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Abstract. Adipose and endothelial dysfunction is associ-
ated with cardiovascular disease. Perivascular adipose tissue 
(PVAT) directly surrounds vessels and influences vessel 
function via a paracrine effect, and adenosine monophosphate 
(AMP)‑activated protein kinase (AMPK) modulates the 
metabolic pathway, thus, the present study hypothesized that 
activation of AMPK in PVAT may regulate endothelial func-
tion in pathological settings. The present study investigated the 
effect of methotrexate (MTX) on adipocytokine expression 
in PVAT with an emphasis on the regulation of endothelial 
function. The effects of MTX and the mechanisms involved 
were investigated using a relaxation assay and western blot 
analysis. Reverse transcription‑quantitative polymerase 
chain reaction and western blotting were used to detect the 
mRNA and protein expression levels. ELISA assay was 
used to quantify the level of TNF‑α and IL‑6. Palmitic acid 
(PA) stimulation induced inflammation and dysregulation of 
adipocytokine expression in PVAT. MTX treatment inhibited 
nuclear factor‑κB p65 phosphorylation and downregulated 
expression of pro‑inflammatory cytokines, including tumor 
necrosis factor‑α and interleukin‑6, whereas adiponectin 
expression increased. MTX increased AMPK phosphorylation 
under basal and inflammatory conditions in PVAT, whereas 
knockdown of AMPK via small interfering RNA dimin-
ished its modulatory effect, indicating that MTX inhibits 
inflammation in an AMPK‑dependent manner. The present 
study prepared conditioned medium from PA‑stimulated 
PVAT to induce endothelial dysfunction and observed that 
pre‑treatment of PVAT with MTX effectively restored the 

loss of acetylcholine‑induced vasodilation and increased 
endothelial nitric oxide synthase phosphorylation in the rat 
aorta. The results of the present study demonstrated that MTX 
ameliorated inflammation‑associated adipocytokine dysregu-
lation and thus prevented endothelial dysfunction. These 
data provide further pharmacological evidence regarding the 
beneficial effects of MTX in cardiovascular diseases.

Introduction

Inflammation results in the initiation and progression of 
atherosclerosis. Atherosclerosis is the primary cause of 
cardiovascular disease and conditions that affect the cerebral, 
coronary and peripheral vasculature, and is the most common 
cause of morbidity and mortality worldwide (1). Endothelial 
dysfunction is characterized by reduced endothelial nitric 
oxide (NO) synthase (eNOS)‑derived NO bioactivity, and the 
impairment of endothelium‑dependent vascular dysfunction 
is the progenitor of atherogenesis (2). Approaches designed to 
improve endothelial function are expected to have therapeutic 
value in the prevention or treatment of atherosclerosis  (3). 
Perivascular adipose tissue (PVAT) directly surrounds vessels 
and influences their function via a paracrine effect.

Adenosine monophosphate‑activated protein kinase 
(AMPK) is an important regulator of energy metabolic 
homeostasis and emerging evidence demonstrates its 
anti‑inflammatory action in vessel and adipose tissue (4,5). 
AMPK may modulate a number of signaling cascades that 
are expected to have anti‑endothelial cell dysfunction, 
including the attenuation of free radicals (6). In a preliminary 
experiment, the authors demonstrated that pharmacological 
activation of AMPK beneficially regulated adipocytokine 
expression in PVAT against inflammatory insult and amelio-
rated endothelial dysfunction. These findings demonstrated 
the role of AMPK activation in the regulation of PVAT and 
endothelial function (7).

Methotrexate (MTX), a non‑specific anti‑inflammatory 
therapy, may be an ideal agent to directly test the inflammatory 
hypothesis of atherosclerosis, as it inhibits inflammation with 
only minimal impact on other components of the atheroscle-
rotic process and exhibits an acceptable safety profile (8,9). A 
recent pre‑clinical study with cholesterol‑fed rabbits revealed 
that MTX markedly reduced atherosclerosis, without effects 
on plasma lipid and lipoprotein levels (10). The Cardiovascular 
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Inflammation Reduction Trial evaluates the use of very 
low‑dose MTX on cardiovascular events and plasma lipid levels 
in coronary artery disease patients with elevated C‑reactive 
protein levels and is expected to offer more conclusive results 
in the future (9).

The present study investigated the effect of MTX on 
AMPK activation and adipocytokine expression in PVAT 
with emphasis on the regulation of endothelial function. It 
was observed that MTX ameliorated endothelial dysfunction 
by inhibiting inflammation in PVAT. These findings provide 
novel information regarding the underlying mechanism of 
MTX in the management of cardiovascular diseases.

Materials and methods

Animals. Sprague‑Dawley male rats (n=24; 8‑weeks old; 
weight, 200‑250 g) were supplied by the Laboratory Animal 
Center of Nanjing Qinglongshan (Nanjing, China). The care 
and treatment of these rats was performed in accordance with 
the Provisions and General Recommendation of Chinese 
Experimental Animals Administration Legislation. All 
animals were housed in a room with a constant tempera-
ture (22±1˚C) and a humidity of 50±%, allowed access to a 
standard diet and water ad libitum, and exposed to a 12‑h 
light/dark cycle. The present study was approved by the Ethics 
Committee of Ninth Hospital of Xi'an (Xi'an, China).

Preparation of PVAT‑derived conditioned medium (CM). 
Sprague‑Dawley rats were anesthetized with diethyl ether and 
sacrificed by cervical dislocation. PVAT (located around the 
thoracic aorta) was isolated, sectioned into small pieces and 
rinsed in phosphate buffered saline (PBS). Equal quantities 
(40 mg) of PVAT were individually pretreated with MTX 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany) 
(0.1, 0.25 and 0.5 µM) or salicylate (5 mM; Tianjin Kemiou 
Chemical Reagent Co., Ltd., Tianjin, China) or aminoimid-
azole‑4‑carboxamide ribonucleotide (AICAR; 500  µM; 
Sigma‑Aldrich, Merck Millipore) in the presence or absence of 
25 µM AMPK inhibitor compound C (Sigma‑Aldrich; Merck 
Millipore) and stimulated with 100 µM palmitic acid (PA; 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) for 
2 h. Following treatment, the PVAT was washed twice with 
PBS to remove the reagents, and cultured in fresh Dulbecco's 
modified Eagle's medium (DMEM, Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
(v/v) fetal bovine serum (FBS) for 22 h at 37˚C. The medium 
was collected as CM. The supernatant was then collected as 
conditioned CM and stored at ‑70˚C.

E n dothel iu m‑ depen den t  re la xa t ion  a ssess men t. 
Endothelium‑dependent relaxation was assayed as previously 
described (7). Briefly, the prepared aortic ring was suspended 
in an organ bath containing 10 ml K‑H solution (118.3 mM 
NaCl, 4.7  mM KCl, 1.2  mM MgSO4, 1.2  mM KH2PO4, 
2.5 mM CaCl2, 25 mM NaHCO3, 0.026 mM calcium diso-
dium EDTA and 5.0  mM glucose, pH  7.4) maintained at 
37˚C pH 7.4, and continuously aerated with 95% O2 and 5% 
CO2. Following a 60 min stabilization period, the contractive 
ability of the vessel was examined by contractive response to 
60 mM KCl, and the functionality of vascular endothelium 

was confirmed by relaxation to 10 µM acetylcholine (ACh; 
Sigma‑Aldrich; Merck Millipore). The aortic ring (relaxation, 
≥80%) was treated with CM for 30 min. Following washing, 
the aortic ring was pre‑contracted with phenylephrine and the 
endothelium‑dependent relaxation was induced by cumulative 
addition of ACh (0.001‑10 µM). Relaxation was expressed as a 
percentage of the phenylephrine‑induced contraction.

Cell culture. 3T3‑L1 pre‑adipocytes were purchased from the 
Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). A total of 2x105/ml cells were cultured in 6‑well plates 
in DMEM containing 10% FBS and 25 mM glucose at 37˚C in 
a humidified atmosphere containing 5% CO2.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). PVAT from rats were 
pretreated with MTX in the presence of PA (100 µM) for 2 h. 
Following washing with PBS, PVAT was cultured in fresh 
DMEM supplemented with 10% (v/v) FBS for 22 h. PVAT 
was then collected and homogenized with 500 µl TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) on ice. Total RNA 
was obtained using Total RNA Extraction Reagent (Nanjing 
Sunshine Biotechnology Co., Ltd., Nanjing, China). cDNA 
was synthesized with the TransScript First‑strand cDNA 
Synthesis SuperMix kit (Beijing Transgen Biotech Co., 
Ltd., Beijing, China). qPCR was performed using SsoFast™ 
EvaGreen Supermix (Bio‑Rad Laboratories Inc., Hercules, 
CA, USA). Amplification was performed with the Bio‑Rad 
iQ5 sequence detection system (Bio‑Rad Laboratories Inc.) 
with the following conditions: 95˚C for 10 min, followed by 
40 cycles at 95˚C for 30 sec, and 52˚C for 15 sec, and a final 
extension at 72˚C for 5 min. The following primers were 
used: Adiponectin forward, 5'‑AAG​GGG​ACA​ACA​ATG​GAC​
TCT​A‑3', and reverse, 5'‑CTA​CGG​GCT​GCT​CTG​AAT​TAG​
T‑3'; β‑actin forward, 5'‑GAC​GTT​GAC​ATC​CGT​AAA​GAC​
C‑3', and reverse, 5'‑TGC​TAG​GAG​CCA​GGG​CAG​TA‑3'. The 
mRNA expression level of individual genes was normalized 
and presented as a ratio to β‑actin, and calculated using the 
2‑ΔΔCq method (11).

Western blot analysis. PVAT from Sprague‑Dawley rats was 
pretreated with MTX for 30 min and then incubated with PA 
for a further 30 min. The aorta was incubated with CM for 
30 min and then exposed to ACh for another 30 min. PVAT 
was isolated directly following the sacrifice of the rats. For 
protein analysis, PVAT or the aorta was homogenized in radio 
immunoprecipitation assay lysis buffer with phenylmethane 
sulfonyl fluoride. Protein concentration in the supernatants 
was assayed using Bicinchoninic Acid Protein Assay kit 
(Nanjing Baxi Technology Co., Ltd. Nanjing, China). Equal 
amounts of protein (30 µg) were separated by 10% SDS‑PAGE 
and transferred to 0.45  µM polyvinylidene dif luoride 
(PVDF) membranes (EMD Millipore, Billerica, MA, USA) 
by semi‑dry electrophoretic transfer (Bio‑Rad Laboratories, 
Inc.). The PVDF membranes were blocked with 5% non‑fat 
milk in Tris‑buffered saline with Tween‑20 (TBST) and then 
incubated with the appropriate primary antibodies overnight 
at 4˚C: Rabbit monoclonal anti‑phospho‑AMPK (cat. no. 2531) 
and anti‑AMPK (cat. no. 2532), rabbit monoclonal anti‑eNOS 
(cat. no. 9586) and anti‑p‑eNOS (cat. no. 9571), anti‑NF‑κB 
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p65 (cat. no. 4764) and anti‑p‑NF‑kB p65 (cat. no. 3033; all 
at 1:1,000 and obtained from Cell Signaling Technology, 
Inc., Beverly, MA, USA). The PVDF membrane was washed 
three times with TBST buffer and then incubated with the 
HRP‑conjugated secondary antibodies (cat. no.  BS13278; 
1:10,000, MyBioSource, Inc., San Diego, CA, USA) at room 
temperature for 2 h. The membranes were developed with 
an enhanced chemiluminescence detection reagent (Thermo 
Fisher Scientific, Inc.) and quantitated by densitometry 
with Image‑Pro Plus 6.0 software (Media Cybernetics, Inc., 
Rockville, MD, USA).

ELISA assay. The levels of TNF‑α and IL‑6 in the supernatant 
were assayed with commercial enzyme‑linked immunosorbent 
assay (ELISA) kits (R&D, Minneapolis, MN, USA).

AMPK small interfering (si)RNA transfection. 3T3‑L1 
pre‑adipocytes were transfected with siRNA for AMPKα (cat. 
no. sc‑45313) to knock down levels of endogenous AMPKα, 
and negative control siRNA (cat. no. sc‑37007), using siRNA 
transfection reagent (cat. no.  sc‑29528) in transfection 
medium (cat. no. sc‑36868) for 6 h, according to the manufac-
turer's protocol. All siRNAs were obtained from Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA. Following an additional 
48 h, the efficiency of siRNA‑mediated AMPK knockdown 
was confirmed by western blot analysis as aforementioned.

Statistical analysis. Data were expressed as the mean ± stan-
dard deviation from at least three independent experiments. 
SPSS version 13.0 software (SPSS, Inc., Chicago, IL, USA) 
was used for the statistical analysis. Individual group statistical 
comparisons were analyzed using an unpaired Student's t‑test 
with Bonferroni correction and multiple‑group comparisons 
were evaluated by one‑way analysis of variance followed by 
Tukey's post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

MTX regulates AMPK activation in PVAT. AMPK is impor-
tant in the regulation of lipid metabolism, therefore the present 
study first investigated the effect of MTX on AMPK activity 
in PVAT. As presented in Fig. 1A, MTX treatment increased 
basal AMPK activity at concentrations ranging from 0.1 to 
0.5 µM, indicated by enhanced AMPK phosphorylation. In 
addition, it was observed that when PVAT was exposed to 
PA, a reduction of AMPK phosphorylation was observed, 
and this alteration was prevented by pretreatment with MTX 
(P<0.05, Fig. 1B). Furthermore, treatment with AICIR which 
is an AMPK agonist, exhibited similar effects (P<0.05). These 
results indicated that MTX enhanced AMPK activation under 
basal and inflammatory conditions.

MTX inhibits inflammation and modulates adipocytokine 
expression in PVAT. It has previously been demonstrated that 
free fatty acids induce inflammation in the endothelium via 
the nuclear factor (NF)‑κB pathway and stimulation with PA 
enhanced phosphorylation of NF‑κB p65 in PVAT (12). As 
presented in Fig. 2A, MTX effectively reduced NF‑κB p65 
phosphorylation, indicative of its anti‑inflammatory activity 
(P<0.05). In addition, the effect of MTX on the expression of 
adipocytokines implicated in inflammation was examined. As 
presented in Fig. 2B and C, the expression levels of pro‑inflam-
matory cytokines, including tumor necrosis factor (TNF)‑α 
and interleukin (IL)‑6, were increased in cells treated with PA 
for 24 h and this was reversed by MTX pretreatment (P<0.05), 
demonstrating its anti‑inflammatory activity. Furthermore, the 
expression of adiponectin was downregulated, however these 
alterations were reversed by treatment with MTX (P<0.05, 
Fig. 2D).

AMPK silencing blocks the anti‑inflammatory effect of MTX. 
The AMPK inhibitor to confirm the role of AMPK in the 

Figure 1. MTX regulated AMPK phosphorylation in PVAT. (A) PVAT incubated with MTX for 1 h. (B) PVAT pretreated with MTX for 30 min, then stimulated 
with 100 µM PA for a further 30 min. AMPK phosphorylation was determined by western blot analysis. AICAR served as a positive control. Data are expressed 
as the mean ± standard deviation of three independent experiments. *P<0.05 vs. the control. MTX, methotrexate; PVAT, perivascular adipose tissue; AMPK, 
adenosine monophosphate‑activated kinase; p‑AMPK, phosphorylated AMPK; PA, palmitic acid; AICAR, aminoimidazole‑4‑carboxamide ribonucleotide.
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anti‑inflammatory effect of MTX, 3T3‑L1 cells were trans-
fected with AMPKa1/2‑specific siRNA to knockdown AMPK 
expression. As presented in Fig. 3A, silencing AMPK signifi-
cantly decreased the inhibitory effect of MTX on PA‑mediated 
NF‑κB p65 phosphorylation (P<0.05). MTX treatment altered 
the production of TNF‑α (Fig. 3B), IL‑6 (Fig. 3C) and adipo-
nectin (Fig. 3D) upon PA challenge, however, this action was 
also blocked by knockdown of AMPK (P<0.05, Fig. 3B‑D). 
These results indicated that MTX inhibited inflammation in a 
AMPK‑dependent manner.

Treatment of PVAT with MTX restores the loss of ACh‑induced 
vasodilation. Endothelial dysfunction is characterized by the 
loss of endothelium‑dependent vasodilation. To investigate the 
influence of PVAT on vessel function, PVAT was incubated with 
PA and collected the medium as CM to stimulate the rat aorta. 
Data presented in Fig. 4A indicated that ACh induced vasodi-
lation, whereas stimulation with PA led to a significant loss in 
vessel relaxation (P<0.05). Pretreatment of PVAT with MTX 
prevented the alterations and effectively restored the loss of 
ACh‑mediated vessel relaxation in a concentration‑dependent 
manner, but this action was attenuated by co‑treatment with 
AMPK inhibitor compound C (P<0.05, Fig. 4A). Furthermore, 
it was observed that treating PVAT with MTX effectively 
normalized eNOS phosphorylation in the aorta subjected to 

CM challenge (P<0.05, Fig. 4B). AMPK inhibitor compound 
C blocked the actions of MTX in the regulation of vasodila-
tion and eNOS phosphorylation, suggesting the involvement 
of AMPK in the mechanism of MTX action. These results 
suggested that MTX improved vessel function via regulation 
of AMPK activity.

Discussion

Endothelial homeostasis is important in the regulation of 
vessel function and may predict the development of cardiovas-
cular diseases independently of other known risk factors (13). 
PVAT is a functional component of the vasculature, exerting 
paracrine influences on endothelial homeostasis. A previous 
study has investigated the regulation of vessel tone by PVAT, 
attempting to identify adipocyte‑derived relaxation and 
constriction factors, which are endothelium‑independent (14). 
Inflammation in PVAT induces dysregulation of adipocy-
tokine expression and subsequently impairs the integrity 
of the endothelium, which results in its dysfunction. The 
present study prepared an ex vivo model of PVAT/endothelial 
dysfunction by treating rat aorta with PVAT‑derived CM 
and successfully observed the beneficial effects of MTX on 
adipocytokine expression and further implications in endo-
thelial function.

Figure 2. MTX suppresses nuclear factor‑κB activation and regulates adipocytokine expression in perivascular adipose tissue. (A) Cells pretreated with MTX 
or 5 mM Sal for 30 min, followed by 30 min treatment with 100 µM PA. Expression levels of p‑p65 were determined by western blot analysis. Cells were 
pretreated with MTX or Sal for 30 min prior to incubation with 100 µM PA for 24 h, and the release of (B) TNF‑α and (C) IL‑6 were determined by ELISA. 
(D) Adiponectin mRNA expression was determined by quantitative polymerase chain reaction. Sal served as a positive control. Data are expressed as the 
mean ± standard deviation. #P<0.05 vs. the blank group (no drug treatment); *P<0.05 vs. the control group (PA treatment). MTX, methotrexate; PA, palmitic 
acid; Sal, salicylate; p, phosphorylated; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6.
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In addition to regulating energy metabolism, AMPK exerts 
anti‑inflammatory activity, and this action has been implicated 
in the normalization of adipose and endothelial functions. 
The present study first investigated the role of MTX in the 
regulation of AMPK activation in PVAT, and observed that 
AMPK activity was increased by enhancing phosphorylation. 
PA stimulation was demonstrated to reduce AMPK phos-
phorylation in PVAT, consistent with results from a previous 
study (15).

It has previously been demonstrated that nanomolar 
concentrations of NO have anti‑inflammatory and protective 
properties that are mediated by the inhibition of the activa-
tion of NF‑κB (16). PA stimulation evoked inflammation in 
PVAT, which induced adipose dysfunction as demonstrated 
by enhanced NF‑κB p65 phosphorylation. MTX attenuated 
NF‑κB p65 phosphorylation, suggesting the inhibition of 
NF‑κB inflammatory signaling. This finding is consistent 
with a previous study in which PA induced NF‑κB‑dependent 

inflammation by binding to toll‑like receptor 4 in the endo-
thelium  (17). The expression levels of pro‑inflammatory 
adipocytokines, including TNF‑α and IL‑6, were increased, 
whereas gene expression levels of adiponectin were down-
regulated. MTX reversed the alteration of adipocytokine 
expression, exhibiting a similar effect to that induced by 
salicylate, demonstrating its anti‑inflammatory potency in the 
endothelium. To further elucidate the role of AMPK in the 
anti‑inflammatory activity of MTX, the activity of MTX in 
adipocytes was observed. AMPKα knockdown using siRNA 
diminished the inhibitory effect of MTX on NF‑κB activa-
tion and blocked its beneficial regulation of TNF‑α, IL‑6 and 
adiponectin production, further verifying the role of AMPK in 
the anti‑inflammatory activity of MTX.

Endothelial dysfunction is characterized by the loss of 
endothelium‑dependent vasodilation (18,19). eNOS‑derived 
NO, which is a gaseous signaling molecule, is important 
in the maintenance of vascular homeostasis by promoting 

Figure 3. AMPK siRNA transfection impairs the ability of MTX to suppress inflammation in 3T3‑L1 pre‑adipocytes. (A) 3T3‑L1 pre‑adipocytes were 
transfected with AMPKα1/2 siRNA or control siRNA. siRNA‑transfected adipocytes were pretreated with MTX for 30 min, then stimulated with 100 µM 
PA for a further 30 min. Nuclear factor‑κB p65 phosphorylation was assayed by western blot analysis. Following transfection, cells were incubated with MTX 
in the presence of 100 µM PA for 2 h, then cultured in fresh medium for a further 22 h, and the concentrations of (B) TNF‑α, (C) IL‑6 and (D) adiponectin 
in the supernatant were measured with ELISA kits. Data are expressed as the mean ± standard deviation. *P<0.05 vs. Blank; #P<0.05 vs. control; **P<0.05 vs. 
AMPK siRNA treatment. MTX, methotrexate; PA, palmitic acid; p, phosphorylated; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6; AMPK, adenosine 
monophosphate‑activated kinase; siRNA, small interfering RNA.
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vasodilation and inhibiting inflammation (20). Therefore, in 
order to observe the effects of AMPK agents on endothelial 
homeostasis via regulation of PVAT function, the present 
study stimulated PVAT with MTX and collected the medium 
as CM to treat rat aorta. Furthermore, ACh‑induced endothe-
lium‑dependent vasodilation is mediated via eNOS activation 
and subsequent NO production. Pretreatment of PVAT with PA 
reduced eNOS phosphorylation and impaired ACh‑mediated 
vasodilation, indicating the association between dysregula-
tion of adipocytokine expression and endothelial dysfunction. 
Co‑treatment with the AMPK inhibitor compound C blocked 
the action of MTX on vasodilation, further demonstrating the 
involvement of AMPK in its regulation.

In conclusion, the present study established an ex vivo 
model of PVAT/endothelial dysfunction by stimulating rat 
aorta with CM derived from PVAT. It was demonstrated 

that pharmacological activators of AMPK regulated adipo-
cytokine expression by inhibiting PVAT inflammation, and 
thereby ameliorated endothelial dysfunction in an AMPK 
interdependent manner. These findings provide a novel insight 
into the potential underlying mechanism by which MTX 
protects endothelial function against inflammatory insult.
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