
MOLECULAR MEDICINE REPORTS  23:  201,  2021

Abstract. In diabetic animal models, high plasma/tissue levels 
of methylglyoxal (MG) are implicated in atherosclerosis. 
N‑acetylcysteine (NAC) is a cysteine prodrug that replenishes 
intracellular glutathione (GSH) levels, which can increase the 
elimination of MG in diabetes mellitus (DM). The present 
study investigated the anti‑atherosclerotic role of NAC in DM 
and aimed to determine whether the mechanism involved 
GSH‑dependent MG elimination in the aorta. Apolipoprotein‑E 
knockdown (ApoE‑/‑) mice injected with streptozotocin for 
5 days exhibited enhanced atherosclerotic plaque size in the 
aortic root; notably, a high‑lipid diet aggravated this alteration. 
NAC treatment in the drinking water for 12 weeks decreased 
the size of the atherosclerotic lesion, which was associated 
with a reduction in MG‑dicarbonyl stress and oxidative stress, 
as indicated by decreased serum malondialdehyde levels, and 
increased superoxide dismutase‑1 and glutathione peroxi‑
dase‑1 levels in the diabetic aorta. Endothelial damage was 
also corrected by NAC, as indicated by an increase in the 
expression levels of phosphorylated (p‑)Akt and p‑endothelial 
nitric oxide synthase (eNOS) in the aorta, as well as nitric oxide 

(NO) in the serum. In addition, MG‑treated human umbilical 
vein endothelial cells (HUVECs) exhibited increased reactive 
oxygen species and decreased antioxidant enzyme expression 
levels. NAC treatment corrected the alteration in HUVECs 
induced by MG, whereas the protective role of NAC was 
blocked via inhibition of GSH. These findings indicated that the 
diabetic aorta was more susceptible to atherosclerotic lesions 
compared with non‑diabetic ApoE‑/‑ mice. Furthermore, NAC 
may offer protection against atherosclerotic development in 
DM by altering aortic and systemic responses via correcting 
GSH‑dependent MG elimination, leading to decreased oxida‑
tive stress and restoration of the p‑Akt/p‑eNOS pathway in the 
aorta.

Introduction

Diabetes mellitus (DM) is one of the most important global 
health threats (1). Accelerated and aggressive atherosclerosis 
leading to severe cardiovascular events, such as ischemic 
heart disease and stroke, accounts for an important cause 
of morbidity and mortality due to cardiovascular disease in 
patients with DM (2). Notably, metabolic disease is charac‑
terized by hyperglycemia, and lowering blood glucose levels 
by diet, exercise and medication is an important foundation 
of DM management (3). However, tight glucose control has 
been reported to limit early microvascular diseases, such as 
retinopathy and nephropathy, but not macrovascular athero‑
sclerosis, according to the Diabetes Control and Complication 
Trial study (4‑6). In addition, more than half the increased risk 
of cardiovascular disease in DM cannot be fully explained by 
well‑known risk factors (7), such as hypertension and abnormal 
cholesterol, thus indicating that other elements underlying DM 
may contribute to macrovascular atherosclerosis (7,8).

Methylglyoxal (MG) is a highly reactive dicarbonyl 
compound, which is a key contributor to atherosclerosis. 
MG is derived from the glucose metabolic process, and is a 
precursor of most of the functionally important spontaneous 
protein and DNA modifications (9,10). Circulating and tissue 
MG are 3‑5‑fold higher in diabetic models (11). In patients 
with DM and vascular complications, plasma MG levels are 
further elevated (12,13). While limited data are available on the 
alteration of aortic MG levels during DM, abundant literature 
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supports the concept that MG is important in the pathogenesis 
of atherosclerosis (14,15). A previous report demonstrated 
that exposure to exogenous MG or inhibition of glyoxalase‑1 
to increase endogenous MG levels was able to increase 
vascular endothelial adhesion and augment atherogenesis in 
apolipoprotein E (ApoE) knockout mice (16). Furthermore, 
Goto‑Kakizaki rats (a type 2 DM model) treated with MG in 
drinking water exhibited aggravated endothelial dysfunction 
and oxidative stress (17,18). Overall, these studies suggested a 
potential benefit for targeting MG in diabetic individuals.

Glutathione (GSH) is a rate‑limiting co‑factor in the 
glyoxalase elimination pathway for MG. High glucose levels 
have been reported to decrease the intracellular levels and 
rate of uptake of cysteine, which is a rate‑limiting factor that 
maintains GSH levels in human aortic vascular smooth muscle 
cells (19). Reduced GSH content was further detected in the 
aortic tissue of diabetic rats with hyperglycemia in vivo (20). 
N‑acetylcysteine (NAC) is an effective agent to replenish GSH 
in deficient cells. Previously, it was demonstrated that DM 
imbalanced the MG/GSH ratio in brains of a stroke model, 
whereas NAC corrected this ratio, and decreased dicarbonyl 
levels and oxidative stress to reduce cerebral injury in a diabetic 
ischemia/reperfusion model (21,22). These findings suggested 
a preventive role of NAC in endothelial dysfunction, which 
may be associated with the correction of MG/GSH levels and 
oxidative stress (21,22). Since oxidative stress and endothelial 
dysfunction have been identified as common upstream events 
that mediate the atherogenic effects of hyperglycemia (23,24), 
the present study aimed to investigate the anti‑atherosclerotic 
role of NAC in DM and whether the mechanism involved 
decreased oxidative stress and endothelial damage via 
GSH‑dependent MG elimination in the aorta.

Materials and methods

Materials. MG (cat. no. M0252), GSH (cat. no. G4251), NAC 
(cat. no. A7250), streptozotocin (STZ; cat. no. S0130), the 
GSH synthesis inhibitor buthionine sulfoximine (BSO; cat. 
no. B2640) and guanidine hydrochloride (cat. no. G7294) 
were purchased from Sigma‑Aldrich (Merck KGaA). Rabbit 
anti‑glutathione peroxidase‑1 (GPX‑1; cat. no. ab22604), rabbit 
anti‑superoxide dismutase‑1 (SOD‑1; cat. no. ab51254), rabbit 
anti‑endothelial nitric oxide synthase (eNOS; cat. no. ab5589), 
anti‑phosphorylated (p)‑eNOS (cat. no. ab215717) and 
HRP‑conjugated goat‑anti‑rabbit IgG (cat. no. ab150077) were 
purchased from Abcam. Rabbit anti‑Akt (cat. no. sc‑8312) 
and anti‑p‑Akt (cat. no. sc‑7985 R) were obtained from 
Santa Cruz Biotechnology, Inc. Mouse anti‑actin antibody 
(cat. no. 612656) was obtained from BD Biosciences. 
HRP‑conjugated sheep‑anti‑mouse IgG (cat. no. NA931) was 
purchased from Amersham (Cytiva). Enhanced chemilumi‑
nescence (ECL) reagent (cat. no. 1705060) was acquired from 
Bio‑Rad Laboratories, Inc. Nitric oxide (NO; cat. no. A012), 
which was used for the nitrate reductase method according to 
the instructions of the NO assay kit, and the malondialdehyde 
(MDA) assay kit (cat. no. A003) were obtained from Nanjing 
Jiancheng Bioengineering Institute.

Animal preparation. Male ApoE‑/‑ mice (age, 5 weeks; weight, 
20‑25 g; Jackson Laboratory, n=40) were fed at the Animal 

Center of Huazhong University of Science and Technology 
(Wuhan, China), following the Guide for the Care and Use of 
Laboratory Animals published by the National Institutes of 
Health (25). Rearing temperature was between 22‑25˚C, rela‑
tive humidity was 60%, and light‑dark cycle was 12 h. Mice 
were supplied with continuous access to drinking water and a 
normal diet. After acclimatization for 1 week, the mice were 
randomly divided into four groups: i) control group (n=10); 
ii) DM group (n=10); iii) diabetic mice fed a high‑lipid diet 
(HLD) (DM + HLD group, n=10); and iv) diabetic mice fed 
a HLD and administered NAC (DM + HLD + NAC group, 
n=10). Experimental diabetic mice were achieved via an 
intraperitoneal injection of 50 mg/kg STZ for 5 consecutive 
days, whereas control mice were injected with citrate buffer 
for 5 consecutive days. At day 7, those mice whose plasma 
glucose was >300 mg/dl were deemed to be diabetic. In 
total, 20 diabetic mice were placed on a HLD containing 
1.25% cholesterol and 10% coconut oil. A total of 10 mice 
from the DM + HLD group received 2 mmol/l NAC in their 
drinking water, whereas the remaining mice in DM + HLD 
group received normal drinking water. All mice were fed for 
12 weeks. After 12 weeks, blood was obtained from the carotid 
artery under anesthesia with ketamine (125 mg/kg, intraperi‑
toneal) and xylazine (6.25 mg/kg, intraperitoneal). The doses 
of ketamine and xylazine were selected according to previous 
studies (26‑29), and were appropriately modified to anesthe‑
tize mice and obtain blood for blood lipid, NO and MDA 
assays. Subsequently, the mice were sacrificed by cervical 
dislocation under deep anesthesia. The aortas were harvested 
and immersed in liquid nitrogen for high‑performance lipid 
chromatography (HPLC), protein carbonyl contents assay, 
western blotting and atherosclerotic lesion evaluation.

Cell culture. Human umbilical vein endothelial cells 
(HUVECs) were isolated from neonatal umbilical cords, as 
described in our previous study (30). HUVECs were cultured 
in M199 (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (Beijing Solarbio Science & 
Technology Co., Ltd.), 1% insulin‑transferrin‑sodium selenite 
(Sigma‑Aldrich; Merck KGaA) and 1% penicillin‑strepto‑
mycin at 37˚C in an atmosphere containing 5% CO2. HUVECs 
at passages 2‑4 were divided into four groups: i) control group; 
ii) MG group, where HUVECs were incubated with 1 mM MG 
for 24 h; iii) NAC group, where HUVECs were pretreated with 
1 mM NAC overnight, and then incubated with 2 mM NAC 
and 1 mM MG for 24 h; and iv) BSO group, where HUVECs 
were pretreated with 1 mM NAC and 50 µM BSO overnight, 
and then incubated with 2 mM NAC, 300 µM BSO and 1 mM 
MG for 24 h. For the reactive oxygen species (ROS) assay, 
5x104 HUVECs were cultured in 96‑well plates. For western 
blot analyses, HUVECs were cultured in 6‑well plates at 
1x106 cells/well.

Evaluation of atherosclerotic lesions. For the evaluation of 
aortic lesions, 5‑µm cryosections of the thoracic aortic root 
were stained with oil red O at 37˚C for 20 min, and were 
assessed using the Paigen's method with Image Pro Plus 7.0 
software (Media Cybernetics, Inc.) (31). For each animal, five 
sections were used to assess the mean lesion area under a light 
microscope with Image‑Pro Plus 7.0 software.
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Blood lipid measurement. An automatic biochemistry analyzer 
(Olympus AU2700; Olympus Corporation) was used to 
measure the levels of total cholesterol (TC), triglyceride (TG) 
and high‑density lipoprotein cholesterol (HDL‑C), according 
to the manufacturer's protocols. The levels of low‑density 
lipoprotein cholesterol (LDL‑C) were calculated using the 
Friedewald formula (32).

HPLC for quantification of GSH and MG in the aorta. 
Determination of GSH was performed as previously 
described (22,33). Briefly, trichloroacetic acid (TCA)‑soluble 
acid supernatants of the aorta in PBS were derived using 6 
mmol/l iodoacetic acid (pH 7‑8) and 1% 2,4‑dinitrophenyl 
fluorobenzene (pH 7.0) to produce S‑carboxymethyl and 
2,4‑dinitrophenyl derivatives, respectively. GSH derivatives 
were separated using buffer [solvent A, 4:1 methanol:water 
(v/v); solvent B, 272 g sodium acetate trihydrate, 122 ml water 
and 378 ml glacial acetic acid were mixed, and 200 ml of 
the resulting solution was added to 800 ml solvent A] on a 
250x4.6‑mm Alltech Lichrosorb NH2 10 µm anion‑exchange 
column (LC‑20AB; Shimadzu Corporation) and detected 
at UV‑365 nm at room temperature [sample quantity, 50 µl; 
flow rate, 1 ml/min; solvent A/solvent B, 90/10; running time 
30 min; internal standards, GSH and oxidized glutathione 
(GSSG)]. The aortic GSH contents, expressed as nmol/mg 
protein, were quantified by comparison to standard derivatives 
in the same manner.

Determination of MG was performed as previously 
described (22,34). Briefly, aortic homogenates in PBS were 
treated with 60% perchloric acid (29:1 v/v), and the acidic 
supernatants were derivatized with 0.1 mol/l o‑phenylene‑
diamine (100:1 v/v) for 24 h. MG derivatives were separated 
on a 250x4.6‑mm Chromegabond Ultra C‑18 reversed phase 
column (Shimadzu Corporation), and detected at UV‑315 
nm. Aortic MG contents, expressed as nmol/mg protein, were 
quantified by comparison to MG standard derivatives with 
o‑phenylenediamine.

Assessment of protein carbonyls. Total protein carbonyls 
were determined in aortic homogenates as previously 
described (35). Briefly, homogenates were incubated with 
10 mmol/l 2,4‑dinitrophenylhydrazine in 2 mol/l hydrochloric 
acid (1:2 v/v) and precipitated with 10% TCA, and then 
centrifuged at 11,000 x g at room temperature for 3 min. The 
supernatants were removed and the pellets were washed with 1 
ml ethanol‑ethyl acetate (1:1) at room temperature (1:1 volume 
ratio) three times (10 min each). Then, protein pellets were 
re‑dissolved in 600 µl of 6 mol/l guanidine hydrochloride 
containing 20 mmol/l potassium phosphate (pH 2.3) and 
incubated for 15 min at 37˚C, and supernatants were obtained 
following centrifugation at 11,000 x g at room temperature 
for 3 min. Absorbance of the supernatants was measured at 
366 nm. Protein carbonyl contents were quantified using an 
extinction coefficient of 22,000 M‑1 cm‑1.

ELISA for determination of serum NO and MDA levels. Whole 
blood was placed for 2 h at room temperature and centrifuged 
to obtain serum at 1,500 x g for 10 min at 4˚C. Serum NO and 
MDA levels were detected using commercial kits, according 
to the manufacturer's protocols. The kits were based on 

colorimetric methods and the samples were evaluated using a 
microplate reader.

Measurement of intracellular ROS levels. Intracellular ROS 
levels were measured using 2',7'‑dichlorofluorescein diace‑
tate (DCFH‑DA), according to the method described by 
Zhu et al (36); briefly, 10 µM DCFH‑DA was added to the 
medium. DCFH‑DA is converted to dichlorofluorescein (DCF) 
in proportion to ROS concentration and remains trapped inside 
the cell. Prior to fluorescence analysis, cells were incubated 
with DCFH‑DA for 30 min at 37˚C in the dark and washed 
three times with 1X PBS. Subsequently, DCF fluorescence 
was determined using excitation/emission wavelengths of 
488/610 nm. ROS levels were digitally quantified using Image 
Pro Plus 7.0 software (Media Cybernetics, Inc.).

Western blot analysis of p‑Akt, p‑eNOS, GPX‑1 and SOD‑1. 
Aortic tissues or HUVECs were homogenized with RIPA 
lysis buffer containing 50 mM Tris (pH 8.0), 150 mM sodium 
chloride, 0.5% sodium deoxycholate, 0.1% SDS and a protease 
inhibitor cocktail (cat. no. P9599; Sigma‑Aldrich; Merck 
KGaA). Total proteins (30 µg) were separated by SDS‑PAGE 
on 15% gels at 120 V for 140 min for actin, SOD‑1 and 
GPX‑1, and on 10% gels at 120 V for 120 min for actin, Akt, 
p‑Akt, eNOS and p‑eNOS. Proteins were then transferred 
onto PVDF membranes at 100 V for 1 h. The membranes 
were blocked in 5% skimmed milk in TBS with Tween‑20 
buffer [20 mM Tris, 137 mM NaCl and 0.1% Tween‑20 
(pH 7.6)] for 1 h at room temperature, and were then incu‑
bated with rabbit anti‑Akt and p‑Akt antibodies (1:500), rabbit 
anti‑eNOS and p‑eNOS antibodies (1:500), rabbit anti‑GPX‑1 
antibody (1:2,000), rabbit anti‑SOD‑1 antibody (1:2,000) and 
mouse anti‑actin antibody (1:5,000) at 4˚C overnight with 
agitation, followed by incubation with the corresponding 
HRP‑conjugated secondary antibody (1:5,000) for 2 h at room 
temperature. Protein expression was detected using ECL 
(Bio‑Rad Laboratories, Inc.), according to the manufacturer's 
instructions. Protein expression levels were normalized to 
actin (in the case of SOD‑1 and GPX‑1), total Akt (in the 
case of p‑Akt) or total eNOS (in the case of p‑eNOS) with 
Image‑Pro Plus 7.0 software.

Statistical analysis. All experiments were repeated four to 
five times. Data are presented as the mean ± SEM. Significant 
differences were assessed by one‑way ANOVA followed 
by Tukey's post hoc test (for multiple comparisons) using 
GraphPad Prism 5 software (GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference.

Results

NAC inhibits atherosclerotic development in STZ‑induced 
diabetic ApoE‑/‑ mice fed a HLD. At 12 weeks, the atheroscle‑
rotic plaque area of the aortic root in diabetic mice was larger 
compared with that in the normal diet control group (Fig. 1). 
The atherosclerotic lesion area induced by the addition of a 
HLD was 3‑fold larger than the area induced by DM alone 
(Fig. 1). Conversely, NAC treatment for 12 weeks significantly 
attenuated the atheroma by nearly half in diabetic mice fed a 
HLD compared with that in the DM + HLD group (Fig. 1).
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NAC does not alter blood lipid levels or lipid profiles. High 
plasma LDL‑C is a well‑known risk factor for the develop‑

ment and progression of atherosclerosis (37,38). Low HDL‑C 
is also a contributor to atherosclerotic lesions. To ascertain if 

Figure 1. Atherosclerotic lesion areas in the aortic root were stained with oil red O (magnification, x100) in ApoE‑/‑ mice (Con group), STZ‑injected ApoE‑/‑ 
mice (DM group), STZ‑injected ApoE‑/‑ mice fed a HLD (DM + HLD group), and STZ‑injected ApoE‑/‑ mice fed a HLD and administered NAC‑containing 
water (DM + HLD + NAC group). *P<0.05 vs. Con group; #P<0.05 vs. DM group; &P<0.05 vs. DM + HLD group (n=5/group). ApoE, apolipoprotein E; Con, 
control; DM, diabetes mellitus; HLD, high‑lipid diet; NAC, N‑acetylcysteine; STZ, streptozotocin.

Figure 2. Blood lipid levels (total cholesterol, LDL‑C, HDL‑C and triglyceride) were assessed using an automatic biochemistry analyzer in ApoE‑/‑ mice 
(Con group), STZ‑injected ApoE‑/‑ mice (DM group), STZ‑injected ApoE‑/‑ mice fed a HLD (DM + HLD group), and STZ‑injected ApoE‑/‑ mice fed a HLD 
and administered NAC‑containing water (DM + HLD + NAC group). *P<0.05 vs. Con group; #P<0.05 vs. DM group (n=8/group). LDL‑C, low‑density lipo‑
protein cholesterol; HDL‑C, high‑density lipoprotein cholesterol; ApoE, apolipoprotein E; Con, control; DM, diabetes mellitus; HLD, high‑lipid diet; NAC, 
N‑acetylcysteine; STZ, streptozotocin.
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NAC affected cholesterol content to inhibit atherosclerosis in 
DM, total lipids and their composition were analyzed. The 
levels of TC, LDL‑C and TG were elevated, whereas HDL‑C 
was decreased in diabetic mice at 12 weeks compared with 
the lipid profiles in normal control mice. Mice fed a HLD for 
12 weeks exhibited further increased TC, LDL‑C and TG 
levels compared with DM group; however, this diet did not 
alter the levels of HDL‑C in diabetic mice. NAC treatment 
did not affect total lipid levels or cholesterol composition 
compared with the observations in diabetic mice fed a HLD 
(Fig. 2). These results indicated that alteration of lipid or lipid 
profiles was not associated with the mechanism underlying the 
anti‑atherosclerotic ability of NAC.

NAC corrects the upregulation of MG and carbonyl proteins 
in diabetic ApoE‑/‑ mice fed a HLD. To ascertain whether NAC 
affected aortic MG and dicarbonyl stress, MG and carbonyl 
protein levels were detected in thoracic aorta samples. As 
expected, the MG and carbonyl protein contents in the aorta of 
diabetic mice were increased ~3‑fold compared with those in 

the control group (Fig. 3A). Mice fed a HLD exhibited a slight 
elevation in MG and carbonyl protein contents in the aorta 
compared with those in the DM group; however, there were no 
significant differences between the DM and DM + HLD groups. 
After treatment with NAC for 12 weeks, DM + HLD + NAC 
mice exhibited reduced free MG and protein carbonyl contents 
in the thoracic aorta compared with those in the DM + HLD 
group (Fig. 3A). These results suggested that NAC corrected 
the increased dicarbonyl stress detected in ApoE‑/‑ mice in the 
DM + HLD group.

NAC scavenges oxidative stress in diabetic ApoE‑/‑ mice fed 
a HLD. To determine the levels of oxidative stress in DM, 
serum MDA, and aortic SOD‑1 and GPX‑1 expression levels 
were detected in mice. Serum MDA levels in DM mice were 
1.5‑fold higher than those in the control group. Mice fed a HLD 
exhibited a further increase in serum MDA levels compared 
with those detected in the DM group (Fig. 3A). DM markedly 
decreased aortic SOD‑1 and GPX‑1 protein expression levels, 
which were further aggravated by a HLD. NAC treatment 

Figure 3. Effects of NAC on oxidative stress, p‑Akt/p‑eNOS protein expression and serum NO levels in diabetic ApoE‑/‑ mice fed a HLD. (A) Aortic pro‑
tein expression of GSH, MG, protein carbonyl contents and serum MDA levels (n=5 repeats/group). (B) Aortic protein expression levels of antioxidant 
enzymes (SOD‑1 and GPX‑1) (n=4 repeats/group). (C) Aortic protein expression levels of p‑Akt and p‑eNOS (n=4 repeats/group). (D) Serum levels of NO 
(n=4 repeats/group) in ApoE‑/‑ mice (Con group), STZ‑injected ApoE‑/‑ mice (DM group), STZ‑injected ApoE‑/‑ mice fed a HLD (DM + HLD group), and 
STZ‑injected ApoE‑/‑ mice fed a HLD and administered NAC‑containing water (DM + HLD + NAC group). *P<0.05 vs. Con group; #P<0.05 vs. DM group; 
&P<0.05 vs. DM + HLD group. ApoE, apolipoprotein E; Con, control; DM, diabetes mellitus; HLD, high‑lipid diet; NAC, N‑acetylcysteine; STZ, strepto‑
zotocin; GSH, glutathione; MG, methylglyoxal; p‑, phosphorylated; eNOS, endothelial nitric oxide synthase; NO, nitric oxide.
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decreased serum MDA, but increased aortic SOD‑1 and 
GPX‑1 expression levels compared with the findings in ApoE‑/‑ 
mice in the DM + HLD group (Fig. 3A and B). These findings 
indicated that oxidative stress was increased in ApoE‑/‑ mice in 
the DM + HLD group. Conversely, NAC scavenged oxidative 
stress partly by decreasing serum MDA and promoting the 
expression levels of antioxidant enzymes in diabetic ApoE‑/‑ 
mice fed a HLD.

NAC improves the reduction in aortic p‑Akt/p‑eNOS protein 
expression, and corrects serum NO levels in diabetic ApoE‑/‑ 

mice fed a HLD. To further ascertain the endothelial function 
affected by MG‑dicarbonyl and oxidative stress, alterations in 
p‑Akt/eNOS and serum NO levels were detected. The phos‑
phorylation of Akt was significantly decreased in the aorta 
of mice in the DM group compared with that in the aorta of 
control mice. The levels of p‑Akt in the aorta were further 
decreased in the DM + HLD group. After treatment with 
NAC in diabetic ApoE‑/‑ mice fed a HLD, p‑Akt expression 
was significantly enhanced compared with that detected in 
the DM + HLD group. The changes in p‑eNOS expression in 
aorta samples were similar to those in p‑Akt expression. NO 

levels were significantly decreased in the DM group compared 
with the control mice, which were further decreased in the 
DM + HLD group. Whereas, after treatment with NAC, 
NO levels increased. These results suggested that DM may 
damage endothelial function and decrease serum NO levels, 
which were corrected by treatment with NAC for 12 weeks via 
promoting Akt/eNOS phosphorylation (Fig. 3C and D).

MG induces ROS expression in HUVECs. To explore whether 
MG induced oxidative stress, ROS levels and antioxidant 
protein expression levels (SOD‑1 and GPX‑1) were detected 
in HUVECs cultured with MG. In addition, p‑Akt and 
p‑eNOS protein expression levels were detected in HUVECs 
(Fig. 4). As expected, 1 mM MG significantly increased ROS, 
and decreased SOD‑1 and GPX‑1 expression levels in vitro 
compared with in the control group. MG treatment also mark‑
edly reduced p‑Akt and p‑eNOS protein expression levels in 
HUVECs. The results in HUVECs were consistent with those 
in the aortas of mice, and suggested that MG induced oxidative 
stress by increasing ROS, and decreasing SOD‑1 and GPX‑1. 
Furthermore, excessive MG may result in endothelial dysfunc‑
tion by destructing the p‑Akt/p‑eNOS pathway.

Figure 4. Effects of NAC on ROS levels, SOD‑1, GPX‑1 and p‑Akt/p‑eNOS protein expression in HUVECs. (A) Intracellular ROS levels (magnification, x100), 
and (B) protein expression levels of antioxidant enzymes (SOD‑1 and GPX‑1), p‑Akt and p‑eNOS in untreated HUVECs, or in HUVECs exposed to 1 mM MG, 
with or without NAC, or with NAC + BSO (glutathione inhibitor). Intracellular ROS levels were measured using 2’,7’‑dichlorofluorescein diacetate. Protein 
expression levels were assessed by western blotting (n=4 repeats/group). *P<0.05 vs. control group; #P<0.05 vs. MG group; &P<0.05 vs. MG + NAC group. 
HUVECs, human umbilical vein endothelial cells; NAC, N‑acetylcysteine; MG, methylglyoxal; BSO, buthionine sulfoximine; ROS, reactive oxygen species; 
SOD‑1, superoxide dismutase 1; GPX‑1, glutathione peroxidase 1; p‑, phosphorylated; eNOS, endothelial nitric oxide synthase.
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Inhibition of GSH reverses the effects of NAC on protection 
of HUVECs against MG‑induced oxidative stress. GSH is a 
rate‑limiting enzyme in the elimination of MG. To determine 
the role of GSH in the antioxidative effects of NAC, aortic GSH 
levels were determined in mice. As expected, mice in the DM 
group exhibited reduced levels of GSH in the aorta. In addi‑
tion, a HLD led to a slight reduction in aortic GSH compared 
with that in the DM group; however, there was no significant 
difference between the DM and DM + HLD groups. After 
treatment with NAC for 12 weeks, diabetic ApoE‑/‑ mice fed 
a HLD exhibited enhanced aortic GSH levels compared with 
those in the DM + HLD group (Fig. 3A). BSO is an inhibitor 
of GSH (39). In vitro, NAC significantly reduced MG‑induced 
ROS elevation compared with that in the MG group. However, 
administration of BSO increased ROS to the levels of the MG 
group (Fig. 4A). These results indicated that NAC inhibited 
MG‑induced ROS by increasing GSH synthesis. In addition, in 
cells treated with NAC, the protein expression levels of SOD‑1, 
GPX‑1, p‑Akt and p‑eNOS were significantly increased 
compared with those in the MG group (Fig. 4B). Conversely, 
BSO reversed the effects of NAC on these proteins, suggesting 
that the protective role of NAC on these proteins may be due 
to increasing the levels of GSH.

Discussion

The present study demonstrated that mice in the DM group 
exhibited a larger atherosclerotic area in the aorta compared 
with that detected in control mice, which was associated 
with the GSH‑dependent ability to eliminate aortic MG. 
Additionally, the elevation of MG in diabetic aortas was asso‑
ciated with an increase in carbonyl and oxidative stress, as well 
as a decrease in serum NO levels. NAC provides cysteine for 
GSH production, and may therefore be effective at decreasing 
MG and oxidative stress, increasing serum NO and preventing 
DM‑induced atherosclerosis.

In the present study, MG levels in the aortas of ApoE‑/‑ 
mice injected with STZ were elevated 3‑fold compared with 
those in the control mice. The increase in MG levels in the 
aortas of experimental diabetic mice was consistent with the 
elevated plasma MG levels that have previously been described 
in this model (16). Furthermore, GSH levels were markedly 
reduced in diabetic mice aortas compared with those in the 
aortas of control mice, which suggested that MG elimination 
was decreased in the aorta of diabetic mice. Notably, neither 
MG nor GSH content in the aorta was affected further by a 
HLD, suggesting that hyperglycemia rather than hypercholes‑
terolemia may be the major cause of alterations in MG and 
GSH levels in the aorta. Although there are limited data to 
support the alteration of MG in the aorta during DM, previous 
studies have reported that hyperglycemia reduces GSH content 
in aortic tissue (20,40), which is consistent with the present 
results.

While anti‑diabetic treatment can control the increased 
production of MG caused by hyperglycemia, it is difficult to 
correct for the decreased elimination of MG caused by low 
GSH levels. NAC, a precursor of GSH, can increase MG 
elimination (22). In the present animal study, NAC treatment 
attenuated atherosclerosis in mice in the DM + HLD group, 
indicating that aortic MG elevation may have an important 

role in atherogenesis. NAC administration may therefore be 
considered an effective anti‑atherosclerotic method to decrease 
MG levels and MG‑dicarbonyl stress in the aorta.

Activation of receptor for advanced glycation end products 
(RAGE) has been widely implicated in the pro‑atherosclerotic 
effects of MG, whereas RAGE deletion cannot completely 
prevent vascular inflammation and damage (41). Increased 
oxidative stress has been identified as a common upstream event 
that mediates the atherogenic effects of hyperglycemia (42‑44). 
In line with this, diabetic ApoE‑/‑ mice exhibited higher serum 
MDA, and lower aortic SOD and GPX‑1 expression levels 
compared with those in the control group. In addition, a 
HLD aggravated oxidative stress. Conversely, NAC‑induced 
reduction of MG corrected the oxidative stress detected in the 
aorta, suggesting that MG may induce aortic oxidative stress 
in DM. This hypothesis was further validated by MG‑treated 
HUVECs, which exhibited an increase in ROS production 
and a decrease in antioxidant levels. All of these effects were 
significantly attenuated by pretreatment with NAC, but were 
blocked by inhibition of GSH. These findings indicated that 
MG acted as a strong stimulator that could induce an imbal‑
ance between ROS and antioxidant enzymes, thus upregulating 
oxidative stress, whereas NAC was dependent on GSH to 
reverse MG‑induced dicarbonyl and oxidative stress. Whereas 
NAC‑restored GSH could act as an antioxidant and/or induce 
elimination of MG, our previous findings in platelets revealed 
that the protection offered by NAC in STZ‑treated mice was 
caused by its role as an eliminator of MG instead of as an anti‑
oxidant, since GSSG levels were unchanged when GSH and 
MG were significantly altered in platelets (45). In the present 
study, the GSSG levels in the aorta were not detected. Whether 
NAC acts as an eliminator of MG rather than as an antioxidant 
requires further investigation.

Alterations in Akt/eNOS signaling, which can inhibit 
ROS‑induced endothelial damage and improve NO release, 
also serve an important role in atherosclerosis (21,22). The 
present study detected a reduction in aortic Akt phosphory‑
lation, and a subsequent decrease in eNOS phosphorylation 
and serum NO levels in diabetic mice, suggesting endothelial 
dysfunction in the DM group. These changes were further 
aggravated by a HLD. NAC afforded protection to increase 
serum NO. In line with the present results, a previous study 
revealed that MG increased oxidative stress and/or AGEs 
formation alongside a decrease in NO bioavailability, thus 
inducing or aggravating endothelial dysfunction in normal 
Wistar rats or in Goto‑Kakizaki rats (7,18). Overall, based 
on the aforementioned results, it may be hypothesized that 
MG‑dicarbonyl stress induces endothelial dysfunction by 
altering Akt and eNOS phosphorylation, and aggravates endo‑
thelial dysfunction by increasing oxidative stress. NAC may 
enhance the phosphorylation of Akt and increase NO levels to 
reverse such dysfunction.

In the present study, lipids, particularly LDL‑C, were 
altered in mice in the DM and DM + HLD groups, whereas 
NAC had no effect on blood lipid profiles. The present results 
differ from those reported in other studies. For example, 
NAC has previously been shown to reduce TC, TG, HDL 
and very‑LDL levels without affecting LDL‑C levels in rats 
following a splenectomy (46). NAC also enhanced HDL‑C 
levels in patients with hyperlipidemia (47). The possible 
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reasons for these discrepancies may be different experimental 
species, disease status and NAC dosage. Lipid peroxidation 
by ROS has a critical role in atherogenesis, particularly the 
early stage of atherosclerosis (48). However, the alteration of 
lipid peroxidation was not measured in the present model and 
requires further research in the future.

At present, no specific antioxidant treatment has been 
recommended to prevent atherosclerotic progression (49). The 
present study confirmed that NAC possessed anti‑atheroscle‑
rotic potential in experimental DM via the elevation of GSH 
in the aorta to inhibit dicarbonyl and oxidative stress. This 
finding may lead to a novel antioxidant strategy in the treat‑
ment of atherosclerosis in DM, in addition to the treatment of 
established risk factors.
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