urine samples from all mice were centrifuged at 12000 rpm
for 5minutes.Then, the clear supernatant fromurine samples
was collected and stored at −80∘C for further analysis. The
24-hour urinary protein was determined by Coomassie Blue
Plus Protein Assay Kit (Pierce, Rockford, IL, USA). More-
over, renal Ang II concentration was measured with Mouse
Angiotensin II Elisa Kit, which was obtained fromUSCNLife
Science, Inc. (Wuhan, Hubei, China). Furthermore, 8-iso-
PGF2a concentration in urine wasmeasured by a commercial
ELISA kit (Cayman, Ann Arbor, MI, USA).

2.4. Measurement of Reactive Oxygen Species (ROS), 8-
Hydroxy-2󸀠-deoxyguanosine (8-OHdG), Superoxide Dismu-
tase (SOD), Malondialdehyde (MDA), Catalase (CAT), and
3-Nitrotyrosine Concentration in Kidney Homogenates. After
animals were killed, the kidney was excised immediately and
placed in ice-cold RIPA buffer (CST, Beverly, MA, USA) for
homogenization using a tissue homogenizer. After centrifu-
gation, supernatant was collected and used for analysis of
generation of following parameters in kidney homogenates:
ROS level was detected by a fluorometric assay using the 2󸀠7󸀠-
dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-
Aldrich, St. Louis, MO, USA) as a fluorescence probe; the
levels of SOD, MDA, CAT, and 8-OHdG in kidney were
measured with commercial kits (Nanjing Jiancheng, Nanjing,
Jiangsu, China); and 3-nitrotyrosine, a marker for oxidative
stress in the kidney, was detected by ELISA using a commer-
cial kit (Millipore, Bedford, MA, USA).

2.5. Cell Cultures and Treatments. HK-2 cells, a line of
human renal proximal tubular epithelial cells obtained from
Bioresource Collection and Research Center (BCRC), were
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS, HyClone, South Logan, UT, USA)
and 2% antibiotics (HyClone, South Logan, UT, USA). The
medium was changed every three days. When HK-2 cells
grew to 80% confluence, they were cultured in serum-free
medium for 24 h.

To investigate the underlying mechanism of renoprotec-
tive effects of EGCG, cells were randomly divided into 4
groups: (1) untreated group, (2) Ang II group (cells were
treated with 1 𝜇MAng II), (3) Ang II + EGCG A group (cells
were first treated with 15 𝜇MEGCG for 6 h, followed by 1 𝜇M
Ang II for 24 h), and (4) Ang II + EGCG B group (cells were
first treated with 30 𝜇MEGCG for 6 h, followed by 1 𝜇MAng
II for 24 h). In addition, we also explored the role of PD98059
(ERK1/2 inhibitor, Sigma-Aldrich, St Louis, MO, USA) and
SB202190 (p38 MAPK inhibitor, Sigma-Aldrich, St Louis,
MO, USA) in Ang II mediated renal fibrosis; cells were then
divided into five groups: (1) untreated group, (2) Ang II group
(cells were treated with 1 𝜇M Ang II), (3) Ang II + PD98059
group (cells were first treated with 10mM PD98059 for 6 h,
followed by 1 𝜇M Ang II for 24 h), (4) Ang II + SB202190
group (cells were first treated with 10mM SB202190 for 6 h,
followed by 1 𝜇M Ang II for 24 h), and (5) Ang II + both
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groups (cells were first treated with 10mM SB202190 and
10mMPD98059 for 6 h, followed by 1 𝜇MAng II for 24 hAng
II).The doses of Ang II, EGCG, PD98059, and SB202190 were
based on the previous researches [23, 24].

2.6. Western Blot Analysis. All protein samples of both
kidney tissue and cultured HK-2 cells were centrifuged at
14000 rpm for 10 minutes, and the clear supernatants were
collected. Total protein concentrations in the supernatants
were determined by the BCA method. Then, the protein was
boiled at 98∘C for 5 to 10minutes and stored at −80∘C for later
analysis.

Total of 45𝜇g protein (per sample) was electrophoresed
via 10 or 12% SDS-PAGE and transferred onto nitrocellulose
membranes (Bio-Rad, CA, USA). The membranes were then
blocked with 5% nonfat milk or 5% BAS (bovine serum albu-
min) power and blocking buffer (1x Tris buffered saline and
0.1% Tween 20, Ph 7.4) at room temperature for 1 hour and
next incubated with rabbit-anti-mouse primary antibodies
overnight at 4∘C: Ang II type 1 receptor (AT-1R, 1 : 1000),
NADPH oxidase 1 (NOX-1, 1 : 1000), NOX-4 (1 : 1000), p22-
phox (1 : 1000), p47-phox (1 : 1000), extracellular regulated
protein kinases 1/2 (ERK1/2, 1 : 1000), p-ERK1/2 (1 : 1000),
p38 MAPK (1 : 1000), p-p38 MAPK (1 : 500), TGF-𝛽1 (1 : 100),
𝛼-SMA (1 : 100), and GAPDH (1 : 1000). The next day, after
washing with Tris buffered saline for three times for 30 min-
utes (changed every 10 minutes), the membranes were incu-
bated for 1 hour at room temperature with secondary anti-
bodies (horseradish peroxidase-conjugated anti-rabbit IgG,
1 : 2000). For Western blot, the primary antibodies against
AT-1R, p22-phox, p47-phox, TGF-𝛽1, 𝛼-SMA, and GAPDH
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); those against p-ERK1/2, ERK1/2, p-p38 MAPK,
p38 MAPK, and secondary antibodies were obtained from
Cell Signaling Technology, Inc. (Beverly, MA, USA); anti-
bodies against NOX1 and NOX4 were obtained from Abcam
Company (Cambridge, MA, USA). Finally, the protein bands
were visualized using SuperSignal West Femto Substrate
(Pierce, Rockford, IL, USA).

2.7. Histopathology and Immunohistochemistry of Kidney.
Histopathology and immunohistochemistry of kidney were
performed as described previously [25]. The kidney tissue
sections were kept in 4% paraformaldehyde solution and
paraffin-embedded and then were cut into 3 𝜇M thickness.
The renal pathological changes were examined by Peri-
odic Acid-Schiff (PAS) staining. The expressions of TGF-𝛽1
(1 : 100) and 𝛼-SMA (1 : 100) were evaluated by immunohisto-
chemistry.The percentage of positive staining area was quan-
tified using Image-Pro Plus 6.0 software (Media Cybernetics,
Silver Spring, MD, USA).

2.8. Statistical Analysis. The Stata 10.0 statistical software
(Stata) was used for all statistical analysis. Results were
expressed as means ± SEM. Differences among groups were
subjected to a one-way analysis of variance (ANOVA) and
𝑃 < 0.05 was considered significantly different.

3. Results

3.1. Detection of Body Weight (BW), Kidney Weight/Body
Weight (KW/BW), Fasting Plasma Glucose, and Insulin Levels
in Mice from Different Groups. Table 1 shows the changes
in BW, KW/BW, the level of glucose, and insulin level in
plasma ofmice after administration by gavagewith orwithout
EGCG. At baseline, the BW of db/db mice was higher than
normal mice. At four and eight weeks after oral administra-
tion of EGCG, the BW of db/db mice was still higher than
normalmice, and there was no significant difference in db/db
mice of each group. However, db/dbmice treated with EGCG
at 50 and 100mg/kg/d had a significantly lower KW/BW
when compared to nontreated db/db mice (𝑃 < 0.01). Com-
paredwith the normal group, the blood glucose level of db/db
mice was obviously higher, which persistently increased
during the whole study, whereas the level of fasting plasma
glucose was obviously decreased (𝑃 < 0.01) and the level of
fasting plasma insulin was significantly increased (𝑃 < 0.01)
in db/db mice treated with EGCG compared to nontreated
db/db mice (𝑃 < 0.01) after the treatment for 4 and 8
weeks.

In addition, the area under the curve (AUC) for OGTT
in db/db mice was also higher than normal group, yet the
AUCwas significantly lower in db/dbmicewith the treatment
of EGCG than nontreated db/dbmice (Figures 1(a), 1(b), 1(c),
and 1(d), 𝑃 < 0.05). Furthermore, the AUC of db/db mice
treated with EGCG at 100mg/kg/d was lower in comparison
with the group of db/db mice treated with EGCG at 50mg/
kg/d after the oral administration for 8 weeks (Figures 1(c)
and 1(d), 𝑃 < 0.05).

3.2. Changes in Urine Protein, 8-Iso-PGF2a, and Renal
Homogenate Ang II after Different Treatment. Urine collec-
tion was performed 24 h after treatment in mice and levels
of urine protein, 8-iso-PGF2a in urine, and Ang II of kidney
were summarized in Table 2. The level of 24 h urine protein
was reduced remarkably in db/db mice treated with EGCG
compared to nontreated db/db mice during 8-week period
(𝑃 < 0.05). Equally, EGCG treatment significantly decreased
the level of 8-iso-PGF2a in urine compared to the nontreated
db/dbmice (𝑃 < 0.05).The significant decrease inAng II level
in kidneywas also observed in db/dbmice treatedwithEGCG
compared to nontreated db/db mice (𝑃 < 0.05).

3.3. Changes in ROS, 8-OHdG, SOD, MDA, CAT, and 3-
Nitrotyrosine in Kidney Homogenates in Mice after Different
Treatment. We also explored the changes of several param-
eters in kidney homogenates in mice from different groups
and the results were displayed in Table 3. Compared to
the normal mice, there were significant changes (significant
increase or decrease) inROS, 8-OHdG, SOD,MDA,CAT, and
3-nitrotyrosine levels in db/db mice (𝑃 < 0.05). However,
EGCG treatment (both concentrations of 50mg/kg/d and
100mg/kg/d) could obviously ameliorate the changes in the
level of above parameters in db/db mice (𝑃 < 0.05) during
the 8-week study period.
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Table 1: Changes in BW, KW/BW, glucose, and insulin levels in mice after different treatment.

Normal Control EGCG A EGCG B
BW (g)

Baseline 25.2± 0.6 33.2± 0.8## 33.4± 1.0## 33.3± 1.1##

Week 4 31.4± 1.3 39.8± 1.4## 38.9± 1.9## 39.5± 1.7##

Week 8 35.3± 1.1 45.6± 1.2## 44.2± 1.8## 44.3± 3.1##

KW/BW (mg/g)
Baseline 3.5± 0.4 6.5± 0.2## 6.3± 0.5## 6.4± 0.4##

Week 4 3.6± 0.4 8.1± 0.3## 7.1± 0.8##∗∗ 7.3± 0.1##∗∗

Week 8 4.0± 0.6 8.4± 0.1## 7.4± 0.2##∗∗ 7.5± 0.1##∗∗

Glucose (mmol/L)
Baseline 4.9± 0.3 11.5± 0.9## 11.3± 1.1## 11.5± 1.1##

Week 4 4.5± 0.9 15.1± 0.5## 12.8± 1.0##∗∗ 12.1± 0.6##∗∗

Week 8 4.7± 0.8 17.2± 0.8## 14.4± 1.0##∗∗ 14.2± 0.7##∗∗

Insulin (ng/mL)
Baseline 3.3± 1.3 5.6± 1.4# 5.4± 1.1# 5.7± 0.8#

Week 4 3.2± 0.7 5.5± 1.1# 7.8± 0.8##∗ 8.0± 0.9##∗∗

Week 8 3.5± 1.1 5.2± 1.7# 11.2± 2.2##∗∗ 12.4± 1.6##∗∗

Note: normal, C57BLKS/J normal nontreated mice; control, C57BLKS/J db/db nontreated mice; EGCG A, db/db mice treated with EGCG of 50mg/kg/d;
EGCG B, db/db mice treated with EGCG of 100mg/kg/d; BW, body weight; KW/BW, kidney weight/body weight; glucose, fasting plasma glucose; insulin,
fasting plasma insulin; #𝑃 < 0.05 and ##

𝑃 < 0.01 versus normal; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control; values are means ± SEM. At baseline and at week
4, 𝑛 = 16 in each group; at week 8, 𝑛 = 8 in each group.

Table 2: Changes of 24-hour urinary protein, urinary 8-iso-PGF2a, and renal Ang II levels in urine 24 h after different treatment.

Normal Control EGCG A EGCG B
24-hour urinary protein (mg)

Baseline 1.2± 0.3 5.8± 0.6## 5.9± 0.9## 5.7± 1.1##

Week 4 1.1± 0.7 7.5± 0.2## 6.7± 0.1##∗∗ 6.7± 0.5##∗∗

Week 8 1.3± 0.5 11.9± 1.3## 8.8± 1.0##∗ 8.6± 1.1##∗

Urinary 8-iso-PGF2a (ng/d)
Baseline 38.5± 5.3 84.6± 8.5## 87.2± 11.3## 86.8± 12.1##

Week 4 39.8± 3.6 150.4± 11.9## 107.3± 12.1##∗∗ 110.6± 9.2##∗∗

Week 8 38.7± 4.4 176.8± 10.1## 138.5± 8.3##∗∗ 126.7± 9.5##∗∗

Renal Ang II (ng/L)
Baseline 177.6± 20.2 238.3± 14.2## 240.5± 19.8## 238.9± 16.6##

Week 4 182.4± 12.1 346.2± 22.7## 297.5± 15.5##∗ 308.9± 7.3##∗

Week 8 191.3± 23.9 405.8± 7.2## 367.4± 5.4##∗∗ 383.7± 9.6##∗

Note: normal, C57BLKS/J normal nontreated mice; control, C57BLKS/J db/db nontreated mice; EGCG A, db/db mice treated with EGCG of 50mg/kg/d;
EGCGB, db/dbmice treated with EGCG of 100mg/kg/d; urinary 8-iso-PGF2a, urinary 8-iso-prostaglandin F2𝛼; Ang II: the renal angiotensin II concentration;
##
𝑃 < 0.01 versus normal; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control; values are means ± SEM. At baseline and at week 4, 𝑛 = 16 in each group; at week 8,
𝑛 = 8 in each group.

3.4. Changes in Expression of AT-1R, TGF-𝛽1, p22-phox, and
p47-phox in Kidney Tissue in Mice after Different Treatment.
As shown in Table 2, the renal Ang II level was increased in
mice after treatment with EGCG.Moreover, we also explored
the effects of EGCG on AT-1R, which is the receptor of Ang
II. Following our results, the level of AT-1R was significantly
downregulated inmice after oral administration of EGCG for
4 and 8 weeks (Figures 2(a) and 2(c), 𝑃 < 0.01). Therefore,
EGCG may play a role similar to Ang II type 1 receptor
blocker. Likewise, the protein expression level of TGF-𝛽1 in
renal tissue was also obviously downregulated after treatment
of EGCG (Figures 2(a) and 2(b), 𝑃 < 0.01).

Hyperglycemia-induced oxidative stress plays an impor-
tant role in the procession and development of DKD,
which was confirmed by Western blot analysis in our study.
Compared with the normal group, p22-phox and p47-phox
(both were NADPH oxidase subunits) were upregulated in
nontreated db/db mice, while EGCG treatment significantly
reduced the protein expression of p22-phox and p47-phox in
db/db mice (Figures 3(a), 3(b), and 3(c), 𝑃 < 0.05).

3.5. Changes in the Expression of MAPK Signaling Pathway.
Given that the oxidative stress may activate the MAPK cas-
cade, we explored the changes in expression of p-ERK1/2 and
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Figure 1: Glucose metabolic profile in db/db mice versus control mice. Diabetic db/db mice were treated with or without EGCG for 4 or 8
weeks, and OGTT (glucose, 1 g/kg) were performed. Glucose concentrations (a and c) and the AUC of OGTT (b and d) were shown. Normal:
nontreated C57BL mice; control: C57BLKS/J db/db nontreated mice; EGCG A, db/db mice treated with EGCG of 50mg/kg/d; EGCG B,
db/db mice treated with EGCG of 100mg/kg/d; values are means ± SEM. ##𝑃 < 0.01 versus normal; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control;
&
𝑃 < 0.05 versus EGCG A. At week 4, 𝑛 = 16 in each group; at week 8, 𝑛 = 8 in each group.

p-p38MAPK (both are importantmembers ofMAPK family)
in kidney tissue in mice after EGCG treatment (Figure 4(a)).
In this study, we found that the protein expressions of p-
ERK1/2 and p-p38 MAPK were obviously increased in non-
treated db/db mice compared to those in the kidney tissue in
normal mice, and both of them were significantly reduced in
mice after treatment of EGCG (Figures 4(b) and 4(c), 𝑃 <
0.05).

3.6. EGCG Ameliorated Renal Damage and Fibrosis in db/db
Mice. The renoprotective effects of EGCG in ameliorating
renal damage and fibrosis were investigated by PAS and
immunohistochemical staining (Figures 5(a), 5(b), and 5(c)).
Compared to the normal mice, there was an increase of
glomerular volume and mesangial matrix expansion, and

EGCG treatment could attenuate these histological changes
in db/db mice confirmed by PAS staining (Figure 5(a)).
Results from statistical analysis indicated that EGCG could
significantly reduce mesangial matrix index in db/db mice
(Figure 5(d), 𝑃 < 0.05). Additionally, the expression levels of
TGF-𝛽1 and 𝛼-SMA, which were associated with the devel-
opment of fibrosis, were significantly downregulated after
EGCG treatment in db/db mice compared to those in non-
treated mice (Figures 5(b), 5(c), and 5(e), 𝑃 < 0.05).

3.7. Effects of EGCG on Ang II Induced Renal Kidney Injury in
HK-2 Cells. To explore the underlying mechanism of EGCG
in renoprotection, we investigated the role of EGCG in Ang
II mediated renal injury pathway in HK-2 cells. Following
our results in Figure 6, after intervention with EGCG, the
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Figure 2: The protein expressions of AT-1R (b) and TGF-𝛽1 (c) in renal tissue of mice detected by Western blot. Normal: nontreated C57BL
mice; control: C57BLKS/J db/db nontreated mice; EGCGA, db/db mice treated with EGCG of 50mg/kg/d; EGCG B, db/db mice treated with
EGCG of 100mg/kg/d; values are means ± SEM. ∗∗𝑃 < 0.01 versus control. At both week 4 and week 8, 𝑛 = 8 in each group.

increased expression ofNOX-1 (Figures 6(a) and 6(b)), NOX-
4 (Figures 6(a) and 6(b)), p22-phox (Figures 6(a) and 6(c)),
p47-phox (Figures 6(a) and 6(c)), p-ERK1/2 (Figures 6(a) and
6(d)), p-P38MAPK (Figures 6(a) and 6(e)), TGF-𝛽1 (Figures
6(a) and 6(f)), and 𝛼-SMA (Figures 6(a) and 6(f)) induced
by Ang II was significantly downregulated (𝑃 < 0.05). We
also explored the role of PD98059 and SB202190 in Ang
II mediated renal fibrosis. Based on our results, PD98059
and SB202190 can significantly decrease the expression of p-
ERK1/2 (Figures 7(a) and 7(b)), p-P38 MAPK (Figures 7(a)
and 7(c)), TGF-𝛽1 (Figures 7(a) and 7(d)), and 𝛼-SMA (Fig-
ures 7(a) and 7(e)) even in the presence of Ang II (𝑃 < 0.05).
Hence, EGCG is supposed to play a role in Ang II induced
renal injury similar to PD98059 and SB202190.

4. Discussion

In this study, we founded that EGCG treatment at 50 or
100mg/kg/d for 4 and 8 weeks could decrease the level of
plasma glucose and also increase the level of plasma insulin

in db/db mice. Moreover, 24 h urinary protein, 8-iso-PGF2a,
and renal Ang II levels were also reduced by EGCG treatment.
EGCG could also change the level of several parameters
in renal homogenate including ROS, 8-OHdG, SOD, MDA,
CAT, and 3-nitrotyrosine in db/db mice. In addition, EGCG
treatment at dose of 50 and 100mg/kg/d could also down-
regulate the expression of several factors involved in the sig-
naling pathways activated by ROS production, including AT-
1R, p22-phox, p47-phox, p-ERK1/2, p-p38 MAPK, TGF-𝛽1,
and 𝛼-SMA.Meanwhile, the pathological changes in diabetic
db/db mice such as renal injury and fibrosis could be also
ameliorated after EGCG treatment. Thus, we supposed that
EGCG, a constituent of green tea, had beneficial effects on
the kidney of diabetic db/db mice.

To date, numerous studies have suggested that oxidative
stress can lead to kidney injury and accelerate the procession
and development of DKD [2, 4–6]. Oxidative stress of DKD
is mainly derived from hyperglycemia. Hence, controlling
hyperglycemia is supposed to be an effective approach to slow
the procession and development of DKD. Previous studies
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Figure 3: The protein expressions of p22-phox (b) and p47-phox (c) in renal tissue of mice detected by Western blot. Normal: nontreated
C57BL mice; control: C57BLKS/J db/db nontreated mice; EGCG A, db/db mice treated with EGCG of 50mg/kg/d; EGCG B, db/db mice
treated with EGCG of 100mg/kg/d; values are means ± SEM. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control. At both week 4 and week 8, 𝑛 = 8 in
each group.

have shown that EGCG has antihyperglycemia effect [16,
19, 26]. However, results from our study demonstrated that
EGCG plays a role in regulating glycol metabolism. The
level of fasting plasma glucose was decreased and the level
of fasting plasma insulin was increased in db/db mice after
treatment of EGCG. Furthermore, the AUC was significantly
lower in db/db mice treated with EGCG compared to non-
treated db/db mice. Interestingly, all these beneficial effects
of EGCG were not obviously dose-dependent. On the other
hand, there was no significant difference between the doses
of 50mg/kg/d and 100mg/kg/d.

ROS production is a major process of oxidative stress,
which has been shown to participate inDKD through various
mechanisms, such as stimulating the expression of Ang
II, inducing the production of TGF-𝛽1 and 𝛼-SMA, and
activating the MAPK cascade [7–11].

DKD is once considered to be caused by combined effects
of hemodynamic changes and metabolic factors. This theory
cannot clearly elucidate the pathogenesis of DKD, while

hemodynamic factors are supposed to play an important role
in the development of DKD [27, 28] learning from it. As
described previously, the hemodynamic changes in kidney
are related to the progression of DKD, and ROS takes part in
these changes of renal hemodynamics in diabetic conditions,
which stimulates the expression of renin angiotensin system
(RAS) [27, 29, 30]. ROS-induced activation of Ang II, a
crucial component of RAS, is able to increase intraglomerular
pressure and activate the intracellular second messengers,
which eventually results in the upregulation of urinary
protein and renal fibrosis [31]. In addition, the increased level
of Ang II accelerates the production of ROS [7]. AT-1R, the
important receptor of Ang II, has been shown to play a sig-
nificant role in increasing the urinary protein level [32]. It has
been reported that, in diabetic conditions, there is a vicious
circle: ROS-angiotensinogen-Ang II-AT-1R-ROS [33]. More-
over, studies have confirmed that AT-1R blocker remarkably
alleviated the level of urinary protein of DKD patients [33].
Based on the results fromour study, EGCGnot only obviously
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Figure 4:The protein expression of p-ERK1/2 (b) and p-P38 MAPK (c) in renal tissue of mice detected byWestern blot. Normal: nontreated
C57BL mice; control: C57BLKS/J db/db nontreated mice; EGCG A, db/db mice treated with EGCG of 50mg/kg/d; EGCG B, db/db mice
treated with EGCG of 100mg/kg/d; values are means ± SEM. ∗∗𝑃 < 0.01 versus control. At both week 4 and week 8, 𝑛 = 8 in each group.

inhibited the level of ROS-induced Ang II expression in the
renal homogenate but also significantly suppressed the pro-
tein expression of AT-1R. The effect of EGCG on AT-1R has
been reported in only two studies. One study indicated that
EGCG significantly reduced the expression of AT-1R mRNA
in the liver of SHRSP-ZF rats [34], and the other demon-
strated that EGCG could restore AT-1R mRNA expression
to normal level which was decreased by Ang II stimulation
in rat cardiac fibroblasts. In this study, it was the first time
to show that EGCG decreased the protein expression of AT-
1R in renal tissues of DKD [35]. Hence, EGCG may function
as an AT-1R blocker. Further study should be performed to
compare the effects of EGCGwith olmesartan (AT-1R specific
blocker) on kidney pathological changes in db/db mice.

Oxidative stress is considered the major culprit in kid-
ney tissues. NADPH oxidase is abundantly distributed in

mesangial cells, and renal tubular cells are also the targeted
cells of ROS. ROS can induce the apoptosis of bothmesangial
cells and tubular cells in kidney, leading to pathological
changes, eventually causing glomerular sclerosis and tubule-
interstitial fibrosis. Studies have demonstrated that a major
source for generation of ROS is NADPH oxidase in high-
glucose conditions [5, 6, 13–15]. It has been reported that
NADPH oxidase inhibitor can effectively inhibit the gener-
ation of ROS and delay the progression of DKD in the type 2
diabetic rat model [13]. In this study, our data demonstrated
that the protein expression levels of p22-phox and p47-phox
were significantly decreased in db/db mice after EGCG treat-
ment. Similarly, the pathological changes in kidney were alle-
viated in mice after the oral administration with EGCG. Fur-
thermore, the levels of 24 h urinary protein and 8-iso-PGF2a
and renal Ang II were also reduced with the treatment of



Oxidative Medicine and Cellular Longevity 9

PA
S

Normal Control EGCG A EGCG B

(a)

TG
F-

𝛽
1

Normal Control EGCG A EGCG B

(b)

𝛼
-S

M
A

Normal Control EGCG A EGCG B

(c)

0

5

10

15

20

25

M
es

an
gi

al
 m

at
rix

 in
de

x 
(%

)

Normal Control EGCG A EGCG B

∗∗

∗

(d)

TGF-𝛽1 𝛼-SMA
0

1

2

3

M
ea

n 
de

ns
ity

 (I
O

D
/a

re
a)

∗∗
∗∗

∗
∗

Normal

Control

EGCG A

EGCG B

(e)

Figure 5: Effect of EGCG on renal pathological changes and fibrosis. Renal pathological changes were examined by PAS staining (a and d).
The protein expression levels of TGF-𝛽1 and 𝛼-SMA were evaluated by immunohistochemistry (b, c, and e). Scale bar: 50𝜇m; 𝑛 = 8 in each
group. Normal: nontreated C57BLmice; control: C57BLKS/J db/db nontreatedmice; EGCGA, db/dbmice treated with EGCG of 50mg/kg/d;
EGCG B, db/db mice treated with EGCG of 100mg/kg/d; values are means ± SEM. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control.

EGCG. Considering these results, EGCG exerts antioxidant
effect in DKD of db/db mice. However, some other stud-
ies show that EGCG has the ability to exert prooxidative
activities [20, 21]. These discrepancies may be caused by the
different mechanism of EGCG involved in different diseases.
It is well known that molecules play different roles, even
totally opposite roles, in different cells or tissues. EGCG may

have prooxidative activities in other diseases, while it shows
an antioxidative effect in renal injury.

Oxidative stress-induced inflammatory response is a
major pathomechanism of DKD. Moreover, the increase of
inflammatory cytokine levels under high glucose conditions
in return could induce a further increase of oxidative stress
forming a vicious cycle [36]. It has been reported that
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Figure 6: The protein expression of NOX-1 and NOX-4 (b), p22-phox and p47-phox (c), p-ERK1/2 (d), p-P38 MAPK (e), and TGF-𝛽1 and
𝛼-SMA (f) of HK-2 cell after exposure to Ang II and EGCG detected by Western blot analyses. HK-2 cells were pretreated with 15 or 30𝜇M
of EGCG for 6 h and then stimulated with Ang II (1𝜇M) for 24 hours. Values are means ± SEM. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control.

oxidative stress is a major contributor to the increase of
TGF-𝛽1 and 𝛼-SMA in DKD through direct or indirect
ways [9, 36]. Both TGF-𝛽1 and 𝛼-SMA are hypertrophic and
fibrogenic cytokines which play a major role in glomerular
hypertrophy andmesangial matrix expansion and finally lead

to end-stage renal disease [36]. In addition, NADPH oxidase
inhibitor effectively decreases TGF-𝛽1 and 𝛼-SMA levels [37].
Furthermore, MAPK signaling pathways can be activated
by ROS and participate in regulation of the inflammatory
cytokines and processes [11]. It has been reported that ERK1/2
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Figure 7: The protein expression of p-ERK1/2 (b), p-P38 MAPK (c), TGF-𝛽1 (d), and 𝛼-SMA (e) of HK-2 cell after exposure to Ang II,
PD98059, and SB202190. HK-2 cells were pretreated with PD98059 (ERK1/2 inhibitor) and/or SB202190 (p38 MAPK inhibitor) (all 10mM)
for 6 h and then stimulated with Ang II (1𝜇M) for 24 hours. Values are means ± SEM. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control.

and p38 MAPK, members of MAPK family, are crucial to
mediate cellular responses such as inducing the proliferation,
differentiation, and apoptosis of kidney cells and activating
inflammatory processes [11, 33]. Therefore, TGF-𝛽1, 𝛼-SMA,
and MAPK signaling pathways which are stimulated by ROS
are closely associated with the development of DKD. In
this study, the db/db nontreated mice displayed obviously

increased protein expression levels of p-ERK1/2 and p-p38
MAPK confirmed by Western blot and levels of TGF-𝛽1 and
𝛼-SMA determined by immunohistochemistry compared to
normal group. On the other hand, the increase levels of
TGF-𝛽1, 𝛼-SMA, p-ERK1/2, and p-p38MAPKwere inhibited
by EGCG in diabetic conditions. Furthermore, in order
to further explore the underlying molecular mechanism of
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Table 3: Changes in ROS, 8-OHdG, SOD, MDA, CAT, and 3-nitrotyrosine in kidney homogenates in mice after different treatment.

Normal Control EGCG A EGCG B
ROS (U/mL)

Baseline 201.4± 17.5 279.1± 17.8## 280.4± 20.7## 277.6± 23.2##

Week 4 203.9± 10.7 372.2± 20.2## 316.3± 18.1##∗∗ 304.5± 23.5##∗∗

Week 8 218.4± 15.5 489.9± 20.3## 375.8± 21.4##∗∗ 352.6± 19.1##∗∗

8-OHdG (pg/mg protein)
Baseline 810.7± 32.6 958.3± 32.5## 975.2± 30.6## 969.2± 22.3##

Week 4 816.7± 35.4 1398.2± 33.7## 1179.5± 28.4##∗ 1163.6± 34.5##∗∗

Week 8 823.1± 30.4 1757.8± 21.9## 1474.5± 25.3##∗∗ 1365.3± 28.6##∗∗

SOD (U/mg protein)
Baseline 60.8± 4.8 49.3± 7.1# 50.4± 5.5# 49.9± 6.2#

Week 4 61.3± 7.1 34.2± 7.2## 43.5± 3.5#∗ 44.9± 4.3#∗

Week 8 59.1± 5.2 30.4± 4.7## 38.6± 6.4#∗∗ 41.4± 3.6#∗∗

MDA (nM/mg protein)
Baseline 14.6± 4.4 16.8± 3.3# 16.4± 3.7# 16.7± 5.6#

Week 4 15.3± 3.7 23.6± 3.5# 19.8± 1.6#∗ 18.5± 4.3#∗∗

Week 8 15.7± 1.2 28.7± 4.1# 22.6± 2.9#∗ 21.2± 5.3#∗

CAT (U/mg protein)
Baseline 26.2± 2.2 23.0± 1.4# 23.3± 2.3# 23.1± 2.8#

Week 4 26.4± 1.2 15.9± 2.9## 21.5± 1.7#∗∗ 21.3± 2.1#∗∗

Week 8 25.1± 1.8 13.6± 2.7## 17.4± 1.5#∗ 18.3± 2.4#∗∗

3-nitrotyrosine (𝜇g/mL)
Baseline 18.7± 2.8 20.4± 1.1# 20.3± 1.0# 21.1± 2.4#

Week 4 18.5± 2.6 29.5± 3.3## 24.8± 0.9#∗ 22.3± 1.8#∗

Week 8 20.4± 3.1 36.7± 2.8## 30.2± 1.5#∗ 31.4± 2.7#∗

Note: normal, C57BLKS/J normal nontreatedmice; control, C57BLKS/J db/db nontreatedmice; EGCGA, db/dbmice treated with EGCGof 50mg/kg/d; EGCG
B, db/db mice treated with EGCG of 100mg/kg/d; ROS, reactive oxygen species; 8-OHdG, 8-hydroxy-2󸀠-deoxyguanosine; SOD, superoxide dismutase; CAT,
catalase; MDA, malondialdehyde. #𝑃 < 0.05 and ##

𝑃 < 0.01 versus normal; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus control; values are means ± SEM. At baseline
and at week 4, 𝑛 = 16 in each group; at week 8, 𝑛 = 8 in each group.

renoprotective effects of EGCG, we performed a cell-based
study in HK-2 cells. Based on our results, EGCG could
downregulate the expression of several factors involved in
Ang II mediated oxidative stress in kidney including NOX-1,
NOX-4, p22-phox, p47-phox, p-ERK1/2, p-P38MAPK, TGF-
𝛽1, and 𝛼-SMA. EGCG is supposed to play a role in Ang II
induced renal injury similar to PD98059 and SB202190, both
of which are blockers of downstream molecules of Ang II
pathway.

Considering the effects of EGCG in Ang II mediated
oxidative stress in DKD in our study, we plotted a diagram
elucidating the possible function of EGCG inAng II regulated
pathways, as shown in Figure 8. The renoprotective effects of
EGCGmight be realized by two pathways: one is functioning
as a NADPH oxidase inhibitor, directly suppressing the pro-
duction of ROS, and the other is inhibiting the expression of
downstream molecules of Ang II mediated pathway, directly
downregulating the production of effectors for renal fibrosis.
Other possible mechanisms of EGCG such as function as an
AT-1R blocker should be explored in further studies.

In summary, our results suggested that EGCG has
renoprotective effects in diabetic db/db mice through dis-
turbing Ang II mediated oxidative stress. These effects of
EGCG are realized by several mechanisms including directly

Ang II

AT-1R

NADPH oxidase

EGCG

ROS

PD98059 ERK1/2 p38MAPK SB202190

Renal fibrosis TGF-𝛽1, 𝛼-SMA

(NOX-1, NOX-4, p22-phox, p47-phox)

Figure 8:Diagramof the underlyingmechanisms of EGCGdisturb-
ing Ang II induced oxidative stress and renal fibrosis.

suppressing the activity of NADPH oxidase and inhibiting
MAPK cascade involved in Ang II pathway.
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Fibroblasts are essential for tissue repair due to producing collagens, and lysosomal proteinase cathepsin B (CatB) is involved in
promoting chronic inflammation. We herein report that CatB regulates the expression of collagens III and IV by fibroblasts in
response to a TLR2 agonist, lipopolysaccharide from Porphyromonas gingivalis (P.g. LPS). In cultured human BJ fibroblasts, mRNA
expression of CatB was significantly increased, while that of collagens III and IV was significantly decreased at 24 h after challenge
with P.g. LPS (1 𝜇g/mL).The P.g. LPS-decreased collagen expression was completely inhibited by CA-074Me, the specific inhibitor of
CatB. Surprisingly, expression of collagens III and IVwas significantly increased in the primary fibroblasts fromCatB-deficientmice
after challenge with P.g. LPS. The increase of CatB was accompanied with an increase of 8-hydroxy-2󸀠-deoxyguanosine (8-OHdG)
and a decrease of I𝜅B𝛼. Furthermore, the P.g. LPS-increased 8-OHdG and decreased I𝜅B𝛼 were restored by CA-074Me. Moreover,
87% of CatB and 86% of 8-OHdG were colocalized with gingival fibroblasts of chronic periodontitis patients. The findings indicate
the critical role of CatB in regulating the expression of collagens III and IV by fibroblasts via prolonging TLR2/NF-𝜅B activation
and oxidative stress. CatB-specific inhibitors may therefore improve chronic inflammation-delayed tissue repair.

1. Introduction

Fibroblasts are essential for tissue repair due to their activity
in producing collagens. Collagen can be divided into fibrillar
and nonfibrillar families. Collagens I and III, the major
fibrillar collagens in connective tissues, play important roles
in tissue repair [1]. In particular, collagen III is suggested to
regulate collagen I synthesis [2], as a higher ratio of collagen
III to collagen I is associated with scarless wound healing
in mammal models [3, 4], and collagen III-deficient mice
exhibit more pronouncedwound contracture than those with
collagen III [5]. However, the expression of collagen III is
regulated by the activity of local fibroblasts [6]. Collagen IV, a
nonfibrillar collagen, is a major component of the basement
membrane (BM) [7, 8]. Recently, collagen IV has been shown
to participate in the innate immune response by regulating
cellular adhesion and migration [9], and Col4a1 (the human

collagen IV gene) mutation-associated phenotypic features
include chronic inflammation and immune activation [10–
12].

Toll-like receptors (TLRs), which are expressed in fibrob-
lasts [13, 14], have been observed to modulate tissue repair
during chronic inflammation [15–17]. Furthermore, nuclear
factor kappa B (NF-𝜅B), the key transcription factor of TLR
signaling, has been shown to inhibit collagen I gene expres-
sion directly [18] and mediate oxidative stress-decreased
collagen biosynthesis [19].

Cathepsin B (CatB; EC 3.4.22.1), a typical cysteine lysoso-
mal protease, promotes inflammation involved in the produc-
tion of mature IL-1𝛽 [20–23]. CatB was recently found to be
responsible for NF-𝜅B activation through autophagy degra-
dation of inhibitor of 𝜅B𝛼 (I𝜅B𝛼) in microglia/macrophages
[24]. Naturally, as a protease, CatB degrades collagens in
fibroblasts [25], but the role of CatB in regulating collagen
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expression by fibroblasts during chronic inflammation is still
unknown.

In the present study, we aimed to elucidate the involve-
ment of CatB in the expression of collagens III and IV by
fibroblasts after challenge with a TLR2 agonist, lipopolysac-
charide from Porphyromonas gingivalis (P.g. LPS).

2. Materials and Methods

2.1. Reagents. P.g. LPS was purchased from InvivoGen (San
Diego, CA, USA). Bay 11-7082 and SN50, the specific NF-
𝜅B inhibitors, were purchased from Sigma-Aldrich (St. Louis,
MO, USA). CA-074Me, the specific CatB inhibitor, was
purchased from Peptide Institute. Inc. (Osaka, Japan). Mouse
anti-8-OHdG (N213120) was purchased from NOF Corpo-
ration (Kyoto, Japan). Antibodies of rabbit anti-fibronectin
(H-300), goat anti-CatB (S-12), and rabbit anti-I𝜅B𝛼 were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Mouse anti-TLR2 (T 2.5) was purchased from
eBioscience (San Diego, CA, USA). Mouse anti-Collagen
III (Col-29) and mouse anti-Collagen IV (COL-94) were
purchased from Abcam (Cambridge, UK).

2.2. Tissue Preparation from Periodontitis Patients. The gin-
gival tissues were obtained from patients with periodontal
surgery or extraction. The periodontal diagnosis of subjects
with chronic periodontitis was established based on the clini-
cal and radiographic criteria defined at the 1999 International
World Workshop for a Classification of Periodontal Diseases
and Conditions [26].The samples included 7 cases diagnosed
as chronic periodontitis (36–60 years of age, 3 males and
4 females), which were obtained from the Periodontology
Department of the School of Stomatology, Jilin University.
After periodontal surgery, the excised gingival specimens
were immediately placed in liquid nitrogen and subsequently
frozen at −80∘C until use in experiments.

The gingival samples were immersed in a periodate lysine
paraformaldehyde (PLP) fixative consisting of 0.01M sodium
metaperiodate, 0.075M L-lysine-HCL, 4% paraformalde-
hyde, and 0.03% phosphate buffer (pH 6.2) for 6 h at 4∘C.
The specimens were protected for 2 days in 30% sucrose in
phosphate-buffered saline (PBS) and then embedded in an
optimal cutting temperature compound (Sakura Finetech-
nical Co., Ltd., Tokyo, Japan). The coronal frozen sections
(thickness of 8𝜇m)were subjected to the immunohistochem-
ical analyses.

2.3. BJ Human Fibroblast Cell Line Culture. BJ (CRL-2522)
cells purchased from ATCC (Manassas, VA, USA) were
cultured in Minimum Essential Medium (MEM; GIBCO,
Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS, GIBCO), 1% penicillin-streptomycin, 10 𝜇g/mL
insulin, and 450mg/mL glucose. The cells were cultured at
37∘C in a humidified atmosphere with 5% CO

2
.

2.4. Primary CatB-Deficient (CatB−/−) Fibroblast Culture.
Three-day-old CatB−/− mice were sacrificed using an exces-
sive amount of ether. The skin tissue was removed and
immediately washed first in alcohol (75%) and then in PBS.

The tissue was then cut and transferred into a 6-well plate.
The fibroblasts were grown in MEM supplemented with
10% FBS, 1% penicillin-streptomycin, 10 𝜇g/mL insulin, and
450mg/mL glucose in a humidified atmosphere with 5%CO

2

at 37∘C.Themediumwas changed after five days, and then the
cells were cultivated with culture medium in a new plate.The
experiments were performed using early passage fibroblasts
before the second passage.

2.5. Determination of Cell Viability. BJ cells were cultured in
a 96-well plate for 24 h (5 × 103 cells/well) and then incubated
with various concentrations of P.g. LPS for 48 h. Cell viability
was assessed using the cell-counting kit-8 (CCK-8; Dojindo,
Kumamoto, Japan) in accordance with the manufacturer’s
instructions, as follows: After the treatment of P.g. LPS, 10 𝜇L
CCK-8 was added to each well of the 96-well plate and then
incubated at 37∘C for 2 h. In accordancewith the instructions,
the optical density was read at a wavelength of 450 nm using
the microplate reader. Cell viability was calculated using the
following formula: optical density of treated group/control
group × 100%.

2.6. Immunofluorescence Imaging. The coronal frozen sec-
tions of periodontitis tissues were incubated with antibody
diluent overnight at 4∘C.The sections were then treated with
primary rabbit anti-fibronectin (H-300, 1 : 1000), mouse anti-
8-OHdG (N213120, 1 : 1000), goat anti-CatB (S-12, 1 : 1000),
and mouse anti-TLR2 (T 2.5, 1 : 1000) for 12 h at 4∘C. After
washingwith PBS, the sectionswere incubatedwith amixture
of FITC-conjugated and rhodamine-conjugated secondary
antibodies for 2 h at 24∘C. The sections were then washed
again with PBS and mounted in Vectashield antifading
medium (Vector Laboratory, CA, USA) and examined using
a confocal laser scanning microscope (CLSM, C2si, Nikon,
Japan). The CLSM images of individual sections were taken
as a stack at a 1-𝜇m step size in the 𝑧-direction with 20x
objectives (numerical aperture = 0.5), zoom factor 1.0. A
rectangle (1024 × 1024 pixels) corresponding to the size of 450
× 450𝜇mwas used as the counting frame.The CLSM images
were shown as the middle of the stacked images.

For the cultured BJ fibroblasts staining, the cells were
seeded at 5 × 105 cells/mL in 24-well plates. 48 h after P.g.
LPS (1 𝜇g/mL) challenge or pretreatmentwithCA-074Me, the
cells were fixed with 4% paraformaldehyde and then incu-
bated with the mouse anti-p65 (1 : 500) and mouse anti-8-
OHdG (1 : 1000) overnight at 4∘C. After being incubated with
anti-mouseAlexa 488 (1 : 1000, Jackson Immunoresearch Lab.
Inc.) at room temperature for 2 h, they were then incubated
with Hoechst (1 : 200, Sigma-Aldrich, Japan) and mounted
in the antifading medium Vectashield. Fluorescence images
were taken using a CLSM (C2si, Nikon, Japan).

2.7. Real-Time Quantitative Polymerase Chain Reaction Anal-
ysis (RT-qPCR). BJ cells were treated with P.g. LPS (1 𝜇g/mL)
for 3, 12, 24, and 48 h; primary CatB−/− fibroblast cells and
primary wild type fibroblasts were treated with P.g. LPS
(1 𝜇g/mL) for 24 and 48 h. After treatment, the cells were
collected. A set of the BJ cells was pretreated with Bay 11-7082
(20𝜇M, [27]), CA-074Me (50𝜇M, [22]), or SN50 (20𝜇M) for
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1 h and then treated with P.g. LPS (1 𝜇g/mL), incubated for 48
h, and harvested.

mRNA isolated from these cells was subjected to RT-
qPCR. The total RNA was extracted with the Purelink RNA
microkit (Invitrogen, Tokyo, Japan) in accordance with the
manufacturer’s instructions. A total of 1000 ng of extracted
RNAwas reverse transcribed to cDNAusing theHighCapac-
ity RNA-to-cDNA Master Mix (Applied Biosystems, Foster
City, CA, USA). The thermal cycling was held at 95∘C for
5min, followed by 40 cycles at 95∘C for 5 sec and at 60∘C for
10 sec. The cDNA was amplified in duplicate using TaqMan
Universal PCR Master Mix (Applied Biosystems) with an
Applied Biosystems 7500/7500 Fast Real-Time PCR System.
The data were evaluated using the 7500 software program
(version 2.0, AppliedBiosystems).Theprimer sequences used
were as follows: HumanActin: 5󸀠-AGAGCTACGAGCTGC
CTG AC-3󸀠 and 5󸀠-AGC ACT GTG TTG GCG TAC AG-
3󸀠; Human TLR2: 5󸀠-GCC AAA GTC TTG ATT GAT TGG-
3󸀠 and 5󸀠-TTG AAG TTC TCC AGC TCC TG-3󸀠; Human
Collagen III: 5󸀠-TGG TGT TGG AGC CGC TGC CA-3󸀠 and
5󸀠-CTC AGC ACT AGA ATC TGT CC-3󸀠; Human Collagen
IV: 5󸀠-ATG TCA ATG GCA CCC ATC AC-3󸀠 and 5󸀠-CTT
CAA GGT GGA CGG CGT AG-3󸀠; Human CatB: 5󸀠-TGA
CGT GTT GGT ACA CTC CTG-3󸀠 and 5󸀠-TGG AGG GAG
CTTTCTCTGTG-3󸀠;MouseActin: 5󸀠-CAATAGTGATGA
CCT GGC CGT-3󸀠 and 5󸀠-AGA GGG AAA TCG TGC GTG
AC-3󸀠; Mouse Collagen III: 5󸀠-CCA GCT GGG CCT TTG
ATA CCT-3󸀠 and 5󸀠-TGC CCA CAG CCT TCT ACA CCT-
3󸀠; and Mouse Collagen IV: 5󸀠-AGG CAG GTC AAG TTC
TAG CG-3󸀠 and 5󸀠-CAA GCA TAG TGG TCC GAG TC-3󸀠.
For data normalization, an endogenous control (actin) was
assessed to control for the cDNA input, and the relative units
were calculated by a comparative Ct method. All of the RT-
qPCR experiments were repeated three times, and the results
are presented as the means of the ratios ± the standard error
of the mean (SEM).

2.8. Electrophoresis and Immunoblotting. BJ cells were cul-
tured in the 6-well plate at a density of 5 × 105 cells/mL. After
treatment with P.g. LPS (1 𝜇g/mL) for 12, 24, and 48 h, the
cells were collected for experiments. A set of the BJ cells was
pretreated with CA-074Me (50𝜇M) for 1 h, and then P.g. LPS
(1 𝜇g/mL) was added to the medium. The cells continued to
be cultured for 48 h and were then harvested.

The cells were electrophoresed in 7.5% or 12% SDS-
polyacrylamide gels, and the proteins on the SDS gels were
transferred electrophoretically to nitrocellulose membranes,
which were washed with PBS and then blocked for 1 h. The
membraneswere incubatedwith one of the following primary
antibodies overnight at 4∘C: rabbit anti-I𝜅B𝛼 (1 : 1000),mouse
anti-TLR2 (1 : 1000), rabbit anti-collagen III (1 : 500), rabbit
anti-collagen IV (1 : 500) or goat anti-CatB (1 : 1000). After
washing the membranes with PBS, the membranes were
incubated with horseradish peroxidase- (HRP-) labeled anti-
rabbit (1 : 1000, GE Healthcare, UK), anti-mouse (1 : 1000,
GE Healthcare, UK), or anti-goat (1 : 1000, GE Healthcare,
UK) antibodies for 2 h at 24∘C, and then the protein bands
were detected by an enhanced chemiluminescence detection
system (ECK kit, Thermo Scientific, Rockford, IL, USA)

using an image analyzer (LAS-4000; Fuji Photo Film, Tokyo,
Japan).

2.9. 8-OHdG Assay. BJ cells were cultured in the 10 cm dish
at a density of 5 × 105 cells/mL. After the cells adhering to
the bottom of the dish, P.g. LPS (1 𝜇g/mL) was treated or
pretreated with CA-074Me (50𝜇M) for 1 h. After 48 h, the
cells were collected and subjected to DNA extraction byDNA
Extractor TIS Kit (Wako, Osaka, Japan) according to the
manufacturer’s protocol. The extracted DNA were calcu-
lated and prepared according to 8-OHdG Assay Preparation
Reagent Set (Wako, Osaka, Japan), 200𝜇g/150 𝜇L of each
sample were heated at 98∘C for 2min. After chill in ice for
5min, the samples were incubated with 19 𝜇L acetic buffer
and 10 𝜇L of nuclease P1 solution at 37∘C for 30min. 20𝜇L
of Tris buffer and 1 𝜇L of Alkaline Phosphatase solution were
added and incubated at 37∘C for 30min. Then, the samples
were subjected to 8-OHdG ELISA kit (High sensitive-8-
OHdG check; Japan Institute for the Control of Aging,
Fukuroi, Japan) following the manufacturer’s protocol.

2.10. Data Analysis. The data are represented as the means
± SEM. The statistical analyses were performed using a one-
or two-way analysis of variance (ANOVA) with a post hoc
Tukey’s test using the GraphPad Prism software package
(GraphPad Software Inc., San Diego, CA, USA). A value of
𝑃 < 0.05 was considered to indicate statistical significance.

3. Results

3.1.The Expression of CatB as well as Collagen III and Collagen
IV after P.g. LPS Challenge. First, we examined the suitable
concentrations ofP.g.LPS for challenging the cultured human
BJ fibroblasts. The cell viability of BJ fibroblasts decreased
significantly at 48 h after challenge with 1000 𝜇g/mL P.g. LPS
(Figure 1(a)). We therefore decided to use the concentration
of P.g. LPS at 1 𝜇g/mL in subsequent experiments, which was
one-thousandth of the concentration that reduced the cell
viability for the time course of the experiments.

During the time courses (3, 12, 24, and 48 h) challenged
with P.g. LPS (1 𝜇g/mL), the mean mRNA expression of CatB
was significantly increased at 24 and 48 h (the late culture
periods) but not at 3 or 12 h (the early culture periods) com-
pared with the unchallenged cells (Figure 1(b)). In contrast,
the mean mRNA expression of collagens III and IV was
significantly increased at 3 and 12 h but was significantly
decreased at 24 and 48 h after challenge with P.g. LPS
compared with the unchallenged cells (Figures 1(c) and 1(d)).
These observations provided the first evidence for a negative
link between CatB and collagens III and IV during chronic
activation of TLR2 signaling.

3.2.The Regulation of Collagens III and IV Expression by CatB
in Fibroblasts after P.g. LPS Challenge. We next examined
the roles of CatB in regulating the expression of collagens
III and IV after challenge with P.g. LPS via two approaches:
pharmacological inhibition using the specific CatB inhibitor
CA-074Me and genetic deletion of CatB using primary
fibroblasts from CatB-deficient (CatB−/−) mice.
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Figure 1: Expression of CatB and collagens III and IV by BJ fibroblasts after challenge with P.g. LPS. (a) The cell viability of BJ fibroblasts at
48 h after challenge with different dose of P.g. LPS by using cell-counting kit-8. (b) The mean mRNA expression level of CatB (3, 12, 24, and
48 h) after challenge with P.g. LPS (1𝜇g/mL). (c) The mean mRNA expression level of collagen III (3, 12, 24, and 48 h) after challenge with
P.g. LPS (1 𝜇g/mL). (d) The mean mRNA expression level of collagen IV (3, 12, 24, and 48 h) after challenge with P.g. LPS (1 𝜇g/mL). Each
column and bar represent the mean ± SEM (𝑛 = 4 each). The asterisks indicate a statistically significant difference from the value at the start
of experiments (0 h) (∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001).

Pretreatment with CA-074Me (50𝜇M, 1 h) was able to
restore the mean mRNA expression of both collagens III
and IV to control levels at 48 h after challenge with P.g.
LPS (Figures 2(a) and 2(b)). The protein expression levels
of collagens III and IV were also restored by pretreatment
with CA-074Me (50𝜇M, 1 h) after 48 h challenge with P.g.
LPS (Figures 2(c)–2(e)). In the primary fibroblasts from wild
type mice, the mean mRNA expression of collagens III and
IV was significantly decreased at 24 and 48 h after challenge
with P.g. LPS, findings which were consistent with those
observed in human BJ fibroblasts (Figures 1(c) and 1(d)). To
our surprise, the mean mRNA expression of collagens III
and IV in the primary fibroblasts from CatB−/− mice was
significantly increased compared with that of wild type mice
at 24 and 48 h after challenge with P.g. LPS (Figures 2(f)
and 2(g)). These observations clearly demonstrate that CatB
has a critical role in regulating the expression of collagens

III and IV by fibroblasts during chronic activation of TLR2
signaling.

3.3. The Regulation of NF-𝜅B Activation and Oxidative Dam-
age for Decreasing Collagens III and IV by CatB after P.g. LPS
Challenge. Next, we investigated the molecular mechanisms
by which CatB regulates the expression of collagens III and
IV by fibroblasts after P.g. LPS challenge. Pretreatment with
Bay 11-7082 or SN50, the specific inhibitors of NF-𝜅B (1 h
before P.g. LPS challenge), was able to inhibit the P.g. LPS-
induced decrease in the mean mRNA expression of collagens
III and IV by BJ fibroblasts at 48 h (Figures 3(a) and 3(b)),
demonstrating that the P.g. LPS-induced decrease in the
collagens was dependent on NF-𝜅B activation. These results
were consistent with those of a previous report showing
that collagen I gene expression was dependent on NF-𝜅B
activation [18].
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Figure 2: The effects of CatB on the expression of collagens III and IV by BJ fibroblasts after challenge with P.g. LPS. (a) The effect of CA-
074Me (50 𝜇M, 1 h before P.g. LPS challenge) on the expression of collagen III at 48 h after challenge with P.g. LPS (1 𝜇g/mL). (b)The effect of
CA-074Me on the expression of collagen IV at 48 h after challenge with P.g. LPS (1 𝜇g/mL). Each column and bar represent the mean ± SEM
(𝑛 = 4 each).The asterisks indicate a statistically significant difference from the value in untreated cells (∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001).The crosses
indicate a statistically significant difference from the value in P.g. LPS-challenged cells without pretreatment with CA-074Me (†††𝑃 < 0.001).
(c) The effect of CA-074Me on the protein expression of collagen III and collagen IV at 48 h after challenge with P.g. LPS (1 𝜇g/mL). ((d), (e))
The quantitative analyses of the immunoblotting for collagen III (d) and collagen IV (e). Each column and bar represent the mean ± SEM
(𝑛 = 4 each). The asterisks indicate a statistically significant difference from the value in untreated cells (∗∗𝑃 < 0.01). The crosses indicate a
statistically significant difference from the value in P.g. LPS-challenged cells without pretreatment with CA-074Me (†𝑃 < 0.05, ††𝑃 < 0.01).
(f) The expression of collagen III in the primary fibroblasts from wild type and CatB−/− mice at 24 and 48 h after challenge with P.g. LPS
(1 𝜇g/mL). (g) The expression of collagen IV in the primary fibroblasts from wild type and CatB−/− mice at 24 and 48 h after challenge with
P.g. LPS (1 𝜇g/mL). Each column and bar represent the mean ± SEM (𝑛 = 4 each). The asterisks indicate a statistically significant difference
from the value in unchallenged cells from wild type mice (∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001). The crosses indicate a statistically significant difference
from the value in the unchallenged cells from CatB−/− mice (†††𝑃 < 0.001).
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Figure 3: Continued.
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Figure 3: The effects of CatB on NF-𝜅B activation and oxidative damage in BJ fibroblasts after challenge with P.g. LPS. ((a), (b)) The effect
of Bay 11-7082 (Bay, 20𝜇M, 1 h before P.g. LPS challenge) and SN50 (20 𝜇M, 1 h before P.g. LPS challenge) on the expression of collagen III
(a) and collagen IV (b) at 48 h after challenge with P.g. LPS (1𝜇g/mL). Each column and bar represent the mean ± SEM (𝑛 = 4 each). The
asterisks indicate a statistically significant difference from the value in unchallenged cells (∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001). The crosses indicate a
statistically significant difference from the value in P.g. LPS-challenged cells without pretreatment with Bay 11-7082 (††𝑃 < 0.01, †††𝑃 < 0.001).
(c)The time course of the protein expression of CatB in BJ fibroblasts after challenge with P.g. LPS (1 𝜇g/mL). (d)The quantitative analyses of
the immunoblotting for CatB. Each column and bar represent the mean ± SEM (𝑛 = 4, each). The asterisks indicate a statistically significant
difference from the value in the unchallenged cells (∗∗∗𝑃 < 0.001). (e) The time course of the protein expression of I𝜅B𝛼 in BJ fibroblasts
after challenge with P.g. LPS (1 𝜇g/mL). (f) The quantitative analyses of the immunoblotting for I𝜅B𝛼. Each column and bar represent the
mean ± SEM (𝑛 = 4, each). The asterisks indicate a statistically significant difference from the value in the unchallenged cells (∗∗∗𝑃 < 0.001).
The crosses indicate a statistically significant difference from the value in 48 h P.g. LPS-challenged cells without pretreatment with CA-074Me
(†††𝑃 < 0.001). (g) The immunofluorescent CLSM images of p65 (green) in BJ fibroblasts after 48 h challenged with P.g. LPS or pretreatment
with CA-074Me. Scale bar = 10 𝜇m. (h) The amount of 8-OHdG in BJ fibroblasts 48 h after challenge with P.g. LPS. Each column and bar
represent the mean ± SEM (𝑛 = 4, each). The asterisks indicate a statistically significant difference from the value in the unchallenged cells
(∗∗∗𝑃 < 0.001). The crosses indicate a statistically significant difference from the value in 48 h P.g. LPS-challenged cells without pretreatment
with CA-074Me (†††𝑃 < 0.001). (i) The immunofluorescent CLSM images of 8-OHdG (green) in BJ fibroblasts after 48 h challenged with P.g.
LPS or pretreatment with CA-074Me. Scale bar = 10𝜇m. (j) The protein expression of TLR2 in BJ fibroblasts 48 h after challenge with P.g.
LPS (1 𝜇g/mL). (k) The quantitative analyses of the immunoblotting for TLR2 in (j). Each column and bar represent the mean ± SEM (𝑛 = 4,
each). The asterisks indicate a statistically significant difference from the value in the unchallenged cells (∗∗𝑃 < 0.01). The crosses indicate a
statistically significant difference from the value in 48 h P.g. LPS-challenged cells without pretreatment with CA-074Me (†𝑃 < 0.05).
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areas. The increased CatB is closely related to the oxidative damage during the chronic activation of TLR2/NF-𝜅B signaling.

We then further analyzed the expression of CatB, I𝜅B𝛼,
and 8-OHdG (a critical biomarker of oxidative stress). The
mean expression of CatB was significantly increased at 24
and 48 h (Figures 3(c) and 3(d)), while the mean expression
of I𝜅B𝛼 was significantly decreased compared with that of
the control group at 24 and 48 h after P.g. LPS challenge
(Figures 3(e) and 3(f)). The mean expression of the P.g. LPS-
decreased I𝜅B𝛼 was paralleled with the significant increase
in the nuclear localization of p65 NF-𝜅B at 24 after P.g. LPS
challenge (Figure 3(g)). The mean amount of 8-OHdG was
significantly increased at 48 h (Figure 3(h)) and the protein
expression level of TLR2 was also increased at 48 h after P.g.
LPS challenge (Figures 3(j) and 3(k)). These results suggest
that an elevated level of CatB is positively associated with NF-
𝜅B activation and oxidative damage after challenge with P.g.
LPS.

Interestingly, the P.g. LPS-induced increase in levels of
8-OHdG and decrease in levels of I𝜅B𝛼 were significantly
inhibited by CA-074Me at 48 h after P.g. LPS challenge (Fig-
ures 3(e)–3(i)). These observations demonstrate that CatB
is involved in the proteolytic degradation of the I𝜅B𝛼 and
oxidative DNA damage during chronic P.g. LPS challenge.
Therefore, the novel mechanism of CatB in regulating the
expression of collagens by fibroblasts is via chronically
activating TLR2/NF-𝜅B signaling and subsequent oxidative
damage.

3.4. Determination of CatB and Oxidative Damage in Fibrob-
lasts of Inflamed Tissues with Chronic Periodontitis. TLR2,
CatB, and 8-OHdG were expressed in the fibroblasts of

inflamed tissues with chronic periodontitis and found to
be localized in 89%, 87%, and 86% of fibronectin-positive
fibroblasts, respectively (Figure 4). These results further
demonstrate that the increased CatB is involved in oxidative
damage in inflammatory tissues via the chronic activation
of TLR2/NF-𝜅B signaling. The critical role and novel mech-
anism of CatB in regulating the expression of collagens by
fibroblasts via this activation and oxidative damage were
summarized in Figure 5.

4. Discussion

The major finding of the present study was clarifying the
critical role of CatB in regulating collagen expression by
fibroblasts via prolonging TLR2/NF-𝜅B activation (summa-
rized in Figure 5). To our knowledge, this is the first study to
demonstrate the involvement of CatB in collagen expression
during chronic inflammation and oxidative stress, thereby
adding to the available information regarding the mecha-
nisms of delayed tissue repair during chronic inflammation.

We focused on collagens III and IV in fibroblasts because
of their importance in wound healing and tissue remodeling.
As the main fibrillar collagens in connective tissues [1],
collagen III is suggested to regulate collagen I synthesis
[2], since collagen III-deficit mice exhibit more pronounced
wound contracture than those with collagen III [5], and
upregulating collagen III expression using natural remedies
accelerates cutaneous wound healing in rats [6]. However,
the expression of collagen III is regulated by the activity of
local fibroblasts [6]. Collagen IV, as a major component of
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Figure 5: A schematic representation of the effects and the novel molecular mechanisms of CatB in regulating the expression of collagens III
and IV via chronic activation of TLR2/NF-𝜅B signaling and subsequent oxidative damage.

the BM, participates in the inflammatory responses during
tissue repair [7, 28, 29], principally via cellular regulation
and migration [9, 30]. Indeed, Col4a1 (human collagen
IV gene) mutation-associated phenotypic features include
chronic inflammation and immune activation [10, 11].

In the present study, the significant increase in themRNA
expression of collagens III and IV in fibroblasts at 3 and
12 h (the early culture periods) might have been a definitive
response to challengewith the pathogenic agent TLR2 agonist
P.g. LPS during the acute activation of TLR2 signaling [27],
further demonstrating the expression of TLR2 in fibroblasts
[13, 14]. In contrast, the mRNA expressions of both collagens
III and IV in fibroblasts were significantly decreased at 24
and 48 h (the late culture periods) after challenge with P.g.
LPS, possibly due to the chronic activation of TLR2 signaling.
The concentration of P.g. LPS (1 𝜇g/mL) used in the present
experiments was one-thousandth of the concentration that
reduced cell viability (1000 𝜇g/mL), indicating that the P.g.
LPS-induced decreases in collagen expression occurred in
living fibroblasts (Figure 1(a)).

Of note, theP.g.LPS-induced decreases in collagen III and
IV reflected the P.g. LPS-induced decrease in expression of
I𝜅B𝛼 and increase in expression of 8-OHdG. However, the
P.g. LPS-induced decreases in expression of collagens were
completely restored by Bay 11-7082 and SN50, the specific
inhibitor of NF-𝜅B (Figures 3(a) and 3(b)), suggesting that
these reductions in collagen expression were dependent on
NF-𝜅B activation and oxidative damage, given that activated
NF-𝜅B exacerbates oxidative stress [31]. These results are
consistent with a previous finding that NF-𝜅B activation
is necessary for UVC-decreased collagen biosynthesis [19]
and that NF-𝜅B inhibits collagen I gene expression [18].
The present findings suggest that TLR2/NF-𝜅B-dependent
decreases in the expression of collagen by fibroblasts may
result in delayed tissue repair during chronic inflammation.

Elevated levels of CatB in fibroblasts are typically
observed in many chronic inflammatory diseases, includ-
ing rheumatoid arthritis as well as periodontitis [32–34].
Increased CatB expression in fibroblasts leads to tissue

destruction, as fibroblasts are the prominent resident cells
in the soft connective tissues [35]. In the present study, we
determined that P.g. LPS increased the expression of CatB in
fibroblasts, similar to the previous findings in macrophages
[36]. Of note, the increased expression of CatB mRNA in the
fibroblasts was observed at 24 and 48 h but not at 3 or 12 h
after challenge with P.g. LPS, which agreed with the previous
finding that CatB levels were not increased in the acute
and intermediate stages of bacterial infection [37], implying
that Cat B expression in fibroblasts might be induced by
chronic activation of TLR2 signaling. Importantly, the P.g.
LPS-induced increase in the CatB mRNA expression was
paralleled by a P.g. LPS-induced decrease in the mRNA
expression of both collagens III and IV, but this decrease
was completely restored by pretreatment with CA-074Me.
Surprisingly, the meanmRNA expression of collagens III and
IVwas significantly increased in the primary fibroblasts from
CatB−/− mice from 24 h after challenge with P.g. LPS. The
findings demonstrate the critical role of CatB in regulating
collagen expression by fibroblasts during chronic activation
of TLR2 signaling. CatB in P.g. LPS-challenged fibroblasts
may not be involved in apoptosis [38], as the cell viabili-
ties were not reduced with a P.g. LPS-induced increase in
the expression of CatB. In addition, we also detected the
expression of CatB in fibroblasts in the inflamed periodontal
tissues from patients with chronic periodontitis (Figure 4),
which was consistent with the findings in patients with
rheumatoid arthritis [39, 40], inflammatory bowel disease
[41], and polymyositis [42]. However, neither collagen III
nor collagen IV was detected in these inflamed periodontal
tissues (data not shown), strongly suggesting that CatB
critically regulates collagen expression by fibroblasts during
chronic inflammation.

CatB was recently found to regulate NF-𝜅B activation
[24]. However, conversely, CatB expression is believed to
be NF-𝜅B-dependent as the promoter of CatB has NF-𝜅B
binding site [43]. In almost all cell types, including fibroblasts,
NF-𝜅B exists as a dimer of a p50 and p65 subunit that is
retained in an inactive cytoplasmic complex by binding to
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the I𝜅B𝛼. NF-𝜅B can be activated by TLR2 agonists as well
as proinflammatory molecules, such as IL-1𝛽, which induce
phosphorylation acutely and proteolytic degradation of the
I𝜅B subunit chronically [21]. In the present study, an analysis
of the whole cell extracts showed that the P.g. LPS-induced
I𝜅B𝛼 degradation in fibroblasts was paralleled by a P.g. LPS-
induced increase in CatB in the late culture period; further-
more, the P.g. LPS-induced I𝜅B𝛼 degradation was prevented
by CA-074Me pretreatment (Figure 3).These results coincide
with our previous observation of CatB-dependent I𝜅B𝛼
degradation in microglia in a hypoxia/ischemia model [24]
and strongly suggest that CatB is involved in the proteolytic
degradation of the I𝜅B subunit for slowing the migration out
of the NF-𝜅B complex from the nucleus, leading to sustained
NF-𝜅B activation in response to chronic P.g. LPS challenge.

This is the first report to clarify the novel mechanism
of CatB involved in the downregulation of collagens III and
IV via chronic activation of TLR2/NF-𝜅B signaling. Fur-
thermore, the P.g. LPS-induced increase in 8-OHdG might
have been prevented by CA-074Me, suggesting the possible
involvement of CatB in promoting oxidative stress through
prolonging NF-𝜅B activation, as activated NF-𝜅B exacerbates
oxidative stress [31].

CatB is considered a major lysosomal cysteine protease
for the degradation of collagen in soft connective tissues,
as it possesses both endopeptidase and exopeptidase activity
which differs from other lysosomal cysteine proteases [44].
The increased expression of CatB by the chronic activation
of TLR2/NF-𝜅B signaling may also be involved in degrad-
ing the intercellular and extracellular collagen produced by
fibroblasts, as CatB activities are required for the degradation
of intracellular and extracellular collagen IV [45]. Further-
more, CatB is known to activate other collagenolytic matrix
metalloproteinases for collagen degradation in fibroblasts at
elevated levels during chronic inflammation [46].

5. Conclusion

CatB regulates the expression of collagens III and IV
by fibroblasts via prolonging TLR2/NF-𝜅B activation and
oxidative stress (schematic illustration in Figure 5). Con-
sidering the role of CatB in collagen expression, CatB-
specific inhibitors may be a useful approach for improving
inflammation-delayed connective tissue repair, such as that
found in dermatitis and periodontitis.
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Metabolic syndrome has been linked to an increased risk of chronic kidney disease. The underlying pathogenesis of metabolic
disease-related renal injury remains obscure. Accumulating evidence has shown thatNADPHoxidase is amajor source of intrarenal
oxidative stress and is upregulated by metabolic factors leading to overproduction of ROS in podocytes, endothelial cells, and
mesangial cells in glomeruli, which is closely associated with the initiation and progression of glomerular diseases. This review
focuses on the role of NADPH oxidase-induced oxidative stress in the pathogenesis of metabolic disease-related renal injury.
Understanding of the mechanism may help find potential therapeutic strategies.

1. Introduction

Metabolic syndrome is a constellation of interconnected
risk factors for cardiovascular diseases and type 2 dia-
betes, including dyslipidemia, hypertension, hyperglycemia,
abdominal obesity, and insulin resistance [1, 2]. Along with
cardiovascular diseases and type 2 diabetes, accumulating
evidence shows that metabolic syndrome contributes to an
increased risk of microalbuminuria and/or chronic kidney
disease (CKD) [3–7]. However, it remains unclear whether
there is a definitive cause-and-effect relationship between
metabolic syndrome and renal injury.

Research on the underlying pathogenesis of metabolic
disease-related renal injury has suggested an important role
of oxidative stress, which is a result of reactive oxygen
species (ROS) overproduction, mitochondrial dysfunction,
and/or impaired antioxidant system [8]. There are numerous
intrarenal sources of ROS, such as mitochondrial electron
transport chain, xanthine oxidase, and uncoupled nitric oxide
(NO) synthase, while nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase is generally accepted as the
major producer [9–13].

NADPH oxidases are multisubunit enzymes composing
membrane and cytosolic components that transfer electrons

across biological membranes. There are seven members in
the Nox family of NADPH oxidase, including Nox1–Nox5
and dual oxidases, Duox1 and Duox2, with different activa-
tion mechanisms and tissue distribution [13–16]. The Nox
homologues are widely expressed throughout the kidney.
Nox1, Nox2, Nox4, and Nox5 are predominantly expressed
in glomerular endothelial cells, tubulointerstitial cells, and
glomerular cells, that is, mesangial cells and glomerular
epithelial cells [17]. Various homologue-specific mechanisms
regulate the activity of the Nox family involving a complex
series of protein/protein interactions, phosphorylation and
translocation of its subunits, and Rac activation. Numerous
stimuli and agonists like transforming growth factor-𝛽 (TGF-
𝛽), angiotensin II (Ang II), hyperglycemia, oxidized low den-
sity lipoprotein (oxLDL), insulin-like growth factor-1 (IGF-1),
vascular endothelial growth factor (VEGF), and aldosterone
are capable of upregulating the activity and/or the expression
of NADPH oxidases, subsequently leading to overproduction
of ROS including the immediate product superoxide and the
following hydrogen peroxide.

The proposed functions of NADPH oxidase-derived ROS
in the kidney are mainly regulation of renal blood flow, alter-
ation of cell fate, and regulation of gene expression. Superox-
ide avidly reacts with nitric oxide (NO) limiting its relaxing
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effect on afferent arterioles and mediates the activation of
inflammasome, while hydrogen peroxide is involved in the
activation of protein tyrosine kinases, phospholipases, ser-
ine/threonine kinases, and so forth, resulting in enhanced
epithelial-to-mesenchymal transition (EMT), apoptosis of
podocytes, and promotion of cellular hypertrophy [18–25].

The present review will focus on the role of NADPH
oxidase-induced oxidative stress in the pathogenesis of
metabolic disease-related renal injury.

2. NADPH Oxidase and Diabetic Nephropathy

Diabetic nephropathy (DN) is themajor complication of type
1 and type 2 diabetes and is one of the leading causes of
end-stage renal disease (ESRD) [26]. It is characterized by
functional deficits with proteinuria and decreased glomerular
filtration, as well as structural changes, such as loss of
podocytes, proliferation and expansion of mesangial cells
and matrix, thickening of glomerular and tubular basement
membranes, tubular atrophy, interstitial fibrosis, and arterio-
sclerosis. Increasing evidence has demonstrated thatNADPH
oxidase-induced oxidative stress plays a pivotal role in the
initiation and development of DN [11, 27]. Blockade of
NADPH oxidase-derived ROS generation ameliorates dia-
betes-induced glomerular injury via reducing podocyte loss,
proteinuria, glomerular hypertrophy, and mesangial matrix
expansion [28–33].

Damage and depletion of podocytes due to apoptosis
occur during early DN, presented as actin cytoskeleton
rearrangement, podocyte foot process effacement, and slit
diaphragm disruption [34]. Studies have highlighted the role
of podocytes in DN pathogenesis and revealed the upregu-
lation of the NADPH oxidase subunits expression, predom-
inantly Nox4 and Nox1, in type 1 diabetic OVE26 mice and
type 2 diabetic db/db mice, following excessive ROS genera-
tion and podocytes apoptosis which contributes to albumin-
uria [20, 35–37]. In vitro studies also have shown that high
glucose induced the upregulation of NADPH oxidase expres-
sion, enhancement of NADPHoxidase activity, and apoptosis
induction in podocytes at later time points [35, 37–39]. Eid et
al. found that the increase of Nox4 expression was attributed
to the inactivation of AMP-activated protein kinase (AMPK),
andNox4 promoted podocyte apoptosis via p53- and PUMA-
dependent apoptotic pathway in high glucose condition [35,
40]. OtherNADPHoxidase subunits, such asNox2, p22phox,
and p67phox, are also expressed on podocytes. However, very
little is known concerning the regulation of these subunits in
the presence of high glucose [11, 41–43].

Besides podocyte injury, two other morphological alter-
ations during early DN are mesangial matrix accumulation
and cell hypertrophy leading to thickening of glomerular
basement membrane [27, 44].The important role of NADPH
oxidase in mesangial cell injury has been demonstrated in
experimental models of diabetes as well as in cultured cells
exposed to high glucose, while the molecular mechanisms
remain speculative. High glucose induces upregulation of
Nox4 and p22phox expression in mesangial cells as well as in
diabetic kidney, and Nox4 and p22phox mediate cell hyper-
trophy and fibronectin expression [12, 45–48]. Since p22phox

interacts with Nox4 and enhances its activity, Gorin and
Wauquier suggested that p22phox and Nox4 might form a
complex that contributed to high glucose-dependent oxida-
tive stress and the subsequent fibrotic processes [13].The role
of other NADPH oxidase subunits in mesangial cell injury
has been less studied and the findings are controversial.

Furthermore, NADPH oxidase also mediates the ROS
generation induced by other mediators in DN such as Ang II
and TGF-𝛽 [42, 49–51]. Induced by Ang II, an acute increase
and prolonged upregulation of Nox4 expression both take
place in mesangial cells, and Nox4 mediates ROS generation
leading to activation of signalling, for instance, extracellu-
lar signal-regulated kinase-1/2 (ERK1/2) [52], Akt/protein
kinase B (Akt/PKB) [50], and proline-rich tyrosine kinase-
2 (Pyk-2)/Src/3-phosphoinositide-dependent protein kinase-
1 (PDK-1) [22], which results in hypertrophy and increased
fibronectin expression. Induced by TGF-𝛽, Nox4 expression
within mitochondria in podocytes is upregulated via the Sma
and Mad homologue (Smad) 2/3 pathway and ultimately
results in ROS overproduction, mitochondrial dysfunction,
and podocyte apoptosis [53, 54].

3. NADPH Oxidase and
Hyperhomocysteinemia-Associated
Glomerular Injury

Hyperhomocysteinemia (hHcys) is defined as a pathological
condition characterized by abnormal elevation of homocys-
teine (Hcys) plasma concentration and has been considered
as a pivotal independent risk factor in the development of
progressive glomerulosclerosis and/or ESRD [55–57]. Pre-
vious evidence has revealed that Hcys induces endothe-
lial injury, vascular smooth muscle cells proliferation, and
extracellular matrix (ECM) metabolism disturbance [58–
61]. Considering the similarity of pathological alterations
between Hcys-induced arterial injury and glomerular injury,
the role of hHcys in glomerulosclerosis has been verified.
Although the mechanism by which Hcys induces glomerular
injury remains poorly understood, there is evidence that
NADPH oxidase-derived oxidative stress is involved in the
development of glomerular injury induced by Hcys [62–65].
An experimental model of hHcys was reported to develop
glomerulosclerosis, characterized by local oxidative stress,
podocyte dysfunction, mesangial expansion, and fibrosis,
which could be significantly attenuated by treatment of
NADPH oxidase inhibitors [64].

Podocyte injury is a critical early event leading to
glomerulosclerosis. It has been revealed that Hcys induces
podocyte damage and slit diaphragmdisruption, causing pro-
teinuria and glomerular sclerosis [66]. Zhang et al. [67] found
that, inmice lacking Nox2 gene, hHcys induced by folate-free
diet led to less severe podocyte injury and glomerulosclerosis,
as shown by attenuated foot process effacement and podocyte
loss, lower proteinuria, and glomerular damage index, as well
as higher glomerular filtration rate. Thus, NADPH oxidase
is suggested to be essential for Hcys-induced podocyte injury
and glomerulosclerosis. Furthermore, Hcys stimulation was
documented to upregulate NOX2 and p47phox expression
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and induce their aggregation in lipid raft (LR) clusters
in podocytes, while disrupting LR clustering markedly
blocked the enrichment of the NADPH oxidase subunits,
decreased the enzyme activity, and functionally attenu-
ated Hcys-induced podocyte injury. These findings indicate
that NADPH oxidase subunits aggregation and activation
through LR clustering are important molecular mechanisms
in Hcys-induced podocytes injury [68]. Hcys is also con-
firmed to induce podocytes to undergo EMT and inflamma-
some activation through NADPH oxidase-derived oxidative
stress, which consequently leads to glomerular injury and
sclerosis [69–71].

Ingram’s research group and others also have clarified that
Hcys induces alterations of ECM metabolism in mesangial
cells, another important event leading to glomerulosclero-
sis and loss of renal function [72]. Hcys was reported to
upregulate tissue inhibitor of metalloproteinase-1 and induce
collagen type I accumulation, accompanied by enhanced cell
proliferation and NADPH oxidase activity in rat mesangial
cells [73]. Hcys-induced activation of NADPHoxidase is sug-
gested to be mediated by enhanced ceramide synthesis and
the subsequent increase of Rac GTPase activity [74]. There
is also evidence showing that the N-methyl-D-aspartate
(NMDA) receptor may mediate activation of NADPH oxi-
dase in hHcys-associated glomerular injury [75]. In addition,
Hcys has been found to cause mesangial apoptosis via oxida-
tive stress and p38-mitogen-activated protein kinase activa-
tion, thereby suggesting another underlying mechanism of
hHcys-associated glomerular injury [63].

4. NADPH Oxidase and Hyperlipidemia-
Associated Glomerular Injury

The concern of the association between hyperlipidemia and
renal diseases may date back to the 19th century. Since then,
accumulating evidence in experimental findings and clinical
observations has suggested an important role of hyper-
lipidemia in the progression of glomerulosclerosis [76–81].
Hyperlipidemia-associated glomerular injury is mainly char-
acterized by lipid or lipoprotein deposition,macrophage infil-
tration, and mesangial expansion. As with other metabolic
factors, such as hyperglycemia and hHcys, oxidative stress
is proved to contribute to the deleterious effects of hyper-
lipidemia on renal injury. In high-fat diet fed mice, the
expression of NADPH oxidase subunits, including p47phox,
Nox2, and p67phox, was significantly upregulated, and the
inhibitor could ameliorate hyperlipidemia-induced endothe-
lial dysfunction via inhibition of NADPH oxidase expression
[82]. However, in the study of Scheuer et al., it is reported
that xanthine oxidoreductase rather than NADPH oxidase
mainly accounted for the generation of ROS in glomeruli and
tubulointerstitium induced by hyperlipidemia [83]. In addi-
tion, Joles et al. clarified that both hypercholesterolemia and
hypertriglyceridemia aggravated renal injury predominantly
via podocytes, accompanied by activation and injury of tubu-
lointerstitial cells, lacking evidence of mesangial activation,
proliferation, or matrix accumulation [80]. Furthermore,
hyperlipidemia often coexists with othermetabolic syndrome

components and accelerates the progression of glomerular
injury together [84, 85].

5. NADPH Oxidase and
Hyperuricemia-Related Kidney Disease

Uric acid (UA) is an intermediate product in the purine
degradation pathway in cells but is the final product of purine
catabolism in humans, due to the loss of uricase activity dur-
ing hominoid evolution [86].The role of UA in CKD remains
controversial, and the “UA debate” has been going on for
decades [87]. UA has been considered as a major antioxidant
in protecting cells from oxidative injury proved by abundant
experimental and clinical evidence [88]. On the other hand,
epidemiologic evidence and experimental models also have
shown that hyperuricemia may impose detrimental effects as
a prooxidant [89–92]. UA is often associated with other risk
factors of CKD, including diabetes, hypertension, and inflam-
mation [93], which makes it difficult to dissect the role of
UA itself in the progression of CKD. However, a recent study
showed an association between hyperuricemia and renal
damage independently of hypertension and intrarenal renin-
angiotensin system (RAS) activation [94].

In the past, hyperuricemia was thought to cause kid-
ney disease by a crystal-dependent mechanism. The crys-
tal of monosodium urate may induce potassium efflux,
lysosomal rupture, and mitochondrial ROS production,
which provoke inflammasome and induce the secretion of
proinflammatory cytokines, eventually causing inflamma-
tion and renal injury. The crystal-independent mechanism
of hyperuricemia-related kidney disease remains poorly
understood. The main pathophysiological mechanisms of
hyperuricemia-related kidney disease include endothelial
dysfunction, activation of local RAS, oxidative stress, and
proinflammatory and proliferative effects. NADPHoxidase is
suggested to play a role in the pathogenesis of hyperuricemia-
related kidney disease, as with other metabolic disease-
related renal injuries. It has been revealed that hyperuricemia
is associated with endothelial dysfunction, due to oxidative
stress with activation of RAS and a decrease of NO bioavail-
ability [95, 96]. In an experimental model of hyperuricemia,
enhanced intrarenal oxidative stress, increased expression of
NOX-4 and Ang II, and decreased NO bioavailability were
observed [97]. The aging and apoptosis of endothelial cells
induced by hyperuricemia were ameliorated by antioxidants
[98]. Furthermore, there is evidence thatmitochondrial alter-
ations and decreased intracellular ATP are implicated in UA-
induced endothelial dysfunction [99]. In cultured renal tubu-
lar cells, it has been shown that UA induces EMT and apopto-
sis of renal tubular cells which is ameliorated by antioxidants,
suggesting a detrimental role of oxidative stress [100].

6. NADPH Oxidase and Obesity-Related
Kidney Disease

Oxidative stress is also associated with other metabolic
kidney diseases such as obesity-related kidney disease [101].
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Figure 1: NADPH oxidase-derived ROS in the pathogenesis of metabolic disease-related renal injury. Metabolic stimuli may upregulate the
expression of NADPH oxidase and enhance the activity of NADPH oxidase, which subsequently leads to overproduction of ROS. NADPH
oxidase-derived oxidative stress is involved in podocyte injury, endothelial dysfunction, mesangial proliferation, and so forth, eventually
resulting in renal injury. NADPH: nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species; NO: nitric oxide.

It is well documented that the glomerular scarring in obesity-
associated focal segmental glomerulosclerosis is driven by
podocyte injury, which may partly be a result of the NADPH
oxidase-derived oxidative stress induced by upregulated Ang
II and TGF-𝛽 [102]. There is supplemental data supporting
the fact that NADPH oxidase-mediated oxidative injury to
the proximal tubule contributes to proteinuria in obese rats
[103]. In addition, oxidative stress is demonstrated to play a
role in the pathogenesis of renal injury through its contribu-
tion to progressive vascular dysfunction and remodeling [104,
105]. Collectively, NADPH oxidase-derived oxidative stress is
suggested to trigger the progression of obesity-related kidney
disease.

7. Conclusion

The NADPH oxidase is widely expressed throughout the
kidney and is a major source of intrarenal oxidative stress.
Metabolic stimuli elicit the upregulation of NADPH oxidase
expression and the enhancement of NADPH oxidase activity.
As depicted in Figure 1, ROS generated by NADPH oxidase
plays a pivotal role in the pathogenesis of glomerular diseases
related to metabolic diseases. Hence, approaches to reduce
oxidative stress by antioxidants may be potential therapies to
prevent and treat metabolic disease-related renal injury.
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H. Pavenstädt, “NAD(P)H oxidase activity in cultured human
podocytes: effects of adenosine triphosphate,” Kidney Interna-
tional, vol. 53, no. 3, pp. 654–663, 1998.

[42] R. Nistala, A.Whaley-Connell, and J. R. Sowers, “Redox control
of renal function and hypertension,” Antioxidants & Redox
Signaling, vol. 10, no. 12, pp. 2047–2089, 2008.

[43] T. Etoh, T. Inoguchi, M. Kakimoto et al., “Increased expression
of NAD(P)H oxidase subunits, NOX4 and p22phox, in the kid-
ney of streptozotocin-induced diabetic rats and its reversibity
by interventive insulin treatment,” Diabetologia, vol. 46, no. 10,
pp. 1428–1437, 2003.

[44] Y. S. Kanwar, L. Sun, P. Xie, F.-Y. Liu, and S. Chen, “A glimpse
of various pathogenetic mechanisms of diabetic nephropathy,”
Annual Review of Pathology: Mechanisms of Disease, vol. 6, pp.
395–423, 2011.

[45] L. Zhang, S. Pang, B. Deng et al., “High glucose induces renal
mesangial cell proliferation and fibronectin expression through
JNK/NF-𝜅B/NADPH oxidase/ROS pathway, which is inhibited
by resveratrol,”The International Journal of Biochemistry & Cell
Biology, vol. 44, no. 4, pp. 629–638, 2012.

[46] L. Xia, H. Wang, H. J. Goldberg, S. Munk, I. G. Fantus, and C.
I. Whiteside, “Mesangial cell NADPH oxidase upregulation in
high glucose is protein kinase C dependent and required for
collagen IV expression,”American Journal of Physiology—Renal
Physiology, vol. 290, no. 2, pp. F345–F356, 2006.

[47] C. Whiteside, H. Wang, L. Xia, S. Munk, H. J. Goldberg, and
I. G. Fantus, “Rosiglitazone prevents high glucose-induced vas-
cular endothelial growth factor and collagen IV expression in
cultured mesangial cells,” Experimental Diabetes Research, vol.
2009, Article ID 910783, 11 pages, 2009.

[48] Y. Maeda, T. Inoguchi, R. Takei et al., “Inhibition of chymase
protects against diabetes-induced oxidative stress and renal
dysfunction in hamsters,” American Journal of Physiology—
Renal Physiology, vol. 299, no. 6, pp. F1328–F1338, 2010.

[49] K. N. Campbell, L. Raij, and P. Mundel, “Role of angiotensin
II in the development of nephropathy and podocytopathy of
diabetes,” Current Diabetes Reviews, vol. 7, no. 1, pp. 3–7, 2011.

[50] Y. Gorin, J. M. Ricono, N.-H. Kim, B. Bhandari, G. G.
Choudhury, and H. E. Abboud, “Nox4 mediates angiotensin II-
induced activation of Akt/protein kinase B in mesangial cells,”
American Journal of Physiology—Renal Physiology, vol. 285, no.
2, pp. F219–F229, 2003.

[51] J. C. Jha, S. P. Gray, D. Barit et al., “Genetic targeting or
pharmacologic inhibition of NADPH oxidase Nox4 provides
renoprotection in long-term diabetic nephropathy,” Journal of
the American Society of Nephrology, vol. 25, no. 6, pp. 1237–1254,
2014.

[52] Y. Gorin, J. M. Ricono, B. Wagner et al., “Angiotensin II-
inducedERK1/ERK2 activation andprotein synthesis are redox-
dependent in glomerular mesangial cells,” The Biochemical
Journal, vol. 381, part 1, pp. 231–239, 2004.

[53] L. Yu, Y. Liu, Y. Wu et al., “Smad3/Nox4-mediated mitochon-
drial dysfunction plays a crucial role in puromycin aminonu-
cleoside-induced podocyte damage,”Cellular Signalling, vol. 26,
no. 12, pp. 2979–2991, 2014.

[54] R. Das, S. Xu, X. Quan et al., “Upregulation of mitochondrial
Nox4 mediates TGF-𝛽-induced apoptosis in cultured mouse
podocytes,” American Journal of Physiology—Renal Physiology,
vol. 306, no. 2, pp. F155–F167, 2014.

[55] V.W.Dennis andK. Robinson, “Homocysteinemia and vascular
disease in end-stage renal disease,”Kidney International, Supple-
ment, vol. 50, no. 57, pp. S11–S17, 1996.

[56] F. Yi and P.-L. Li, “Mechanisms of homocysteine-induced
glomerular injury and sclerosis,” American Journal of Nephrol-
ogy, vol. 28, no. 2, pp. 254–264, 2008.

[57] A. Gupta and K. Robinson, “Hyperhomocysteinaemia and end
stage renal disease,” Journal of Nephrology, vol. 10, no. 2, pp. 77–
84, 1997.
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Obesity can lead to skeletal muscle atrophy, a pathological condition characterized by the loss of strength and muscle mass. A
feature of muscle atrophy is a decrease of myofibrillar proteins as a result of ubiquitin proteasome pathway overactivation, as
evidenced by increased expression of the muscle-specific ubiquitin ligases atrogin-1 and MuRF-1. Additionally, other mechanisms
are related to muscle wasting, including oxidative stress, myonuclear apoptosis, and autophagy. Stem cells are an emerging therapy
in the treatment of chronic diseases such as high fat diet-induced obesity. Mesenchymal stem cells (MSCs) are a population of self-
renewable and undifferentiated cells present in the bone marrow and other mesenchymal tissues of adult individuals. The present
study is the first to analyze the effects of systemicMSC administration on high fat diet-induced skeletal muscle atrophy in the tibialis
anterior of mice. Treatment with MSCs reduced losses of muscle strength and mass, decreases of fiber diameter and myosin heavy
chain protein levels, and fiber type transitions. Underlying these antiatrophic effects, MSC administration also decreased ubiquitin
proteasome pathway activation, oxidative stress, and myonuclear apoptosis. These results are the first to indicate that systemically
administered MSCs could prevent muscle wasting associated with high fat diet-induced obesity and diabetes.

1. Introduction

Skeletal muscle is the most abundant tissue in the human
body and has a wide variety of physiological functions.
Therefore,muscle loss results not only in physical dysfunction
but also in metabolic impairment [1, 2]. Related to this,
recent studies have shown that obesity is associated with
skeletal muscle loss and dysfunction and the development

of muscle atrophy [3]. Indeed, mice fed with a high fat diet
(HFD) develop the typical features of muscle wasting, such
as weakness, the loss of muscle mass, and decreased fiber
diameter [4].

Skeletal muscle is composed of a variety of fast and slow
fiber types and subtypes (i.e., slow: I; fast: IIb, IId, and IIa;
or mixtures) [5]. Moreover, muscle fibers are versatile and
capable of changing phenotypic properties in response to
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muscle wasting, showing modifications in the expression of
MHC isoforms. Therefore, when fast muscles atrophy, a fast-
to-slow transition occurs (e.g., IIb→IId→IIa→I) [5, 6].

Ubiquitin proteasome pathway (UPP) overactivation,
oxidative stress, and myonuclear apoptosis are some of the
mechanisms involved in muscle atrophy induced by obesity
and other causes [4, 7]. Overactivation of the UPP in muscle
atrophy is characterized by an increased expression of two
muscle-specific ubiquitin E3-ligase F-box proteins, muscle
atrophy F-box (MAFbx)/atrogin-1 and muscle ring-finger
protein 1 (MuRF-1). These proteins increase the ubiquitina-
tion of targets such as the myosin heavy chain (MHC), which
are further degraded by the proteasome [8–11].

Oxidative stress is produced by increased reactive oxygen
species (ROS) and/or decreased antioxidant mechanisms
[12]. Oxidative stress has been associated with several models
of muscle atrophy, including that induced by obesity [3,
13, 14]. Another mechanism involved in muscle atrophy is
myonuclear apoptosis, which is related to muscle wasting
induced by cachexia and obesity [4]. In atrophic muscle,
several parameters of myonuclear apoptosis increase, such as
the Bax/Bcl2 ratio, caspase-3 levels and activity, and apoptotic
nuclei [15].

Stem cell-based interventions act throughmultiplemech-
anisms and provide a clear advantage when treating diseases
with a complex pathophysiology, such as HFD-induced
obesity. This type of intervention is arguably better in ther-
apeutic terms than single-agent, drug-based treatments [16,
17]. Multipotent mesenchymal stromal cells, also referred
to as mesenchymal stem cells (MSCs), are a heterogeneous
adult stem cell population. These are a potentially ideal tool
for stem cell-based interventions since they can be isolated
frombonemarrow and othermesenchymal tissues, including
adipose tissue, dental pulp, the placenta, and the umbilical
cord, and subsequently rapidly expanded ex vivo [18, 19]. As
immunomodulatory cells, MSCs can limit inflammation in
damaged tissue [20], produce a broad range of trophic factors
that protect parenchymal cells from apoptotic death, and
promote the proliferation and differentiation of endogenous
precursors [21].

The present study is the first to provide evidence that
systemic MSC administration can prevent the loss of mus-
cle strength and mass, the decrease in fiber diameter and
MHC protein levels, and the transition of fiber type in a
murine model of HFD-induced muscle wasting. Prevention
of the several parameters of muscle atrophy, among them
UPP overactivation, increased ROS levels, and activation of
myonuclear apoptosis, was also found in this model, which
would explain the observed antiatrophic effects of MSC
administration.

2. Materials and Methods

2.1. Animals. Male 12-week-old C57BL/10 mice were housed
at a constant temperature (22 ± 2∘C), with 60% relative
humidity, and with a 12 : 12 light : dark cycle. Mice had ad
libitum access to food and autoclaved water. Mice were fed
with either a standard diet (control group, 10 cal% fat, 20 cal%

proteins, and 70 cal% carbohydrates, Champion S.A., Chile)
or a high fat diet (HFD group, 60 cal% fat, 20 cal% proteins,
and 20 cal% carbohydrates, D12492 Research Diets Inc.,
USA). After 30 weeks of HFD feeding, mice were separated
into two groups matched by average body weight. Then,
for an additional eight weeks, one group received a vehicle
treatment (HFD), while the other was treated with MSCs
(HFD + MSCs). At the end of the 38-week experimental
period, the mice were euthanized under anesthesia, and the
tibialis anterior (TA) muscles were dissected, removed, and
rapidly frozen and stored at −80∘C until processing. All
protocols were conducted in strict accordance with and with
the formal approval of the Animal Ethics Committees of
Universidad Andrés Bello and Universidad del Desarrollo.

2.2. Isolation and Administration of MSCs. Six-to-eight-
week-old C57BL/10 male mice were sacrificed by cervical
dislocation. Bone marrow cells were obtained by flushing the
femurs and tibias with sterile PBS. After centrifugation, the
cells were resuspended in an 𝛼-Minimum Essential Medium
(Gibco, USA) supplemented with 10% selected fetal bovine
serum (Hyclone, USA) and 80 𝜇g/mL gentamicin (Labora-
torio Sanderson, Chile) and plated at a density of 1 × 106
nucleated cells per square centimeter. Nonadherent cells were
removed after 72 h by changing the medium. When the foci
reached confluence, adherent cells were detached with 0.25%
trypsin and 2.65mM EDTA, centrifuged, and subcultured
at 7,000 cells per square centimeter. After two subcultures,
adherent cells were phenotypified and characterized accord-
ing to the adipogenic and osteogenic differentiation potential,
as previously described [6]. Then, 0.5 × 106MSCs were
resuspended in 0.2mL of 5% mouse plasma (vehicle) and
administered via the tail-vein to anesthetizedmice. Untreated
mice were given 0.2mL of vehicle.

2.3. Weightlifting Strength Test. At the end of the treatment,
the muscle strength of the mice was measured through a
weightlifting test, as previously described [22]. Briefly, the
apparatus consisted in a series of increasingly long chain links
attached to a ball of tangled fine wire. The number of links
ranged from two to seven, with total weights between 15.5 and
54.1 g. Before performing the test and prior to treatments, the
mice were trained once per day for twoweeks. To perform the
test, themouse grasped the different weights with its forepaws
and a score was assigned. The final score was calculated as
the summation of the product between the link weight and
the time the weight was held. The average of three measures
from each mouse was normalized against body weight [23].

2.4. Contractile Properties. The TA muscles removed from
sacrificed mice were placed in a dish containing oxygenated
Krebs-Ringer solution (in mmol/L: NaCl: 118; NaHCO

3
: 25;

D-glucose: 20; KCl: 4.7; CaCl
2
: 3.2; KH

2
PO
4
: 1.2; MgSO

4
: 1.2).

The TA muscles were firmly tied with surgical silk at the
bottom end of the tendon and at a portion of the knee
bone. The muscle was transferred to a custom-built Plexiglas
bath filled with oxygenated Krebs-Ringer solution that was
thermostaticallymaintained at room temperature for optimal
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oxygen diffusion. The muscles were vertically aligned and
tied directly between a fixed hook and a force transducer
(MLT 1030/D, AD Instruments, USA). Two platinum plate
electrodes were positioned in the organ bath so as to flank
the length of the muscles. Muscles were field-stimulated by
supramaximal square wave pulses (S48 Stimulator, Grass,
USA), which were amplified to increase and sustain current
intensity at a level sufficient for producing a maximum
isometric tetanic contraction. Optimum muscle length (Lo)
and stimulation voltage were determined from the microma-
nipulation of muscle length to produce maximum isometric
twitch force. All stimulation parameters and contractile
responses were controlled and measured using Power Lab
4/35 (AD Instruments, USA). All obtained data were com-
puted with the LabChart analysis software (AD Instruments,
USA).Maximum isometric tetanic force (Po)was determined
from the plateau of the frequency-force relationship after
successive stimulations between 10 and 150Hz for 850ms,
with 2min rest periods between the stimuli. After testing, the
muscles were removed from the bath and the tendons and
any adherent nonmuscle tissues were trimmed, blotted once
on filter paper, and weighed. Muscle mass and Lo were used
to calculate specific net force or the normalized force of each
total muscle fiber cross-sectional area (mN/mm2) [24–27].

2.5. Blood Triglycerides, Cholesterol, Glucose, and Insulin
Determination. After 4 h of fasting, mice were sacrificed
and blood samples were collected. Serum triglycerides and
cholesterol levels were determined in the ARCHITECT
c8000 Clinical Chemistry Analyzer (Abbott, USA). Blood
glucose levels were measured with the Accu-Chek Perfor-
mance glucometer system (Roche Diagnostic, Germany).
Plasma insulin levels were assayed using the Ultrasensitive
Mouse-Insulin ELISA Kit (Mercodia, Sweden).

2.6. RNA Isolation, Reverse Transcription, and Quantitative
Real-Time PCR. Total RNAwas isolated from the TAmuscles
using TRIzol (Invitrogen, USA). The total RNA (1 𝜇g) was
reverse transcribed to cDNA using random hexamers and
Superscript II reverse transcriptase (Invitrogen, USA). Taq-
Man quantitative real-time PCR reactions were performed
in triplicate, using an Eco Real-Time PCR System (Illumina,
USA) with predesigned primer sets for mouse atrogin-1,
MuRF-1, and the housekeeping gene 18S (TaqManAssays-on-
Demand, Applied Biosystems, USA). The mRNA expression
was quantified using the comparative ΔCt method (2−ΔΔCt),
with 18S as the reference gene. The mRNA levels were
expressed relative to the mean expression in the vehicle-
treated mice [23, 28].

2.7. Western Blot Analysis. The muscles were homogenized
in Tris-EDTA buffer with a cocktail of protease inhibitors
and 1mM phenylmethanesulfonyl fluoride. Proteins were
subjected to SDS-PAGE, transferred onto polyvinylidene
difluoride membranes (Millipore, USA), and probed with
mouse anti-MHC (1 : 1,000) (MF-20, Developmental Studies,

Hybridoma Bank, University of Iowa, USA), mouse anti-
tubulin (1 : 5,000),mouse anti-GAPDH(1 : 5,000), rabbit anti-
Bax (1 : 500), rabbit anti-Bcl2 (1 : 500), rabbit anti-caspase-3
(1 : 500), rabbit anti-Ubproteins (1 : 500) (SantaCruzBiotech-
nology, USA), rabbit anti-LC3B (1 : 1,500) (Cell Signaling,
USA), and rabbit anti-p62 (1 : 1,500) (Abcam, USA). All
immunoreactions were visualized by enhanced chemilumi-
nescence (Thermo Scientific, USA). Images were acquired
using Fotodyne FOTO/Analyst Luminary Workstation Sys-
tems (Fotodyne, Inc., USA).

2.8. Muscle Histology and Fiber Diameter Determination and
Quantification. Fresh-frozen TA muscles were sectioned,
and cryosections (8 𝜇m) were stained with hematoxylin and
eosin (H&E) or Alexa-Fluor 594 tagged wheat germ agglu-
tinin (WGA) (Life Technologies, USA) according to stan-
dard procedures. Wheat germ agglutinin-stained fibers were
assessed through blind analysis using the Image J software
(NIH, USA), with fiber sizes determined for seven randomly
captured images from each experimental condition. Fibers
were handled manually, and the minimal Feret diameter of
each fiber was computed by the software [28, 29].

2.9. Immunohistochemical Analysis. For immunohistochem-
istry, fresh-frozen TA muscle cryosections (8𝜇m) were fixed
in acetone and incubated overnight in 1% bovine serum
albumin in PBS with anti-MHC IIa (clone SC-71-s; 1 : 20) and
anti-MHC IIb (clone BF-F3-s; 1 : 20) (Developmental Studies,
Hybridoma Bank, University of Iowa, USA). Then, cryosec-
tions were blocked for 15min in 3% methanol-H

2
O
2
and

incubated for 30min with the Envision Dual Link System-
HRP (Dako, USA). Enzyme activity was detected with a 3󸀠,3󸀠-
diaminobenzidine tetrahydrochloride liquid system (Dako,
USA). Nuclei were stained with hematoxylin [26, 30].

2.10. ROS Detection. For ROS detection, fresh-frozen TA
muscle cryosections (8𝜇m) were incubated for 30min at
37∘C with 10 𝜇M CM-H

2
DCF-DA dye (Molecular Probes,

Eugene, Oregon, USA) in Hank’s buffered salt solution.Then,
the muscles were fixed in 4% paraformaldehyde in PBS for
10min at room temperature. The nuclei were stained with
Hoechst 33258 (1 : 5,000) in PBS. After rinsing, the muscles
were mounted with a fluorescent mounting medium (Dako,
USA) under a glass slide and viewed and photographed using
the Motic BA310 epifluorescence microscope [31].

2.11. Terminal Deoxynucleotidyl Transferase Mediated dUTP
Nick End Labelling (TUNEL) Technique. Breaks in the DNA
strand as a result of endonuclease activity were detected by
the TUNEL labelling technique using the commercial Dead-
EndColorimetric TUNELKit (Promega, USA).The label was
developed with a DAB 3,3󸀠-diaminobenzidine horseradish
peroxidase substrate that produces a dark-brown reaction
product. A blinded field quantification of TUNEL-positive
nuclei was then performed on five randomly captured images
of the TA taken from four mice and for each experimental
condition [15].
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Figure 1: Mesenchymal stem cells (MSCs) administration inhibits the decreased muscle strength induced by a high fat diet (HFD) in mice.
C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At week 30, a subgroup of HFD mice received MSC
injected through the tail-vein. At week 38, all mice were subjected to the following: (a) A weightlifting test to determine limbmuscle strength:
values represent the percentage of muscle strength reached by the mice with each weight and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05
versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA). (b) A weightlifting test: the values represent the scores normalized by body weight.
The values correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA). (c) Maximal isometric
strengths (mN/mm2) against stimulation frequencies (Hz) in the tibialis anterior (TA) muscles: values represent the mean ± SD (𝑛 = 8;
∗

𝑃 < 0.05 versus HFD, two-way ANOVA).

2.12. Caspase-3 Activity. The activity of caspase-3 was deter-
mined in the TA protein extract using the commercial
Caspase-3 Colorimetric Assay Kit (BioVision Inc., USA). A
405 nm absorbance value for each experimental condition
was expressed as a fold of induction relative to control muscle
[15].

2.13. Statistics. For statistical analysis, two-way analysis of var-
iance (ANOVA) was used with a post hocmultiple-comparison

Bonferroni test (Prisma). Differences were considered statis-
tically significant at 𝑃 < 0.05.

3. Results

3.1. Systemic Administration of Mesenchymal Stem Cells
Reverts the Decreased Muscle Strength Induced by a High Fat
Diet. After receiving aHFD for 38weeks, livemice evidenced
decreased muscle strength, as evaluated by a weightlifting
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Figure 2: Systemic mesenchymal stem cells (MSCs) administration inhibits fiber type transitions in the tibialis anterior (TA) muscle of
mice fed with a high fat diet (HFD). C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At week 30,
a subgroup of HFD mice received MSC injected through the tail-vein. At week 38, all mice were sacrificed and the TA was analyzed to
determine fiber type through the immunohistochemical detection of myosin heavy chain isoforms (IIa and IIb). Images obtained at 10x (a)
and 40x (b) magnification show fiber types IIa (upper panel) and IIb (lower panel). Quantitative analysis of the fiber type is shown in (c).
Graph representing the percentage of specific fiber types relative to the total fibers counted per field. Values represent the mean ± SD (𝑛 = 8;
∗

𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA).
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Figure 3: Mesenchymal stem cells (MSCs) administration prevents the decreased fiber diameter of the tibialis anterior (TA) muscle in high
fat diet- (HFD-) induced skeletal muscle atrophy. TA muscles were obtained from C57BL/10J male mice fed with standard chow (control), a
HFD, or a HFD-MSC treated. Muscle cross sections were stained with wheat germ agglutinin to delimit muscle fiber sarcolemma. (a) Images
were obtained at 10x and 40x magnification. Bars correspond to 150𝜇m. (b) Minimal Feret diameters were determined in TA cross sections
from (b). Fiber diameters were grouped and ranged from 0 to 70𝜇m. Values are expressed as a percentage of the total quantified fibers. Values
correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control, two-way ANOVA).

assay (Figure 1(a)). However, HFD + MSC mice showed
a partial recovery of muscle strength after MSC treatment
(Figures 1(a) and 1(b)).

Muscle strength was also measured through electro-
physiological assays of tetanic force in isolated TA muscles.
While the muscle force of HFD mice decreased in all of the
assessed frequency ranges (Figure 1(c)), muscle strength was

recovered, albeit not completely, following MSC treatment.
This recovery reached approximately 50% for frequencies
from 40 to 150Hz and was without differences in lower
frequencies.

These results suggest that MSC administration can pre-
vent the decreased muscle strength induced by a HFD in
mice.
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Figure 4: Systemic mesenchymal stem cells (MSCs) administration prevents the decreased myosin heavy chain (MHC) levels in the tibialis
anterior (TA) muscle of mice fed with a high fat diet (HFD). C57BL/10J male mice were fed with a standard chow (control) or HFD for 38
weeks. At week 30, a subgroup of HFD mice received MSC injected through the tail-vein. After eight weeks, all mice were sacrificed and the
TA was excised and homogenized to evaluate the following: (a) MHC protein levels throughWestern blot analysis (GAPDH levels were used
as the loading control; molecular weight markers are shown in kDa) and (b) quantitative analysis of the experiments from (a). The levels of
MHC normalized to GAPDH are expressed relative to control mice (∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD).

3.2. Mesenchymal Stem Cells Prevent Fiber Type Transition,
Decreased Fiber Diameter, and theMyosin Heavy Chain Levels
Induced by a High Fat Diet. Themost abundant fiber type in
the TA is IIb. When the TA is atrophied, IIb fibers transition
towards IIa fibers [5, 6]. This was observed in the present
study, where a HFD produced a shift to IIa fibers in affected
mice, increasing the quantity of IIa fibers from 4.3 to 24.5%
and decreasing the quantity of IIb fibers from 92.8 to 69.4%
(Figures 2(a) and 2(b)). This transition was prevented in the
HFD+MSC group, which showed a similar proportion of IIb
fibers as the control group (Figures 2(a) and 2(b)).The graphs
in Figure 2(c) show the quantitative analysis of Figures 2(a)
and 2(b).

The architecture of theTAmuscleswas conservedwithout
evident changes and without foci of necrotic or damaged
fibers (Supplemental Figure S1) (see Supplementary Material
available online at http://dx.doi.org/10.1155/2016/9047821).
However, when fiber size was evaluated (Figure 3(a)), the
HFD mice showed a notable displacement towards smaller
sized fibers, a situation that was reversed to the normal values
in the HFD + MSC group (Figures 3(a) and 3(b)).

A characteristic feature of muscle atrophy is a decrease
in the levels of the myofibrillar proteins such as MHC. In line
with this, theHFDdecreasedMHCprotein levels in the TA to
only 40% of levels in control TA. In contrast, in HFD +MSC
mice, the administration of MSC partially prevented lowered
MHC levels, which reached 82% of the levels presented in
control TA (Figures 4(a) and 4(b)).

3.3. Mesenchymal Stem Cell Administration Reverts Ubiquitin
Proteasome Pathway Overactivation, the Increases in Reactive

Oxygen Species, and the Myonuclear Apoptosis Induced by a
High Fat Diet. Increased UPP activity was demonstrated by
high levels of ubiquitinated proteins in the TA of HFD mice
(Figures 5(a) and 5(b)). In contrast, HFD + MSC mice were
able to decrease protein ubiquitination, reachingUPP activity
levels similar to the control group. To corroborate this result,
atrogin-1 andMuRF-1 expression, which increase under most
muscle atrophy conditions, were also evaluated. A HFD
induced increased atrogin-1 and MuRF-1 gene expression
(Figures 5(c) and 5(d)). However, MSC treatment in HFD +
MSC mice completely prevented increased atrogin-1 expres-
sion and partially prevented increased MuRF-1 expression
in the TA (Figures 5(c) and 5(d)). When autophagy was
evaluated, the levels and processing of LC3B and p62 did
not show differences between the controls, HFD, and HFD
+ MSC mice (Supplemental Figures S2A, B, and C).

The levels of ROS were also evaluated in the TA of HFD
mice. For this, a DCF probe was used to detect (Figure 6(a))
and quantify (Figure 6(b)) ROS. HFD increased ROS levels
7.22-fold relative to the control, while MSC administration
partially prevented this increase (3.83-fold relative to the
control).

Another mechanism recently described in relation to
HFD-induced muscle wasting is myonuclear apoptosis [4].
Proapoptotic Bax levels and antiapoptotic Bcl2 levels were
measured (Figure 7(a)). The Bax/Bcl2 ratio increased in
the TA of HFD mice as compared to the control group
(Figure 7(b)). However, HFD + MSC mice presented a
decreased Bax/Bcl2 ratio in the TA as compared to the HFD
group. Additionally, HFD-induced caspase-3 protein levels
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Figure 5: Mesenchymal stem cells (MSCs) administration inhibits increases in ubiquitinated proteins and atrogin-1 and MuRF-1 gene
expression levels induced by a high fat diet (HFD) in mice. C57BL/10J male mice were fed with a standard chow (control) or HFD for 38
weeks. At week 30, a subgroup of HFDmice receivedMSC injected through the tail-vein. At week 38, all mice were sacrificed and the TA was
excised and homogenized to evaluate the following: (a) total ubiquitinated (Ub) protein levels through Western blot analysis (tubulin levels
were used as the loading control; molecular weight markers are shown in kDa) and (b) quantitative analysis of the experiments from (a). The
levels of Ub normalized to tubulin are expressed relative to control mice (∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD). Detection of
atrogin-1 (c) and MuRF-1 (d) mRNA levels through RT-qPCR using 18S as the reference gene. Expressions are shown as the fold of induction
relative to the TA from control mice, and the values correspond to the mean ± SD (∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD).

(Figure 7(c)) were decreased by MSC administration (Fig-
ure 7(d)). Similarly, MSC injection decreased HFD-induced
caspase-3 activity in the TA (Figure 7(e)). Finally, apoptotic
nuclei were evaluated by TUNEL analysis (Figure 7(f)).
The results revealed that a HFD increased the number of
apoptotic nuclei in the TA (165.4% relative to the control),
while MSC injection fully prevented this increase in HFD +
MSC mice (Figure 7(g)). Together, these results indicate that
MSC administration decreases myonuclear apoptosis in the
TA of HFD mice.

4. Discussion

It is well reported that HFD impairs muscle function and,
specifically, produces muscle atrophy [32–34]. HFD induces
skeletal muscle atrophy through the induction of several
mechanisms, such as UPP overactivation, increased oxidative
stress, and the generation of myonuclear apoptosis [4, 7].
In this context, the present study corroborated that HFD
can produce phenotypical changes in skeletal muscle, many
of which also occur in muscle atrophy caused by other
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Figure 6: Systemic mesenchymal stem cells (MSCs) administration prevents increased reactive oxygen species (ROS) levels in the tibialis
anterior (TA) of mice fed with a high fat diet (HFD). C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At
week 30, a subgroup of HFDmice receivedMSC injected through the tail-vein. At week 38, all mice were sacrificed. (a) Cryosections obtained
from the TAwere incubated with a DCF probe for ROS detection through fluorescencemicroscopy. Nuclei were labelled via Hoechst staining.
(b) Quantification of ROS levels from experiments showed in (a).The values are expressed as the fold of induction of the DCF probe intensity.
Values correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA).

stimuli, such as by immobilization, sepsis, or cachexia. These
changes include decreased muscle strength and fiber size,
fiber type transitions (e.g., IIb→IIa), the downregulation of
MHC levels, the upregulation of atrogenes such as atrogin-1
and MuRF-1, and increased oxidative stress and myonuclear
apoptosis. Interestingly, all of these features of HFD-induced
muscle wasting were prevented when MSC was systemically
administrated to mice.

One feature of obesity is an increase of some circulating
factors that can affect muscle function and structure, pro-
ducing muscle atrophy. These factors include angiotensin II
and TNF-𝛼 [7, 35, 36]. Thus, the next step in our model
of study is to know if the MSC administration alters the
circulating and tissue levels of angiotensin II and TNF-𝛼.
The mechanisms through which angiotensin II and TNF-
𝛼 induce muscle wasting include increased oxidative stress,
UPP overactivation, and myonuclear apoptosis [7, 37–39].
These studies are in line with the present results, which
show that MSC treatment prevented oxidative stress, UPP
overactivation, and myonuclear apoptosis. Building on this
result, it is important that future studies elucidate the possible
participation of the angiotensin II and TNF-𝛼 induced
pathways in the improvements observed when MSC is given
to obese mice.

Despite the fact that one of the effects observed by MSC
treatment is the decrease of myonuclear apoptosis, the cell
type responsible for or sensible to this effect is not studied.
We cannot rule out the possibility that apoptotic signaling
may have occurred by a combination of muscle (fiber or
satellite cells) and nonmuscle cells (e.g., endothelial cells
and resident fibroblast) that reside inside muscles in vivo.
Moreover, we cannot be sure that apoptotic myonuclei are

intramuscular or associated with satellite cells. However,
considering that the main and more abundant cell type in
skeletal muscle is the muscle fibers and the evidences that
describe the fibers as main source of apoptotic myonuclei in
models of muscle atrophy by unloading [40], then we can
speculate that at least this cell type significantly contributes
to the changes in apoptotic signaling induced by high fat
diet (HFD) and therefore it is sensitive to MSC treatment.
This suggestion is supported by other studies that show
the muscle fiber as the main cell source of the myonuclear
apoptosis induced by HFD [4, 41]. Despite these evidences,
we cannot discard that part of the atrophic effect observed
under HFD can be attributed to another cell type, specifically
to satellite cells whose dysfunction has been reported in
atrophied muscles [42, 43], opening another cell target to
the effect of MSC administration. Thus, further studies, such
as specific immunolocalization of apoptotic marker, must be
performed to detect and clarify the cell types responsible for
the myonuclear apoptosis in the skeletal muscle under HFD,
evaluating in addition the effect of MSC treatment.

The use of stem cell therapy to improve muscle dis-
orders has been previously evaluated in models of muscle
regeneration or dystrophy, mainly using the graft strategy
[44, 45]. However, the efficiency of these procedures has been
poor. In turn, the present results indicate that systemic MSC
administration improves skeletal muscle atrophy associated
with a HFD. Importantly, the effects of MSC administration
were not related to obesity reversion, since HFD mice
remained obese, hypercholesterolemic, hyperglycemic, and
hyperinsulinemic (Supplemental Table S1).

Also worth noting, the MSCs incorporated into the
muscle tissue of HFDmice were undetected in posttreatment
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Figure 7: Mesenchymal stem cells (MSCs) administration inhibits the increased myonuclear apoptosis induced by a high fat diet (HFD) in
mice. C57BL/10J male mice were fed with a standard chow (control) or HFD for 38 weeks. At week 30, a subgroup of HFDmice receivedMSC
injected through the tail-vein. At week 38, all mice were sacrificed and the tibialis anterior (TA) was excised and homogenized to evaluate
(a) Bax and Bcl2 protein levels through Western blot analysis; (b) Bax/Bcl2 ratio analysis (the values are expressed as fold of induction
relative to the control and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD, two-way ANOVA)); (c)
cleaved caspase-3 levels detected by Western blot analysis; (d) quantification of caspase-3 levels from experiments shown in (c). The values
are expressed as fold of induction relative to the control and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus
HFD, two-way ANOVA). For (a) and (c), the levels of tubulin are shown as the loading control. The molecular weights are shown in kDa.
(e) Caspase-3 activity was measured and expressed as fold of induction relative to the control, with values corresponding to the mean ± SD
(𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus HFD; two-way ANOVA). (f) Cryosections of TA were used to perform the TUNEL assay.
The bar corresponds to 50 𝜇m. (g) Blinded quantification of TUNEL-positive nuclei per field in five randomly captured images. The values
are expressed as the fold of induction relative to the control and correspond to the mean ± SD (𝑛 = 8; ∗𝑃 < 0.05 versus control; #𝑃 < 0.05
versus HFD, two-way ANOVA).
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analyses (data not shown). Diverse studies have shown that
<1% of systemically administered MSCs remain present one
week after administration in any organ, including the lungs,
heart, kidneys, liver, spleen, and gut [16, 46, 47]. However,
the clinical benefits associated with MSC administration can
be observed for a much longer period. Considering this, it
is possible to speculate that the impaired muscle function
and features of muscle atrophy were prevented by some
indirect event dependent on the MSCs. For example, MSCs
secrete a broad range of bioactive growth factors, such as
VEGF, bFGF, IGF,HGF, and EGF [21].Therefore,MSCs could
provide trophic support for injured tissue by modifying the
microenvironment, thus inducing local precursor prolifera-
tion and differentiation to improve damaged tissue irrigation
and prevent parenchymal cell apoptosis [17, 21]. Considering
this, the impaired muscle function and features of muscle
atrophy could be prevented by some indirect or paracrine
event dependent on MSCs, as has been previously found in
relation to the secretion of trophic factors [21, 48]. If this is the
mechanism by which the effects of MSCs occur, it is possible
that MSCs increase the secretion of trophic factors such as
EGF and bFGF [21]. In skeletal muscle, EGF and bFGF also
stimulate growth and prevent muscle atrophy [49, 50].

Through MSC administration, the muscle function af-
fected by sepsis-induced skeletalmuscle wastingwas partially
recovered, mainly through improving the function of satellite
cells, the primary cell population responsible for repairing
skeletal muscle [51]. Considering differences in MSC admin-
istration between Gao et al. [46] and the present study,
it is possible that, in the present model of HFD-induced
muscle wasting, MSC treatment could induce the secretion
of soluble factors that finally improve muscle strength. This
possible mechanism could be mediated by an effect on
satellite cells or another cell population that participates in
muscle repair. One such population is a muscle-resident
population of nonsatellite progenitor cells that are termed
bipotent fibro/adipogenic progenitors and are located in the
muscle interstitium and neighbor muscle-associated blood
vessels. These cells could contribute to preventing muscle
atrophy by secreting paracrine factors such as IL-6, IGF-1, and
Wnt1 [52, 53].

Alternatively, MSC administration produces an anti-
inflammatory response in several models and pathologies.
Systemic inflammation can increase during obesity, resulting
in increased proinflammatory cytokines such as IL-1𝛽 and
TNF-𝛼 [54], which induce muscle wasting [55]. Therefore,
it is possible that the presently obtained results are due
to decreased TNF-𝛼 plasma levels, which, in turn, could
decrease the atrophic effect on skeletal muscle.

5. Conclusions

The present study is the first to demonstrate that systemically
administeredMSCs could prevent themuscle wasting associ-
ated with HFD-induced obesity, by preventing the decreased
MHC levels, increased UPP activity, increased myonuclear
apoptosis, and oxidative stress.
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the angiotensin-converting enzyme decreases skeletal muscle
fibrosis in dystrophic mice by a diminution in the expression
and activity of connective tissue growth factor (CTGF/CCN-
2),” Cell and Tissue Research, vol. 353, no. 1, pp. 173–187, 2013.

[26] M. G. Morales, C. Cabello-Verrugio, C. Santander, D. Cabrera,
R. Goldschmeding, and E. Brandan, “CTGF/CCN-2 over-
expression can directly induce features of skeletal muscle
dystrophy,” The Journal of Pathology, vol. 225, no. 4, pp. 490–
501, 2011.

[27] P. Gregorevic, D. R. Plant, K. S. Leeding, L. A. Bach, and G. S.
Lynch, “Improved contractile function of the mdx dystrophic
mouse diaphragm muscle after insulin-like growth factor-I
administration,”TheAmerican Journal of Pathology, vol. 161, no.
6, pp. 2263–2272, 2002.

[28] F. Cisternas, M. G. Morales, C. Meneses et al., “Angiotensin-
(1–7) decreases skeletal muscle atrophy induced by angiotensin
II through a Mas receptor-dependent mechanism,” Clinical
Science, vol. 128, no. 5, pp. 307–319, 2015.

[29] C.Meneses, M. G.Morales, J. Abrigo, F. Simon, E. Brandan, and
C. Cabello-Verrugio, “The angiotensin-(1–7)/Mas axis reduces
myonuclear apoptosis during recovery from angiotensin II-
induced skeletal muscle atrophy in mice,” Pflugers Archiv—
European Journal of Physiology, vol. 467, no. 9, pp. 1975–1984,
2015.

[30] M. G. Morales, J. Abrigo, C. Meneses, F. Cisternas, F. Simon,
and C. Cabello-Verrugio, “Expression of the Mas receptor is
upregulated in skeletal muscle wasting,”Histochemistry and Cell
Biology, vol. 143, no. 2, pp. 131–141, 2014.

[31] J. Abrigo, J. C. Rivera, F. Simon, D. Cabrera, and C. Cabello-
Verrugio, “Transforming growth factor type beta (TGF-𝛽)
requires reactive oxygen species to induce skeletal muscle
atrophy,” Cellular Signalling, vol. 28, no. 5, pp. 366–376, 2016.

[32] N. H. Le, C.-S. Kim, T. Park et al., “Quercetin protects against
obesity-induced skeletal muscle inflammation and atrophy,”
Mediators of Inflammation, vol. 2014, Article ID 834294, 10
pages, 2014.

[33] S.-R. Lee, A. V. Khamoui, E. Jo et al., “Effects of chronic high-
fat feeding on skeletalmusclemass and function inmiddle-aged
mice,” Aging Clinical and Experimental Research, vol. 27, no. 4,
pp. 403–411, 2015.

[34] Y. Shpilberg, J. L. Beaudry, A. D’Souza, J. E. Campbell, A.
Peckett, and M. C. Riddell, “A rodent model of rapid-onset
diabetes induced by glucocorticoids and high-fat feeding,”
Disease Models andMechanisms, vol. 5, no. 5, pp. 671–680, 2012.

[35] I. Peluso and M. Palmery, “The relationship between body
weight and inflammation: lesson from anti-TNF-𝛼 antibody
therapy,” Human Immunology, vol. 77, no. 1, pp. 47–53, 2016.

[36] H. Khodabandehloo, S. Gorgani-Firuzjaee, G. Panahi, and
R. Meshkani, “Molecular and cellular mechanisms linking
inflammation to insulin resistance and 𝛽-cell dysfunction,”
Translational Research, vol. 167, no. 1, pp. 228–256, 2016.

[37] P. Plomgaard, A. R. Nielsen, C. P. Fischer et al., “Associations
between insulin resistance and TNF-𝛼 in plasma, skeletal
muscle and adipose tissue in humans with and without type 2
diabetes,” Diabetologia, vol. 50, no. 12, pp. 2562–2571, 2007.

[38] Y.-P. Li, Y. Chen, J. John et al., “TNF-𝛼 acts via p38 MAPK to
stimulate expression of the ubiquitin ligase atrogin1/MAFbx in
skeletalmuscle,” FASEB Journal, vol. 19, no. 3, pp. 362–370, 2005.

[39] N. Carbó, S. Busquets, M. van Royen, B. Alvarez, F. J. López-
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