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Abstract. Increased levels of serum free fatty acids (FFAs) 
are closely associated with microvascular dysfunction. In our 
previous study, a coronary microvascular dysfunction (CMD) 
model was successfully established via lipid infusion to increase 
the levels of serum FFAs in mice. However, the underlying 
mechanisms remained poorly understood. Therefore, the aim 
of the present study was to explore the mechanism underlying 
FFA‑induced CMD. A CMD mouse model was established via 
lipid combined with heparin infusion for 6 h to increase the 
concentration of serum FFAs. Following the establishment of 
the model, the coronary flow reserve (CFR), extent of leukocyte 
activation and cardiac microvascular structures were assessed 
in the mice. Cardiac microvascular endothelial cells (CMECs) 
were treated with different concentrations of palmitic acid 
and cell viability was evaluated. Changes in the expression 
levels of AMP‑activated protein kinase (AMPK), Krüppel‑like 
factor 2 (KLF2) and endothelial nitric oxide synthase (eNOS) 
were identified by immunohistochemical and western blot 
analyses. Experiments using AMPK activator, KLF2 over‑
expression plasmid, small interfering RNAs and nicorandil 
were subsequently designed to investigate the potential 
involvement of the AMPK/KLF2/eNOS signaling pathway. 
These experiments revealed that FFAs could induce CMD in 
mice, which was characterized by reduced CFR (1.89±0.37 vs. 
2.74±0.30) and increased leukocyte adhesion (4,350±1,057.5 
vs. 11.8±5.4  cells/mm2) compared with the control mice. 
CD11b expression and intracellular reactive oxygen species 
(ROS) levels were increased in CMD model mice compared 
with control mice. Serum TNF‑α and IL‑6 levels were higher 
in the model group than in the control group. Transmission 

electron microscopy revealed that CMECs in heart tissues of 
model mice were severely swollen. In addition, palmitic acid 
decreased CMEC viability and increased ROS production in 
a dose‑dependent manner. Notably, the AMPK/KLF2/eNOS 
signaling pathway was demonstrated to be suppressed by FFAs 
both in vivo and in vitro. Activation of this axis with AMPK 
activator, KLF2 overexpression plasmid or nicorandil restored 
the CFR in CMD model mice, inhibited oxidative stress and 
increased CMEC viability. Taken together, the results of the 
present study demonstrated that FFAs could induce CMD 
via inhibition of the AMPK/KLF2/eNOS signaling pathway, 
whereas activation of this pathway led to the alleviation of 
FFA‑induced CMD, which may be a therapeutic option for 
CMD.

Introduction

Ischemic heart disease (IHD) is a leading cause of morbidity 
and mortality, affecting 112 million individuals worldwide 
in 2015  (1). As one of the main causes of IHD, coronary 
microvascular dysfunction (CMD) accounts for approximately 
two‑thirds of clinical conditions presenting with symptoms 
and signs of myocardial ischemia without obstructive coro‑
nary disease, including microvascular angina and myocardial 
infarction with non‑obstructive coronary artery disease (2). 
Although CMD has a high prevalence in IHD and is associ‑
ated with adverse outcomes, the diagnosis of CMD remains 
challenging and the underlying mechanisms remain poorly 
understood (3). It has been previously demonstrated that endo‑
thelial dysfunction, oxidative stress, inflammation and other 
factors may be involved in the development of CMD (4). At 
present, treatment options for CMD are mainly focused on 
exploring anti‑inflammatory and anti‑anginal pathways (5).

Higher serum free fatty acid (FFA) levels are often 
observed in patients with cardiovascular disease and these are 
associated with recurrence and poor prognosis (6‑8). Previous 
studies have demonstrated that a high level of serum FFAs is 
an independent risk factor for cardiovascular disease (9,10). 
This association is more pronounced in diabetes due to 
impaired glucose utilization (11). An excessive FFA oxida‑
tion rate causes abnormal energy metabolism and myocardial 
dysfunction in diabetic patients (12,13). In addition, high FFAs 
levels have been reported to promote lipid accumulation and 
lipotoxicity in cardiomyocytes, which contributes to systemic 
inflammation, oxidative stress and eventual cardiomyocyte 
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apoptosis  (14,15). Our previous study demonstrated that a 
CMD mouse model could be successfully established via lipid 
emulsion infusion, which resulted in an increase in the serum 
FFA level (16). However, the underlying mechanism remained 
unclear. AMP‑activated protein kinase (AMPK) is an essen‑
tial component of the adaptive response to cardiomyocyte 
stress that occurs during myocardial ischemia (17). AMPK 
modulates fatty acid metabolism in the ischemic heart, and 
activated AMPK appears to be protective in reducing myocar‑
dial necrosis during ischemia‑reperfusion (18). Its activation 
has also been revealed to improve exercise performance and 
peripheral vascular insufficiency in mice fed on a high‑fat 
diet (19). AMPK also regulates the downstream transcription 
factor, Krüppel‑like factor 2 (KLF2), which is expressed in 
endothelial cells and has the role of preserving various endo‑
thelial functions (20).

The AMPK/KLF2 axis activates the expression of endo‑
thelial nitric oxide (NO) synthase (eNOS) in endothelial cells, 
subsequently promoting the release of vasodilator‑NO (21). 
Endothelial cell‑derived NO serves key roles in vasodilation, 
inhibition of platelet aggregation and reduction of leuko‑
cyte adhesion, and as an antioxidant (22). Activation of the 
AMPK/KLF2/eNOS signaling pathway has been demon‑
strated to improve endothelial dysfunction and slow down the 
progression of atherosclerosis, pulmonary arterial hyperten‑
sion and other diseases (23‑25).

Cardiac microvascular endothelial cells (CMECs) serve a 
key role in maintaining normal coronary circulation (26). A 
previously published study suggested that a high‑fat diet could 
inhibit AMPK expression (27), thus we hypothesized that the 
AMPK pathway may be involved in the detrimental effects of 
FFAs on CMECs.

Therefore, the aim of the present study was to explore 
the AMPK/KLF2/eNOS signaling axis both in  vivo (in a 
CMD mouse model established by lipid infusion) and in vitro 
[in CMECs treated with palmitic acid (PA)], and to investigate 
the underlying mechanism.

Materials and methods

Animals and reagents. A total of 45 C57BL/6J mice (male; 
6‑8 weeks old; weight, 20±2 g) were obtained from the Shanghai 
Jihui Laboratory Animal Care Co., Ltd. All mice were housed 
individually and were maintained at 22˚C with 40‑60% 
humidity and a 12‑h light/dark cycle starting at 6:00 am. The 
mice were fed with normal chow and had free access to food and 
water throughout the experiment. Nicorandil was purchased 
from Beijing Sihuan Kebao Pharmaceutical Co., Ltd. FFAs 
and reactive oxygen species (ROS) assay kits were obtained 
from Beijing Solarbio Science & Technology Co., Ltd. The 
anti‑GAPDH antibody was obtained from Abcam, whereas the 
anti‑KLF2 antibody was purchased from BIOSS, anti‑p‑eNOS 
antibody was purchased from Affinity Biosciences, and the 
anti‑AMPK, anti‑phosphorylated (p‑)AMPK and anti‑eNOS 
antibodies were obtained from Cell Signaling Technology, 
Inc. The lipid emulsion was purchased from Fresenius Kabi 
Huarui Pharmaceutical Co., Ltd. Anti‑CD62L and anti‑CD11b 
antibodies were purchased from BD Biosciences. Mouse 
interferon‑γ (IFN‑γ) ELISA kit (cat. no.  F10660), mouse 
interleukin‑6 (IL‑6) ELISA kit (cat. no. F10830), mouse NO 

ELISA kit (cat. no. F11321), mouse superoxide dismutase 
(SOD) ELISA kit (cat. no. F11502) and mouse tumor necrosis 
factor‑α (TNF‑α) ELISA kit (cat. no. F11630) were obtained 
from Shanghai Xitang Biotechnology Co., Ltd. The AMPK 
activator, 5‑aminoimidazole‑4‑carboxamide ribonucleotide 
(AICAR), was purchased from MedChemExpress. The Cell 
Counting Kit‑8 (CCK‑8) assay kit was obtained from Shanghai 
DODGEN Chemical Technology Co., Ltd. PA was obtained 
from Sigma‑Aldrich; Merck KGaA. The KLF2 overexpres‑
sion plasmid was obtained from Shanghai GeneChem Co., 
Ltd. Finally, Lipofectamine® 3000 transfection reagent was 
obtained from Thermo Fisher Scientific, Inc.

The entire animal experimental protocol used in the 
present study was carefully examined and approved by 
the Animal Experiment Ethics Committee of the Second 
Affiliated Hospital of Naval Medical University (approval 
no. 2020SL037; Shanghai, China). All animal care procedures 
were carried out in accordance with the Animal Research: 
Reporting of In  Vivo Experiments guidelines on animal 
research (28).

Establishment of the CMD model. A total of 30 male 
C57BL/6J mice were randomly assigned to the control, model 
and nicorandil groups (n=10 mice in each group). Normal 
saline solution (200 µl once per day) was administered to 
the mice in the control and model groups via intraperitoneal 
(i.p.) injection for 3 days, whereas the mice in the nicorandil 
group were treated with an injection (i.p.) of nicorandil (200 µl 
nicorandil at a concentration of 1.95 mg/kg once per day for 
3 days). Nicorandil, a drug for CMD, is used to stimulate the 
upregulation of eNOS (29) and was used in the present study 
to investigate the AMPK/KLF2/eNOS signaling pathway. As 
shown in Fig. 1A, the mice were subsequently anaesthetized 
with sodium pentobarbital (40 mg/kg), and the jugular vein 
was catheterized using a microcatheter. Afterwards, the mice 
underwent a 6‑h infusion with either normal saline or lipid 
emulsion combined with heparin using a micro‑pump (the 
lipid component was 20% Intralipid®; Fresenius Kabi Huarui 
Pharmaceutical Co., Ltd.; heparin was infused at a concentra‑
tion 20 U/ml, and at a rate of 0.1 ml/h).

Coronary flow reserve (CFR) measurement. Following lipid 
infusion, the mice were immediately anaesthetized using 
isoflurane (3% for induction and 1‑2.5% for maintenance). 
Hyperemic flow was achieved by increasing the percentage 
of isoflurane to 2.5%, whereas the baseline flow was achieved 
by reducing the isoflurane percentage to 1% (30). Data were 
measured using a Doppler signal processing workstation. 
The CFR was calculated according to the following formula: 
CFR=P/R=Vhigh/Vlow.(where P is the peak blood flow, R is the 
resting blood flow, Vhigh is the hyperemic blood flow velocity 
and Vlow is the baseline blood flow velocity).

Cremaster microcirculation assessment. Mice were anesthe‑
tized with sodium pentobarbital (40 mg/kg) immediately after 
the lipid infusion. Intravital microscopy (Olympus BX51 WI 
upright microscope; Olympus Corporation) was used to record 
the cremaster microvascular blood flow and leukocyte adhe‑
sion in venules. Leukocyte flux and leukocyte endothelium 
interactions (rolling and adhesion) analysis were conducted as 
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Figure 1. Lipid infusion induces CMD, whereas treatment with nicorandil improves CMD. (A) Flow chart of the protocol for the animal experiments. (B) Serum 
free fatty acid levels were increased in the Model and Model + Nico groups. (C) Serum NO levels were decreased in the Model group, whereas the NO levels 
were increased in the Model + Nico group. (D) Lipid infusion‑activated leukocytes in cremaster microcirculation (white arrows indicate the leukocytes that 
adhered to the cremaster microvascular wall). Scale bar, 200 µm. (E) Coronary flow reserve was decreased in the Model group. (F) Images captured under a 
light microscope (magnification, x200; scale bar, 200 µm). (G) Edema of endothelial cells (white arrow; scale bar, 10 µm). Data are presented as the mean ± SD. 
*P<0.05, Model (n=10) vs. Control (n=10); #P<0.05, Model + Nico (n=10) vs. Model (n=10); &P<0.05, Model + Nico (n=10) vs. Control (n=10). CMD, coronary 
microvascular dysfunction; Nico, nicorandil; NO, nitric oxide.
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described previously (31). Briefly, rolling leukocyte flux was 
measured at the indicated time points by counting the number 
of rolling leukocytes per 20 sec that passed a reference point 
in the microvessel and the number was then presented as 
units of cells/min. Leukocyte rolling velocity was calculated 
by the velocity of 10 leukocytes rolling along the endothelial 
cell lining (mm/sec) and leukocyte adhesion (defined as being 
stationary for 20 sec) was counted in 100‑µm‑long vascular 
segments, and presented as the number of adherent cells/mm2. 
Diameters (in mm) were measured perpendicularly to the 
vessel path. Finally, the venular wall shear rate was calculated 
based on the Newtonian definition, according to the following 
formula: Wall shear rate (sec‑1)=8 x [red blood cell velocity 
(µm·sec‑1)/venular diameter (µm)] (32).

AICAR intervention. A total of 15 male mice were randomly 
assigned to control (n=5), model (n=5) and AICAR (n=5) 
groups. Normal saline solution (200 µl once per day) was 
administered to the mice in the control and model groups via 
i.p. injection for 3 days. Mice in the AICAR group were treated 
with 200 µl AICAR (concentration, 0.5 mg/g) by i.p. injection 
for 3 days prior to lipid infusion (once per day for 3 days). 
Subsequently, microvascular dysfunction was induced in the 
model and AICAR groups by lipid infusion as aforementioned. 
Cultured CMECs in vitro were treated with AICAR (500 µM) 
for 3 h at 37˚C, then 400 µM PA was added and cells were 
incubated at 37˚C for 24 h.

Heart histological examination and ultrastructural analysis. 
Mice were sacrificed by cervical dislocation while under 
anesthesia induced by an i.p. injection of 40 mg/kg pentobar‑
bital, and respiratory arrest was used to confirm animal death. 
Fresh heart sections were fixed in 4% paraformaldehyde at 
room temperature for 24 h, embedded in paraffin and serial 
5‑µm‑thick sections were prepared. Morphological analysis of 
cardiomyocytes and microvessels was subsequently performed 
using H&E staining. Then, the sections were stained with 
hematoxylin for 5 min at room temperature, then washed 
with running water for 5 min and differentiated in 1% acid 
alcohol for 10 sec at room temperature. The sections were then 
stained with 1% eosin for 1 min, washed with running water 
and dehydrated in increasing concentrations of alcohol (70, 80, 
90 and 100%) and cleared in xylene. Finally, H&E staining 
was observed under a BX43 light microscope (Olympus 
Corporation).

For the immunohistochemical analysis of KLF2, eNOS and 
p‑eNOS, fresh heart sections were fixed in 4% paraformalde‑
hyde at room temperature for 24 h, embedded in paraffin and 
serial 5‑µm‑thick sections were prepared. The sections were 
dewaxed in xylene, then rehydrated in a descending alcohol 
series (hydrated in 100, 95 and 80% ethanol and water for 
5 min each). Antigen retrieval was performed by pre‑treatment 
of the slides in citrate buffer (pH 6.0) (cat. no. G1202; Wuhan 
Servicebio Technology Co., Ltd.) in a microwave (720 W 
heating) oven for 12 min. Thereafter, the slides were cooled to 
room temperature in deionized water for 5 min. The sections 
were incubated in 0.3% H2O2‑methanol solution for 10 min 
and then washed with PBS three times. To block endogenous 
peroxidase activity, 50 µl peroxidase blocking solution was 
added to each section and these were incubated for 10 min 

at room temperature. Each section was then incubated with 
50 µl 10% nonimmune goat serum (OriGene Technologies, 
Inc.) for 10 min at room temperature, rinsed with PBS and 
incubated with 50  µl primary antibody [KLF2 (dilution, 
1:400; cat. no. bs‑2772R; BIOSS), eNOS (dilution, 1:1,000; cat. 
no. GB12086; Wuhan Servicebio Technology Co., Ltd.) and 
p‑eNOS (diluted 1:100; cat. no. AF3247; Affinity Biosciences)] 
at 4˚C overnight. The sections were then incubated with 
50 µl secondary antibody [HRP conjugated goat anti‑rabbit 
IgG (dilution, 1:200; cat. no. GB23303; Wuhan Servicebio 
Technology Co., Ltd.) or HRP‑conjugated goat anti‑mouse 
IgG (diluted 1:200; cat. no.  GB23301; Wuhan Servicebio 
Technology Co., Ltd.)] at room temperature for 10 min. The 
reaction was developed with freshly prepared 3,3'‑diamino‑
benzidine, and observed under a Leica DM4000 microscope 
(Leica Microsystems GmbH) for 3‑10 min, with brown indi‑
cating positive staining. The slides were then counterstained 
with hematoxylin for 3 min at room temperature, washed with 
running water, and dehydrated in increasing concentrations of 
alcohol (75, 85 and 100%) and cleared in xylene. The patho‑
logical and immunohistochemical changes were evaluated 
and photographed under a BX43 light microscope (Olympus 
Corporation). Data analysis was performed using Multiplex 
IHC v2.2.0 module analysis software (Indica Labs, Inc.).

Heart samples were fixed in 2.5% glutaraldehyde in 
0.1 mol/l cacodylate buffer at 4˚C overnight, fixed in 1% 
osmium tetroxide at 4˚C for 2 h and then embedded in Epon 
using an Embed‑812 kit (Electron Microscopy Sciences) at 
room temperature overnight. Ultrathin sections (80‑100 nm) 
were obtained from selected areas using an ultrathin micro‑
tome (Leica EM UC7; Leica Microsystems GmbH). The 
ultrathin sections of the cubes were stained with 3% uranyl 
acetate and lead citrate at 25˚C for 30 min. Then, the sections 
were examined using transmission electron microscopy (TEM; 
Tecnai™ G2 20; FEI; Thermo Fisher Scientific, Inc.).

ELISAs and measurements of plasma FFAs. Blood samples 
(100 µl) were collected from the tail‑veins of the mice in 
heparin‑containing tubes, and plasma was prepared after 
centrifugation at 4,500 x g for 10 min at room temperature. 
Subsequently, aliquots were stored at ‑80˚C until use. The 
levels of plasma biomarkers, including IFN‑γ, IL‑6, NO, SOD 
and TNF‑α, were determined using ELISA kits (Shanghai 
Xitang Biotechnology Co., Ltd.). FFAs were measured using 
an FFA Content Assay Kit (cat. no. BC0595; Beijing Solarbio 
Science & Technology Co., Ltd.) was conducted according to 
the manufacturer's user guide. The preparation of reagent1 
was accomplished following the ratio of n‑heptane: absolute 
methanol: chloroform=24:1:25 at room temperature. The phys‑
ical state of diphenylcarbazide was powder, absolute ethanol 
was added at the time of application and the liquid volume 
was 13 ml. The standard solution was chloroform‑dissolved 
5 µmol/ml palmitic acid solution. The microplate reader was 
preheated for 30 min, the wavelength was adjusted to 550 nm, 
and absolute ethanol was used as a blank (set to 0). Copper 
reagent was water‑bathed at 37˚C for 30 min. Standard solu‑
tion was diluted to 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 µmol/ml 
with chloroform. Each 1.5‑ml Eppendorf tube was first supple‑
mented with 10  µl distilled water, sample, chloroform or 
standard solution. Then 100 µl reagent1 and 40 µl copper 
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reagent were added sequentially, followed by shaking for 
10 min at room temperature and finally centrifugation at 850 g 
for 10 min at room temperature. A total of 50 µl of the super‑
natant was transferred to a 1.5‑ml Eppendorf tube and 200 µl 
diphenylcarbazide was added, followed by shaking for 2 min 
and standing for 15 min at room temperature. Absorbance at 
550 nm of each well of a 96‑well plate was measured using a 
microplate reader (200 µl liquid volume was added per well). 
FFA concentrations were calculated for each plasma sample 
according to the standard curve.

Measurement of intracellular ROS in leukocytes and CMECs. 
The intracellular levels of ROS were measured by a fluoro‑
metric assay using the probe 2'‑7'‑dichlorodihydrofluorescin 
diacetate (DCFH‑DA). Cells were resuspended in 2 ml PBS 
(106 cells/ml) and were subsequently incubated with 10 µM 
DCFH‑DA at 37˚C for 20  min with continuous shaking. 
Cells were washed with PBS three times (2 min each at room 
temperature) and were transferred from a tube to a microplate 
prior to fluorescence being measured. To minimize the process 
of photo‑oxidation, samples were stored in the dark. Finally, 
DCF fluorescence was measured using a microplate reader 
(488 nm excitation and 525 nm emission wavelengths).

Flow cytometric analysis of leukocytes. Blood (100 µl) was 
drawn from the great saphenous vein of the mice after lipid 
infusion. Ammonium chloride‑potassium lysis buffer was 
used for erythrocyte removal. Blood samples were centrifuged 
at room temperature for 10 min at 850 x g, and the plasma 
was subsequently removed. Leukocytes were resuspended in 
20 µl normal saline and then incubated with the appropriate 
antibodies as previously described  (33). Phycoerythrin rat 
anti‑mouse CD11b (cat. no. 557397) and allophycocyanin rat 
CD62L (cat. no. 5333152) antibodies (BD Biosciences) were 
diluted at a ratio of 1:5. Flow cytometry was performed using 
a Cytek DXP 8 Color upgraded BD FACS Calibur™ flow 
cytometer (BD Biosciences) by staining with appropriate anti‑
bodies, and the data were analyzed using FlowJo 10.0 software 
(Tree Star, Inc.).

Western blot analysis of heart tissue and CMECs. Heart tissue 
(50 mg) and CMECs were collected for quantitative analysis of 
the proteins. Proteins were extracted using RIPA lysis buffer 
[Hangzhou Multi Sciences (Lianke) Biotech Co., Ltd.]. Protein 
concentrations of heart tissues and CMECs were subsequently 
determined using a Takara Bradford Protein Assay kit (Takara 
Bio, Inc.). The proteins were diluted to a final protein concen‑
tration of 2.5 µg/µl in 1X loading buffer (Wuhan Servicebio 
Technology Co., Ltd.), and 25 µg protein was loaded onto each 
lane of the western blot gel (10%). After the proteins were 
separated, they were transferred to polyvinylidene fluoride 
membranes (Bio‑Rad Laboratories, Inc.), which were blocked 
with 5% BSA (Shanghai Siding Biotechnology Co., Ltd.) 
for 2 h at room temperature. The membrane was incubated 
with the corresponding primary antibody overnight at 4˚C. 
The following day, HRP‑labeled secondary antibodies (cat. 
no. 98164; Cell Signaling Technology, Inc.) were incubated 
with the membranes at room temperature for 2 h. The dilution 
of rabbit anti‑KLF2 polyclonal antibody (cat. no. bs‑2772R; 
BIOSS) was 1:300, and the dilution of rabbit anti GAPDH 

monoclonal antibody (cat. no.  ab181602; Abcam) was 
1:10,000. The dilution of rabbit anti‑eNOS (cat. no. 32027; 
Cell Signaling Technology, Inc.), anti‑AMPK (cat. no. 5832; 
Cell Signaling Technology, Inc.), anti‑p‑eNOS (Ser1177) (cat. 
no. AF3247; Affinity Biosciences) and anti‑p‑AMPK (Thr172) 
(cat. no. 50081; Cell Signaling Technology, Inc.) polyclonal 
antibody was 1:1,000. HRP‑labeled secondary antibodies were 
used at a dilution of 1:5,000. All antibodies were diluted using 
TBS with 0.1% Tween‑20 (Wuhan Servicebio Technology 
Co., Ltd.). Enhanced chemiluminescence western blotting 
substrate (Wuhan Servicebio Technology Co., Ltd.) was used 
to detect the immuno‑reactive signals. The protein gray values 
were analyzed using ImageJ 1.6 software (National Institutes 
of Health).

Isolation and identification of CMECs. Primary mice CMECs 
were purchased from Saibaikang (Shanghai) Biotechnology 
Co., Ltd. and cultured in Complete™ Endothelial Cell Medium 
(ECM; Sigma‑Aldrich; Merck KGaA) containing 10% FBS 
(ScienCell Research Laboratories. Inc.), 1% endothelial cell 
growth supplement and 1% penicillin/streptomycin at 37˚C in 
an atmosphere of 5% CO2. CMECs were identified by immu‑
nofluorescence using an antibody against von Willebrand 
factor VIII, which is constitutively expressed on the surface of 
CMECs (34) (Fig. S1). In order to identify the CMECs, cells 
were seeded in 24‑well plates (2.0x104 cells per well). The cells 
were then washed twice with PBS and fixed in ice‑cold 100% 
methanol for 15 min at ‑20˚C. After rinsing with PBS three 
times for 5 min each, the samples were incubated with 0.1% 
Triton X‑100 at room temperature for 10 min, blocked with 1% 
BSA at room temperature for 60 min, and incubated with rabbit 
anti‑vWF polyclonal antibody (1:200; cat. no. 11778‑1‑AP; 
Proteintech Group, Inc.) at 4˚C overnight. The samples were 
then washed three times with PBS, followed by incuba‑
tion with Alexa Fluor 488‑conjugated secondary antibodies 
(1:500; cat. no. SA00006‑2; Proteintech Group, Inc.) at room 
temperature for 120 min after 4',6‑diamidino‑2‑phenylindole 
counterstaining at room temperature for 5 min. Images were 
captured with a fluorescence microscope system (DS‑Ri2; 
Nikon Corporation). The Image‑Pro Plus 6.0 image analysis 
software (Media Cybernetics, Inc.) was used for quantification 
analysis.

Determination of viability of CMECs. PA was dissolved in 
sodium hydroxide solution. Then, 10% BSA was added to the 
solution in order to form a PA and BSA complex. The solu‑
tion was filter‑sterilized, and then diluted with 1% BSA to 
prepare different concentrations of PA solutions, which were 
adjusted to pH 7.4. CMECs were seeded in 96‑well plates 
(5,000 cells per well) and subjected to treatment with different 
concentrations (0, 100, 200, 400 and 800 µM) of PA with or 
without nicorandil (100 µM) at 37˚C for 24 h. Subsequently, 
10 µl CCK‑8 solution was added to the cell culture and the 
cells were incubated for 2 h at 37˚C in a humidifier (containing 
5% CO2 and 95% O2). Finally, cell viability was determined at 
an optical density of 450 nm using a microplate reader.

Cell transfection. KLF2 overexpression and empty control 
pCMV plasmids were purchased from Shanghai GeneChem 
Co., Ltd. CMECs were seeded in 6‑well plates (1.0x105 cells 
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per well) for 24 h prior to transfection. Cells were divided 
into the control group, control overexpression group and 
KLF2 overexpression group. Transient transfection was 
performed using Invitrogen Lipofectamine® 3000 (Thermo 
Fisher Scientific, Inc.) according to the standard protocol 
of the manufacturer. P3000 (Thermo Fisher Scientific, Inc.) 
combined with the overexpression‑DNA (2.5 µg) or the control 
overexpression‑DNA vectors (2.5 µg) was added to serum‑free 
medium and incubated with the cells at 25˚C for 10 min, while 
the control group was treated without vectors. Subsequently, 
Lipofectamine 3000 was added to each group and cultured with 
the cells in serum‑free ECM. Following 6 h of culture (37˚C; 
5% CO2), the medium was replaced with ECM containing 10% 
FBS. After 48 h, subsequent experiments were performed.

Small interfering RNAs targeting KLF2 (siKLF2) and the 
corresponding non‑specific control (NC) siRNA were obtained 
from Sigma‑Aldrich; Merck KGaA. Cells were divided into 
the control group, NC group and siKLF2 group. The control 
group was treated without siRNAs. The transfection proce‑
dures were performed according to the protocol described by 
Wang et al (35). siRNA (100 nM) was used for cell transfec‑
tion using Lipofectamine® 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells were incubated at 37˚C with 5% CO2. 
After a 6‑h antibiotic‑free medium incubation, the transfec‑
tion medium was removed, and the cells were incubated in 
fresh medium for 24 h. Then, subsequent experiments were 
performed. All siRNA sequences are shown in Table SI. The 
transfection of KLF2 overexpression vector and siKLF2 was 
successful and KLF2 expression was increased and decreased, 
respectively (Fig. S2).

Statistical analysis. All experiments were performed at least 
three times, and all data are presented as the mean ± standard 
deviation. One‑way analysis of variance was used to compare 
the differences among groups, and Tukey's post hoc test was 
used for multiple comparisons. All the statistical analyses 
were performed using IBM SPSS 25.0 software (IBM Corp.). 
P<0.05 (two‑sided) was considered to indicate a statistically 
significant difference.

Results

Lipid infusion induces CMD. The CMD mouse model was 
successfully established by lipid infusion, which was charac‑
terized by a reduction of the CFR (model group vs. control 
group, 1.89±0.37 vs. 2.74±0.30; Fig. 1E). Serum tests revealed 
that the levels of FFAs in model mice were significantly 
increased, whereas the concentration of NO was decreased 
compared with those in control mice (Fig.  1B  and C ). 
Leukocyte activation in the cremaster microvascular wall 
was subsequently investigated (Fig. 1D). Lipid infusion led 
to a significantly increased level of leukocyte adhesion to the 
cremaster microvascular wall (model group vs. control group, 
4,350±1,057.5 vs. 11.8±5.4 cells/mm2) and a decreased leuko‑
cyte rolling velocity. However, the microvascular blood flow 
velocity, vascular diameter, leukocyte rolling flux and shear 
stress were found not to be impacted by lipid infusion.

To confirm whether lipid infusion caused structural 
changes in the mouse heart, the cardiac tissue was examined 
using H&E staining and TEM. No obvious structural changes 

were observed under the light microscope (Fig. 1F). However, 
TEM revealed severely swollen endothelial cells in the model 
group (Fig. 1G), demonstrating the damage of coronary micro‑
vascular ultrastructure.

To further investigate the effects of FFAs on CMECs, 
different concentrations of PA (0, 100, 200, 400 and 800 µM) 
were used to treat cultured CMECs in vitro, which revealed 
that 400 or 800 µM PA suppressed cell viability and increased 
ROS production in a dose‑dependent manner (Fig.  S3). 
Treatment with PA at a concentration of 400 µM for 24 h 
led to a reduction in cell viability of nearly 40% (Fig. S3A). 
Collectively, these results suggested that FFAs could induce 
CMD by damaging CMECs.

Nicorandil was found to alleviate CMD induced by lipid 
infusion, as demonstrated by an increase in the CFR and 
leukocyte rolling velocity, a decrease in the level of leukocyte 
adhesion and the improved endothelial damage (Fig. 1), the 
underlying mechanism of which was hypothesized to be asso‑
ciated with the upregulation of NO.

Lipid infusion induces an abnormal acute inflammatory 
response. Subsequently, the effects of lipid infusion on the 
inflammatory response were examined. Expression levels of 
the leukocyte adhesion molecule CD11b (Fig. 2A and B) and 
intracellular ROS levels (Fig. 2D) were found to be increased 
in the model mice, while the expression levels of CD62L on 
leukocytes were not altered (Fig. 2A and C). Subsequently, the 
levels of serum inflammatory markers were examined using 
ELISA. Higher serum levels of TNF‑α and IL‑6 were identified 
in the model group (Fig. 2F and G), whereas the serum SOD 
and IFN‑γ levels were not significantly different between the 
model and control groups (Fig. 2E and H). Experiments using 
the AMPK activator, AICAR, also revealed anti‑inflammatory 
effects with resultant reduced serum levels of TNF‑α and IL‑6 
identified in AICAR‑treated model mice (Fig. S4).

Lipid infusion inhibits the AMPK/KLF2/eNOS pathway. To 
assess the underlying mechanistic basis whereby FFAs could 
induce CMD, the AMPK/KLF2/eNOS pathway was subse‑
quently analyzed via immunohistochemical and western blot 
analyses. Activation of AMPK and eNOS was assessed by 
detecting the levels of AMPK phosphorylation at Thr172 and 
eNOS phosphorylation at Ser117. As shown in Fig. 3A and B, 
lipid infusion led to downregulation of the expression 
level of KLF‑2 and a decrease of the p‑AMPK/AMPK and 
p‑eNOS/eNOS ratios in the myocardium of model mice. 
Treatment of CMECs with 200, 400 and 800 µM PA in vitro 
caused significant suppression of the expression level of KLF2 
and a decrease of the p‑AMPK/AMPK and p‑eNOS/eNOS 
ratios in a dose‑dependent manner (Fig.  3C). Nicorandil 
increased the ratio of p‑eNOS/eNOS and did not influence 
the expression of KLF2 or the ratio of p‑AMPK/AMPK both 
in vivo (Fig. 3A and B) and in vitro (Fig. 3C). Nicorandil also 
improved CMEC viability and oxidative stress induced by PA 
(Fig. S5).

AMPK/KLF2/eNOS signaling pathway exerts an important 
role in regulating microvascular function. To further demon‑
strate that inhibition of the AMPK/KLF2/eNOS signaling 
pathway could account for CMD induced by FFAs, AICAR 
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was utilized to confirm whether activating AMPK could 
improve the condition of CMD in model mice. As shown in 
Fig. 4G and H, AICAR intervention in vivo did lead to an 
improvement in CFR and a decrease in leukocyte adhesion 
compared with those in model mice. In vitro, AICAR was found 
to enhance the viability of the CMECs and to inhibit oxidative 
stress (Fig. 4B and C). AICAR also led to an increase in the 
expression of both AMPK and the downstream proteins, KLF2 
and eNOS, in CMECs (Fig. 4A). Subsequently, KLF2 overex‑
pression plasmid was used to evaluate the effect of KLF2 on the 
phosphorylation of eNOS. As shown in Fig. S2A, KLF2 was 
found to be overexpressed. KLF2 overexpression, in itself, led 
to significant upregulation of eNOS in CMECs treated with PA, 
although it exerted no significant effects on AMPK (Fig. 4D). 
Either upregulation of KLF2 with the overexpression plasmid 
or increasing the concentration of NO with nicorandil led to 
both an improvement in the viability of CMECs and inhibition 
of oxidative stress (Figs. 4E and F, and S5). However, when 
siKLF2 was used to suppress KLF2 expression in CMECs, 
AICAR did increase the ratio of p‑AMPK/AMPK but did not 
increase the expression of KLF2 or the ratio of p‑eNOS/eNOS 
(Fig. S6). Taken together, the underlying mechanism through 
which FFAs induce CMD may involve disruption of the 
AMPK/KLF2/eNOS signaling pathway.

Discussion

A high level of FFAs is a risk factor for cardiovascular disease 
due to their detrimental effects on vascular endothelial cells, 
which is common in patients with myocardial ischemia (36). 
This may be due to the increased sympathetic drive under 
myocardial ischemia promoting the release of FFAs into the 
blood through the activation of lipolysis in adipose tissue (37). 
However, elevation of the level of FFAs in myocardial ischemia 
has been demonstrated to increase ischemic damage of the 
myocardium (38). Availability of FFAs in the circulation recip‑
rocally reduces cardiac glucose utilization, whereas oxidation 
of fatty acids requires more oxygen per adenosine triphosphate 
produced than glucose (39). Therefore, increased cardiac utili‑
zation of fatty acids will lead to increased oxygen consumption 
and make the heart more susceptible to ischemic events (40).

An acute increase in the serum FFA level triggers 
inflammation and oxidative stress in the endothelium (41). 
Ko et al (42) reported that FFAs, as nutrient stress factors, 
could activate cardiac inflammation and suppress myocardial 
glucose metabolism via inhibition of AMPK in the heart. 
Han et al (43) also revealed that FFAs could induce cardiac 
dysfunction and alter insulin‑signaling pathways. High serum 
concentrations of FFAs can lead to both microvascular and 

Figure 2. Lipid infusion upregulates CD11b expression in leukocytes, and exacerbates inflammation, whereas nicorandil treatment exerts anti‑inflammatory 
effects. (A) Flow cytometric analysis of CD11b and CD62L. (B) CD11b expression on leukocytes relative to control group. (C) CD62L expression on leukocytes 
relative to control group. (D) Intracellular ROS levels of leukocytes relative to the control group. Serum (E) SOD, (F) TNF‑α, (G) IL‑6 and (H) IFN‑γ levels. 
Data are presented as the mean ± SD. *P<0.05, Model (n=10) vs. Control (n=10); #P<0.05, Model + Nico (n=10) vs. Model (n=10). PE, phycoerythrin; APC, 
allophycocyanin; Nico, nicorandil; SOD, superoxide dismutase; ROS, reactive oxygen species.
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metabolic insulin resistance (44). Endothelial dysfunction is 
a major mechanism associated with CMD (2) and, based on 
these findings, our hypothesis was that abnormal FFA metabo‑
lism may serve an important role in the pathogenesis of CMD 
by influencing endothelial function.

A common approach for experimentally elevating plasma 
FFA levels is to simultaneously infuse heparin and a lipid 

emulsion (45‑47), as was accomplished in our previous study (16), 
and in the present study. Heparin can activate lipoprotein lipase 
and catalyzes triglyceride hydrolysis, which increases the serum 
concentration of FFAs (48). The elevation of FFAs achieved 
by the infusion of heparin and lipids leads to rapid induction 
of endothelial dysfunction (49,50). To further understand the 
deleterious effects of FFAs on CMD, a mouse model of systemic 

Figure 3. Lipid infusion inhibits the AMPK/KLF2/eNOS signaling pathway, whereas nicorandil treatment upregulates eNOS expression. (A) Expression 
levels of KLF2, p‑AMPK/AMPK and p‑eNOS/eNOS were decreased in the heart tissues of model mice, as assessed by western blotting. Data are presented 
as the mean ± SD. *P<0.05, Model (n=6) vs. Control (n=6). #P<0.05, Model + Nico (n=6) vs. Model (n=6). &P<0.05, Model + Nico (n=6) vs. Control (n=6). 
(B) Expression levels of KLF2, eNOS and p‑eNOS were decreased in heart tissues of model mice, as assessed by immunohistochemistry. Scale bar, 40 µm. 
Data are presented as the mean ± SD. *P<0.05, Model (n=5) vs. Control (n=5). #P<0.05, Model + Nico (n=5) vs. Model (n=5). &P<0.05, Model + Nico (n=5) vs. 
Control (n=5). (C) Expression levels of KLF2, and ratios of p‑AMPK/AMPK and p‑eNOS/eNOS were decreased in cardiac microvascular endothelial cells 
treated with PA in a dose‑dependent manner, as assessed by western blotting. Data are presented as the mean ± SD. $P<0.05, PA, 200 µM (n=6) vs. PA, 0 µM 
(n=6). *P<0.05, PA, 400 µM (n=6) vs. PA, 0 µM (n=6). **P<0.05, PA, 800 µM (n=6) vs. PA, 0 µM (n=6). #P<0.05, PA, 400 µM + Nicorandil, 100 µM (n=6) vs. 
PA, 0 µM (n=6). ##P<0.05, PA, 400 µM + Nicorandil, 100 µM (n=6) vs. PA, 400 µM (n=6). AMPK, AMP‑activated protein kinase; eNOS, endothelial nitric 
oxide synthase; KLF2, Krüppel‑like factor 2; Nico, nicorandil; p‑, phosphorylated; PA, palmitic acid.
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microvascular dysfunction was established via infusion of lipid 
emulsion with heparin to increase the concentration of serum 

FFAs. After lipid emulsion infusion, the serum concentration of 
FFAs was found to increase to more than twice the normal value.

Figure 4. AMPK/KLF2/eNOS pathway serves an important role in regulating microvascular function. (A) AICAR activated the AMPK/KLF2/eNOS pathway 
in CMECs. AICAR treatment upregulated the levels of KLF2, p‑AMPK/AMPK and p‑eNOS/eNOS. Data are presented as the mean ± SD. *P<0.05, PA 
(n=6) vs. Control (n=6). #P<0.05; PA + AICAR (n=6) vs. PA (n=6). (B and C) AICAR restored the viability of CMECs and caused a decrease in the levels of 
intracellular ROS. (B) Cell viability relative to the control group. (C) ROS level relative to the control group. Data are presented as the mean ± SD. *P<0.05, PA 
(n=6) vs. Control (n=6); #P<0.05, PA + AICAR (n=6) vs. PA (n=6). (D) KLF2 overexpression activated eNOS in CMECs and did not influence the expression 
of AMPK. Data are presented as the mean ± SD. *P<0.05, PA + Control Overexpression (n=6) vs. Control (n=6); #P<0.05, PA + KLF2 Overexpression (n=6) 
vs. PA + Control Overexpression (n=6); &P<0.05, PA + KLF2 Overexpression (n=6) vs. Control (n=6). (E and F) KLF2 overexpression restored the viability 
of the CMECs and led to a decrease in intracellular ROS. (E) Cell viability relative to the control group. (F) ROS level relative to the control group. Data 
are presented as the mean ± SD. *P<0.05, PA + Control Overexpression (n=6) vs. Control (n=6); #P<0.05, PA + KLF2 Overexpression (n=6) vs. PA + Control 
Overexpression (n=6). (G) AICAR treatment increased the coronary flow reserve of model mice. (H) AICAR treatment decreased the levels of leukocyte 
adhesion (white arrows indicate the leukocytes that adhered to the cremaster microvascular wall). Data are presented as the mean ± SD. *P<0.05, Model (n=5) 
vs. Control (n=5); #P<0.05, Model + AICAR (n=5) vs. Model (n=5). Scale bar, 200 µm. AICAR, 5‑aminoimidazole‑4‑carboxamide ribonucleotide; AMPK, 
AMP‑activated protein kinase; CMD, coronary microvascular dysfunction; CMECs, cardiac microvascular endothelial cells; eNOS, endothelial nitric oxide 
synthase; KLF2, Krüppel‑like factor 2; p‑, phosphorylated; PA, palmitic acid; ROS, reactive oxygen species.
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In the present study, the model group exhibited a reduction 
in CFR of >30%, indicating that CMD had been established. 
A large number of leukocytes were found to adhere to the 
walls of microvessels, indicating that leukocyte activation 
and the impairment of microvascular endothelial function had 
occurred. In addition, the use of TEM revealed the presence of 
swelling of microvascular endothelial cells in the heart tissues 
and palmitic acid were demonstrated to cause a decrease in 
the viability of CMECs in a dose‑dependent manner. Both 
phenomena indicated the damage to CMECs that had been 
caused by FFAs. Endothelial dysfunction and leukocyte 
activation may be the key processes of CMD induced by 
FFAs. Following intravenous infusion of the lipid emulsion, 
the production of ROS in the model group was found to be 
increased. In the present study, high levels of FFAs were able 
to stimulate the production of ROS in both leukocytes and 
CMECs. Excessive ROS production leads to the oxidative 
damage of numerous biological macromolecules, including 
nucleic acids, lipids, proteins and carbohydrates, which subse‑
quently affects multiple physiological metabolic pathways (51). 
Postprandial hyperlipidemia has been reported to be associ‑
ated with acute endothelial dysfunction (52). In the present 
study, it was also found that CD11b expression was markedly 
increased in the model group. CD11b is directly involved in 
cell adhesion and leukocyte activation (53). Endothelial cell 
adhesion molecules bind to leukocytes, thereby activating 
them and leading to their infiltration into the underlying 
tissues (54). Activated leukocytes not only block microvessels, 

but also cause an increase in the vascular permeability (55). 
Compared with those in control mice, the levels of the plasma 
pro‑inflammatory factors, IL‑6 and TNF‑α, were found to 
be significantly increased following lipid emulsion infusion. 
An increase in the level of IL‑6 is able to initiate the acute 
inflammatory reaction, and inhibition of IL‑6 has previously 
been reported to reduce the risk of atherosclerotic thrombotic 
events (56). As far as TNF‑α is concerned, an increase in its 
level has been demonstrated to induce endothelial cells to 
express adhesion factors, accelerate the adhesion and penetra‑
tion of leukocytes into the vascular endothelium, and cause 
local inflammatory reactions and pannus formation  (57). 
Microvascular endothelial dysfunction and abnormal activa‑
tion of leukocytes are processes that interact with and mutually 
enhance each other (58), thereby fulfilling an important role in 
the pathophysiological mechanism of FFA‑induced CMD.

Extensive studies have demonstrated that AMPK is 
activated by an energy deficiency but suppressed by over‑
nutrition (59,60). In the present study, the increased serum 
concentration of FFAs led to a significant inhibition of the acti‑
vation of AMPK. Dysregulation of the AMPK/KLF2/eNOS 
signaling pathway may be responsible for the mechanism 
that accounts for the induction of CMD mediated by FFAs 
(Fig. 5). On one side, elevated FFAs can activate leukocytes 
and increase ROS, promoting the production of CD11b, IL‑6 
and TNF‑α. On the other side, FFAs caused NO reduction in 
CMECs by blocking the AMPK/KLF2/eNOS pathway. This 
resulted in decreased cell viability and impaired endothelial 

Figure 5. Potential mechanisms of FFA‑induced coronary microvascular dysfunction. AMPK, AMP‑activated protein kinase; eNOS, endothelial nitric oxide 
synthase; FFA, free fatty acid; KLF2, Krüppel‑like factor 2; Nico, nicorandil; NO, nitric oxide; ROS, reactive oxygen species; p, phosphorylated.
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function, which eventually induces the development of CMD. 
In the model group, the expression levels of AMPK, KLF2 and 
eNOS in myocardial tissue were downregulated, and the serum 
NO level was decreased. In vitro experiments subsequently 
demonstrated that treatment with PA caused a decrease in the 
expression levels of AMPK, KLF2 and eNOS in a dose‑depen‑
dent manner. These results suggested that FFAs may suppress 
the AMPK/KLF2 signaling pathway in CMECs, thereby 
inhibiting endothelial function and reducing NO produc‑
tion. Increased serum levels of FFAs can cause endoplasmic 
reticulum stress and mitochondrial dysfunction, which lead to 
a disordering of energy metabolism and biosynthesis (13). It is 
well established that the AMPK signaling pathway is closely 
associated with energy metabolism (18). Wang et al (61) found 
that PA reduced AMPK phosphorylation, and activation of 
the AMPK signaling pathway could improve mitochondrial 
function by inhibiting lipid aggregation. KLF2 is an important 
regulator of endothelial function, which is able to activate 
eNOS (24). Decreased KLF2 expression levels are associated 
with endothelial dysfunction induced by advanced glycation 
end products (62). KLF2 is widely regarded as the most potent 
inducer of eNOS, especially under laminar shear stress (63). 
Furthermore, the AMPK/KLF2 signaling pathway has been 
demonstrated to participate in neovascular development 
following cerebral ischemia via the regulation of eNOS protein 
expression (25). In order to further verify that the decreased 
AMPK activity was associated with the downstream proteins 
KLF2 and eNOS, the AMPK activator AICAR was used to 
treat the CMECs and these experiments revealed that activation 
of AMPK could significantly improve PA‑induced inhibition 
of KLF2 and eNOS. AICAR is an AMPK agonist, which 
can promote AMPK phosphorylation (64). Viglino et al (65) 
reported that chronic treatment with AICAR induces a meta‑
bolic shift in FFA‑exposed cardiomyocytes, characterized by 
improved glucose transport and glycolysis and redirection of 
fatty acids towards neutral storage. Hu et al (66) found that 
AICAR treatment led to an improvement in liver fibrosis in 
rats with bile duct ligation by increasing the level of NO. 
Acute and chronic use of AICAR have been demonstrated 
to relieve portal vein pressure without changing systemic 
hemodynamics (66). AICAR can also alleviate endothelial 
dysfunction and promote vasodilation by improving eNOS 
activity and increasing NO production (67,68). The present 
study also demonstrated that an injection of AICAR relieved 
FFA‑induced CMD and enhanced CFR. In addition, a KLF2 
overexpression plasmid was transfected into CMECs, and 
KLF2 overexpression was found to activate eNOS. However, 
when combing AICAR and siKLF2 to treat CMECs, KLF2 or 
eNOS expression was not increased. Therefore, the aforemen‑
tioned results further suggested that FFAs may serve a role 
in coronary microcirculation damage by interfering with the 
AMPK/KLF2/eNOS signaling pathway.

Nicorandil is commonly used to relieve the microvascular 
angina that is called cardiac syndrome X  (69). A recent 
meta‑analysis of randomized controlled trials confirmed that 
nicorandil has potential in terms of improving angina symp‑
toms in cardiac syndrome X (69). Nicorandil is also one of the 
few drugs available that have been evidentially demonstrated 
to effectively treat CMD (70). The present study demonstrated 
that nicorandil could increase the CFR and reduce the level 

of leukocyte adhesion in FFA‑induced CMD model mice. 
Nicorandil also alleviated swelling of the microvascular 
endothelium caused by FFAs, increased the viability of 
CMECs, and caused a reduction in ROS production. Increased 
production of NO was likely to account for the effects of 
nicorandil. Nicorandil can not only function as a NO donor, 
but also modulate eNOS (71,72). The present study demon‑
strated that nicorandil could directly activate eNOS without 
the participation of AMPK. In addition, nicorandil fulfilled 
an anti‑inflammatory role, leading to reduced levels of IL‑6 
and TNF‑α in the plasma. A clinical trial has suggested that 
nicorandil treatment may result in cardiovascular protection 
by inhibiting systemic inflammation (73). In the present study, 
nicorandil could stimulate eNOS expression and facilitate NO 
production in CMECs. Nicorandil also exerted anti‑inflamma‑
tory and antioxidant effects. Previous studies have concluded 
that nicorandil could attenuate organ injury by increasing 
eNOS expression and via its antiapoptotic, anti‑inflammatory 
and antioxidant properties (71,74).

Reducing chronic serum FFA levels may reduce the 
cardiovascular disease burden, and thus, efforts have been 
made to develop pharmaceuticals to reduce the level of 
serum FFAs  (75). Oral phytosterol supplementation has 
been demonstrated to cause a reduction in serum FFAs (76). 
Lifestyle interventions are also useful; for example, a previous 
meta‑analysis of randomized controlled trials revealed a reduc‑
tion of FFAs with chronic exercise training (77). Research in 
this field is ongoing, although, at present, it has not yet yielded 
any approved drugs aimed at suppressing the serum FFA 
concentration (78).

The present study still has several limitations to be 
disclosed. Firstly, there are endothelia‑dependent and endo‑
thelia‑independent mechanisms operative in the pathogenesis 
of CMD (4). In the present study, only the effects on endothelial 
factors were explored and further research is required in this 
regard. Secondly, pan‑endothelial cell markers were not tested 
by immunohistochemistry analysis. Thirdly, the long‑term 
efficacy of nicorandil remains to be validated.

In conclusion, the present study demonstrated that FFAs 
could induce CMD via inhibition of the AMPK/KLF2/eNOS 
signaling pathway, whereas activation of this pathway allevi‑
ated FFA‑induced CMD, which could be a therapeutic option 
for CMD.
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