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Autophagyeurea cycle pathway is essential for the
statin-mediated nitric oxide bioavailability in
endothelial cells
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a Graduate Institute and Department of Physiology, College of Medicine, National Taiwan University, Taipei, Taiwan
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Abstract

Statins induce nitric oxide (NO) bioavailability by activating endothelial nitric oxide synthase via kinase- and calcium-
dependent pathways in endothelial cells (ECs). However, their effect on the metabolism of L-arginine, the precursor for
NO biosynthesis, and regulatory mechanism have not yet been investigated. In this study, we investigated the role of the
autophagyeurea cycle-L-arginine pathway in simvastatin-mediated NO bioavailability in ECs. Griess's assay was used
to determine the NO bioavailability. Protein expression was assessed using Western blot analysis. Further, immuno-
cytochemistry was performed to observe autophagosome formation, while conventional assay kits were used to quantify
the levels of different intermediate substrates of the urea cycle. In ECs, treatment with simvastatin induced the activation
of autophagy flux, as evidenced by the increased levels of microtubule-associated protein 1A/1B-light chain 3 II and
autophagolysosome formation and decreased levels of p62. Inhibition of autophagy by ATG7 small interfering RNA
(siRNA), chloroquine and bafilomycin A1 abolished simvastatin-induced NO bioavailability, EC proliferation, migra-
tion, and tube formation. Additionally, simvastatin increased the intermediate substrates levels of the urea cycle,
including glutamate, acetyl-CoA, urea, and L-arginine, all of which were abrogated by chloroquine or bafilomycin A1.
Genetic knockdown of argininosuccinate lyase using siRNA abrogated simvastatin-induced increase in NO bioavail-
ability and EC-related functions. Moreover, inhibition of AMP-activated protein kinase (AMPK) and transient receptor
potential vanilloid 1 (TRPV1) prevented simvastatin-induced activation of the autophagyeurea cycle pathway and NO
production. Our findings suggest that simvastatin activates the autophagyeurea cycle pathway via TRPV1-AMPK
signaling, which increases L-arginine bioavailability and ultimately promotes NO production in ECs.

Keywords: Autophagy, Nitric oxide, Statin, Urea cycle

1. Introduction

S tatins, inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, are widely

used to treat hypercholesterolemia and reduce the
risk of cardiovascular events [1]. Mechanistically,
statins promote low-density lipoprotein (LDL)
clearance by upregulating LDL receptor (LDLR)
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A1; Ca2þ, calcium; C.C., compound C; CPZ, capsazepine; CQ, chloroquine; CAT-1, cation amino acid transporter 1; EC, endothelial cell;
eNOS, endothelial nitric oxide synthase; HMECs, human microvascular ECs; LC3, microtubule-associated protein 1A/1B-light chanis 3;
LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; NO, nitric oxide; PKA, protein kinase A; PKC, protein kinase C;
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expression in the liver, leading to a decrease in
circulating levels of LDL [2]. In addition to the
cholesterol-lowering effect, statins have pleiotropic
effects on the physiological functions of endothelial
cells (ECs) to improve endothelial function by
increasing nitric oxide (NO) bioavailability and
protecting against cardiovascular diseases [3e6]. We
and others have previously reported that simva-
statin-induced NO production is due to the activa-
tion of endothelial nitric oxide synthase (eNOS)
through transient receptor potential vanilloid re-
ceptor 1 (TRPV1)/calcium (Ca2þ)- and AMP-acti-
vated protein kinase (AMPK)-dependent signaling
pathways [7e11]. Subsequently, activated eNOS
catalyzes the conversion of L-arginine to NO and
the co-product L-citrulline [11e13]. Additionally,
endogenous de novo L-arginine production is tightly
regulated by the enzymes involved in urea cycle
such as argininosuccinate lyase (ASL) [14]. Although
the mechanisms by which simvastatin regulates
eNOS activity have been well-established [7e13],
the effect of simvastatin on L-arginine metabolism
and its molecular regulation remain elusive.
Autophagy is a conserved self-eating process that

is important for cellular homeostasis; the macro-
molecules are degraded and cellular components
are recycled, particularly to maintain the energy
balance and amino acid pools under pathophysio-
logical conditions [15e18]. The autophagy pathway
is a complex process that starts with the formation of
the phagophore and ends with the death of the
autophagosome [19]. Several key kinases and regu-
lators, including mammalian target of rapamycin
complex 1, autophagy-related proteins, AMPK,
beclin-1, microtubule-associated protein 1A/1B-
light chain 3 (LC3), and p62, are known to be
involved in this conserved process [19,21]. Upon
amino acid deprivation or glucose starvation, AMPK
triggers the activation of autophagy flux to generate
amino acids for new protein synthesis and to
maintain glucose homeostasis for cell survival
[20e23]. Hence, autophagy is a crucial process for
regulating cell survival and physiological functions
of the cardiovascular system, while defective auto-
phagy accelerates the progression of cardiovascular
diseases [24,25]. For instance, deficiency in endo-
thelial autophagy leads to endothelial dysfunction
and promotes atherosclerosis [26,27], while activa-
tion of autophagy restores impaired eNOS activa-
tion and enhances NO production under high-
glucose conditions [28]. Moreover, several lines of
evidence suggest that autophagy is required for
shear stress-induced NO production, which pre-
vents ECs from inflammation and confers an athe-
roprotective effect [28e30]. However, the role of

autophagy and the molecular mechanisms under-
lying the beneficial effects of simvastatin on NO
production and EC function remain to be
elucidated.
Given the beneficial effects of statins on the

vascular system, in this study, we aimed to investi-
gate the role of the autophagyeurea cycle-L-argi-
nine pathway in simvastatin-upregulated NO
bioavailability in ECs. We first investigated the role
of autophagy in simvastatin-induced NO produc-
tion and its proangiogenic effects. Second, we
examined the effect of simvastatin on activation of
the urea cycle-L-arginine pathway. Third, we
defined the interplay between TRPV1-AMPK
signaling and the autophagyeurea cycle-L-arginine
pathway in simvastatin-induced NO bioavailability.
We show that simvastatin triggers TRPV1-AMPK
signaling and activates the autophagyeurea cycle
pathway, which leads to eNOS activation and L-
arginine bioavailability, promoting NO production.
Therefore, our results suggest that the
autophagyeurea cycle-L-arginine pathway plays a
crucial role in regulating simvastatin-mediated NO
production in ECs.

2. Materials and methods

2.1. Reagents

Simvastatin, lovastatin, rosuvastatin, atorvastatin,
acridine orange, bafilomycin A1 (BafA1), chloro-
quine (CQ), and Compound C (C.C.) were pur-
chased from Cayman Chemicals (Ann Arbor, MI,
USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay kit, Griess reagent,
capsazepine (CPZ), and SB-366791 were purchased
from SigmaeAldrich (St. Louis, MO, USA).
LY294002 was obtained from Calbiochem (San
Diego, CA, USA). Matrigel was purchased from
Corning, Inc. (Corning, NY, USA). Rabbit antibodies
for LC3 (#4108) and p62 (#5114) were purchased
from Cell Signaling Technology (Beverly, MA,
USA). Rabbit antibodies against AMPK (A12718)
and cation amino acid transporter 1 (CAT1, A14784)
were purchased from ABclonal Science (Woburn,
MA, USA). Rabbit antibodies for autophagy related
7 (ATG7, ab133528) and LDLR (ab52818) were from
Abcam (Cambridge, MA, UK). Mouse antibody for
a-tubulin was purchased from Croyez (Taipei,
Taiwan). Mouse antibody against ASL (sc-166787),
ATG7 siRNA (siATG7, sc-41447), AMPK siRNA
(siAMPK, sc-45312), and ASL siRNA (siASL, sc-
61998) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Lipofectamine
RNAiMAX transfection reagent was purchased from
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Thermo Fisher Scientific (Waltham, MA, USA).
Mouse antibody against sterol regulatory element-
binding protein 2 (SREBP2, 557037) was from BD
Bioscience (San Jose, CA, USA). Colorimetric/fluo-
rometric kits for acetyl-CoA (#K317-100), urea
(#K375-100), arginine (K384-100), glutamate (#K629-
100), and ornithine (#K939-100) were purchased
from BioVision (Milpitas, CA, USA).

2.2. Cell culture

Human microvascular ECs (HMECs) were ob-
tained from the Centers for Disease Control
(Atlanta, GA, USA). HMECs were cultured in Dul-
becco's modified Eagle's medium (DMEM) supple-
mented with 5% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 mg/mL streptomycin, and 20% EC
Growth Medium MV2 (Promocell, Heidelberg,
Germany) containing 5% fetal calf serum, 5 ng/mL
epidermal growth factor, 10 ng/mL basic fibroblast
growth factor, 20 ng/mL insulin-like growth factor,
0.5 ng/mL vascular endothelial growth factor 165,
1 mg/mL ascorbic acid, and 0.2 mg/mL
hydrocortisone.

2.3. Western blot analysis

Cells were lysed in immunoprecipitation lysis
buffer, which contained 50 mM TriseHCl pH 7.5,
5 mM EDTA, 300 mM NaCl, 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin,
and 10 mg/mL aprotinin. Aliquots of lysates were
separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene fluoride mem-
brane (Millipore, Bedford, MA, USA). After being
blocked with 5% skim milk for 1 h at 25 �C, the
blotting membrane was incubated with primary
antibodies overnight and then with corresponding
secondary antibody for 2 h. Protein bands were
visualized using an enzyme-linked chem-
iluminescence detection kit (PerkinElmer, Boston,
MA, USA) and quantified using TotalLab 1D
(Newcastle Upon Tyne, UK).

2.4. Visualization of acidic vesicular organelles

Living cells were stained with acridine orange
(2.7 mM) in the culture medium for 15 min at 37 �C to
visualize intracellular acidic vacuoles, including ly-
sosomes, endosomes, and autophagosomes. The
fluorescence of acridine orange staining was
analyzed at the excitation/emission spectra of 502/
525 nm, 460/650 nm, and 475/590 nm and was
measured using SpectraMax i3x fluorometry (San

Jose, CA, USA). The ratio of red to green fluoresce
indicated the levels of acidic vesicular organelles
and represents the levels of autolysosome forma-
tion. Images were captured under a Nikon TE2000-
U microscope with an image analysis system.

2.5. Immunocytochemistry

HMECs were seeded into 4-well plate and incu-
bated with the test reagents for 9 h, and fixed with
4% paraformaldehyde for 15 min. After per-
meabilization with 70% alcohol for 30 min at 25 �C,
cells were blocked with 2% bovine serum albumin
(BSA) for 1 h at 25 �C. Cells were incubated with the
rabbit anti-LC3 antibody for 2 h at 25 �C and sub-
sequently with the corresponding secondary anti-
body overnight at 4 �C. The number of LC3-II
puncta was counted under photomicrographs which
were digitally captured using a Leica DMIRB mi-
croscope equipped with LAS V4.12 software.

2.6. Measurement of urea cycle intermediates

The levels of urea cycle intermediates, including
acetyl-CoA, glutamate, arginine, ornithine, and urea
in HMECs were measured using assay kits, ac-
cording to the manufacturer's instructions. The
fluorescence of acetyl-CoA, arginine, and ornithine
was analyzed at the excitation/emission spectra of
535/587 nm and was measured by SpectraMax i3x
fluorometry. The amount of glutamate and urea was
quantified by microplate spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) at
450 nm. The value of D represents the concentration
difference from each group and the group of 0 h or
vehicle group.

2.7. Small interfering RNA transfection

HMECs were seeded in 3.5 cm dishes and then
starved for 6 h in DMEM with 0.5% FBS and 2% EC
Growth Medium MV2. After starvation, scramble
siRNA, ASL siRNA, AMPK siRNA, or ATG7 siRNA
mixed with Lipofectamine RNAiMAX transfection
reagent was added to DMEM with 0.5% FBS and 2%
EC Growth Medium MV2 and incubated for 24 h.
The medium was replaced with fresh and normal
DMEM and transfected cells were subjected to
further experiments.

2.8. Determination of nitrite production

NO is metabolized to nitrites and nitrates. Hence,
the nitrite levels were determined by mixing cell
culture medium with an equal volume of Griess
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reagent and incubating for 15 min at 25 �C. The
absorbance of the samples was determined at
540 nm using a microplate spectrophotometer. So-
dium nitrite was used as a standard to calculate the
level of nitrite in culture medium, which was
normalized relative to the cellular protein
concentration.

2.9. Cell proliferation assay

HMECs were cultured in 12-well plates in serum-
free medium for starvation for 12 h. After treatment,
the cells were incubated with the MTT reagent for
3 h. The absorbance of the samples was measured at
570 nm wavelength using a microplate
spectrophotometer.

2.10. Cell migration assay

The transwell migration assay was performed
using modified chambers inserted into 24-well
plates. HMECs were added to the upper chamber
with serum free medium, and 5% FBS medium was
added to the lower chamber. After the indicated
treatment, the chamber was fixed with 4% para-
formaldehyde for 10 min, and unmigrated cells on
the upper side of the membrane were removed,
while the migrated cells on the lower side of the
membrane were stained with crystal violet. The
number of migrating cells on the lower side of the
membrane was counted in three randomly selected
areas, which were captured using a Nikon TE2000-U
microscope equipped with an image analysis system
(QCapture Pro 6.0, QImaging, Surrey, BC, Canada).

2.11. Wound healing assay

HMECs were seeded onto 3.5 cm dishes in serum-
free medium for starvation. A linear wound was
made by scratching the bottom of the dish using a
sterile 1 mL pipette tip. After scratching, the cells
were washed with PBS and incubated in serum-free
medium in indicated treatments for 18 h. The
number of migrating cells between the dotted lines
was quantified in three areas chosen randomly and
compared with vehicle-treated group, and images
were captured using a Nikon TE2000-U microscope
with an image analysis system.

2.12. Tube formation

Matrigel was coated onto 3.5 cm dishes and
polymerized for 2 h at 37 �C. HMECs were seeded
onto the Matrigel layer and incubated with the
indicated treatments for 12 h. The number of circles

surround by HMECs, which is defined as tube for-
mation, was calculated in three areas chosen
randomly, and images were captured using a Nikon
TE2000-U microscope equipped with an image
analysis system.

2.13. Statistical analysis

The results are presented as mean ± standard
error of the mean (SEM) calculated from five inde-
pendent experiments. The ManneWhitney U test
was used to compare data between the two groups.
One-way analysis of variance (ANOVA) followed by
Fisher's Least Significant Difference was used to
compare data of more than two groups. SPSS soft-
ware v8.0 (SPSS Inc., Chicago, IL, USA) was used for
all statistical analyses. Differences were considered
statistically significant at P < 0.05.

3. Results

3.1. Simvastatin promotes NO bioavailability by
activating autophagy

To determine whether simvastatin activated
autophagy in ECs, HMECs were treated with sim-
vastatin (1 mM) for the indicated time period.
Western blot analysis showed that compared with
the vehicle-treated group, treatment with simva-
statin increased the protein level of LC3-II and
decreased the protein level of p62 in a time-
dependent manner (Fig. 1AeC) and concentration-
dependent manner (Fig. S1). The exposure of
HMECs to various statins including simvastatin,
rosuvastatin (1 mM), lovastatin (1 mM), and atorvas-
tatin (1 mM) and the results showed that autophagic
pathway was activated with increased the protein
levels of LC3-II at 9 h and decreased the protein
levels of p62 at 18 h after the treatment (Fig. 1DeF).
Additionally, acridine orange staining showed that
simvastatin increased autolysosomal activity in a
time-dependent manner, as evidenced by a signifi-
cant increase in intracellular levels of acidic vacu-
oles as early as 3 h, with a peak at 9 h within 18 h of
treatment (Fig. 1G and H). Moreover, immunocy-
tochemistry showed that simvastatin stimulated the
formation of autophagosomes, as evidenced by the
increased levels of LC3 puncta (Fig. 1I and J). To
address the involvement of autophagy in simva-
statin-induced NO production, HMECs were
transfected with ATG7 siRNA to interfere with
autophagosome formation. Results showed that
simvastatin-induced activation of autophagic
pathway and NO production were abrogated by
pretreating with ATG7 siRNA (Fig. 2AeE). HMECs
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were also pretreated with CQ or BafA1, a pharma-
cological inhibitor of autophagy activation. As
shown in Fig. 2FeI, pretreatment with CQ or BafA1
for 2 h abolished the simvastatin-elicited activation
of autophagic flux (Fig. 2FeH) and NO production
(Fig. 2I). These findings suggest that activation of
autophagy is required for simvastatin-induced NO
production in ECs.

3.2. Autophagy mediates simvastatin-induced
proliferation, migration, and tube formation in
HMECs

We subsequently examined whether autophagy
regulated the proangiogenic effect of simvastatin on
ECs. Our results revealed that simvastatin-induced
increase in EC proliferation, migration, and tube
formation were eliminated by pretreatment with CQ

or BafA1 (Fig. 3), suggesting that autophagy plays a
crucial role in the statin-mediated alterations in the
physiological functions of ECs.

3.3. Inhibition of autophagy abolishes the
simvastatin-induced activation of urea cycle in
HMECs

We next examined the effect of simvastatin on de
novo L-arginine availability by evaluating the urea
cycle activity. We found that treatment with sim-
vastatin increased the levels of urea cycle in-
termediates, including glutamate, acetyl-CoA,
L-arginine, and urea, and decreased the levels of
ornithine in a time-dependent manner
(Fig. 4AeE). Additionally, knockdown of ASL
expression by a specific siRNA abrogated the
simvastatin-induced increase in the levels of L-

Fig. 1. Simvastatin induces autophagy in HMECs. (AeF) HMECs were treated with simvastatin (1 mM) or various statins including rosuvastatin
(1 mM), lovastatin (1 mM), and atorvastatin (1 mM) for the indicated times and treatments. (AeC) The representative images and quantitative results
of Western blot analysis of LC3, p62 and a-tubulin in HMECs treated with simvastatin (1 mM) in time-course manner. (DeF) The representative
images and quantitative results of Western blot analysis of LC3 at 9 h and p62 at 18 h in HMECs incubated with simvastatin, rosuvastatin (1 mM),
lovastatin (1 mM), and atorvastatin (1 mM). (GeJ) The representative images and quantitative results of (G and H) acridine orange staining and (I
and J) LC3 puncta in HMECs treated with simvastatin for the indicated times. Arrowheads indicate (G) acidic vacuoles or (I) LC3 puncta. One-way
ANOVA followed by Fisher's Least Significant Difference was used to compare data from more than two groups. Data are the mean ± SEM from five
independent experiments. *P < 0.05 vs. the vehicle-treated group.

JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:519e533 523

O
R
IG

IN
A
L
A
R
T
IC

L
E



arginine, urea, and NO (Fig. 4FeH), suggesting
that activation of the urea cycle is required for
simvastatin-elicited NO production. We subse-
quently examined whether autophagy is involved
in simvastatin-induced activation of the urea cycle.
As shown in Fig. 4I-L, pretreatment with auto-
phagy inhibitors, CQ and BafA1, prevented the

simvastatin-induced increase in glutamate, acetyl-
CoA, L-arginine, and urea in ECs. Moreover, pre-
treatment with ASL siRNA prevented simvastatin-
induced proangiogenic effects (Fig. 5). These re-
sults suggest that simvastatin induces autophagy
activation and provides glutamate and acetyl-CoA
for the initiation of the urea cycle, leading to an

α

α

α

α

Fig. 2. Simvastatin promotes NO bioavailability by activating autophagy in ECs. HMECs were pretreated with ATG7 siRNA (100 nM) for 24 h or
pretreated with autophagy inhibitor, chloroquine (CQ, 40 mM) and bafilomycin A (BafA1, 10 nM) for 2 h, and then treated with simvastatin (1 mM)
for another 9 h or 18 h. (AeC) The representative images and quantitative results of Western blot analysis of LC3 at 9 h, and p62 and ATG7 at 18 h.
(D) The intracellular levels of nitrite were evaluated by Griess' assay. (FeH) The representative images and quantitative results of Western blot
analysis of LC3, p62 and a-tubulin. (I) The intracellular levels of nitrite were evaluated by Griess' assay. One-way ANOVA followed by Fisher's Least
Significant Difference was used to compare data from more than two groups. Data are the mean ± SEM from five independent experiments. *P < 0.05
vs. the vehicle-treated group; #P < 0.05 vs. the simvastatin-treated group.

μ μ μ

Fig. 3. Autophagy mediates simvastatin-induced proliferation, migration, and tube formation in ECs. HMECs were pretreated with CQ (40 mM) or
BafA1 (10 nM) for 2 h and then incubated with simvastatin (1 mM) for additional 18 h. (A) The EC proliferation was assessed using the MTT assay.
(BeD) The EC migration and tube formation were evaluated by the wound healing assay, trans-well assay, and tube formation assay. (EeG) The
representative images of (E and F) HMEC migration and (G) tube formation. One-way ANOVA followed by Fisher's Least Significant Difference was
used to compare data from more than two groups. Data are the mean ± SEM from five independent experiments. *P < 0.05 vs. the vehicle-treated
group; #P < 0.05 vs. the simvastatin-treated group.
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increase in de novo L-arginine availability, pro-
moting NO production in ECs.

3.4. AMPK is required for simvastatin-mediated
activation of autophagy and urea cycle in ECs

We examined the role of AMPK in simvastatin-
mediated autophagy and L-arginine availability
using AMPK siRNA and AMPK inhibitor, C.C.
Pretreatment with AMPK siRNA or C.C. abolished
simvastatin-induced activation of autophagy and
the formation of LC3 puncta (Fig. 6AeI). Moreover,
simvastatin-induced increase in the levels of urea,
L-arginine, and NO were prevented by AMPK
siRNA and AMPK inhibitor (Fig. 6J-L). These find-
ings suggest that AMPK plays a crucial role in
simvastatin-induced activation of the
autophagyeurea cycle-L-arginine pathway in ECs.

3.5. TRPV1 is involved in simvastatin-mediated
autophagy in ECs

We previously reported that TRPV1/AMPK
signaling is required for simvastatin-mediated eNOS
activation and NO production in ECs [9]. Thus, we
investigated whether TRPV1 is involved in simva-
statin-induced activation of the autophagyeurea
cycle-L-arginine pathway. Pretreatment with
TRPV1 antagonists, CPZ and SB366791, abrogated
the simvastatin-induced activation of autophagy and
the formation of LC3 puncta (Fig. 7AeE). Addition-
ally, inhibition of TRPV1 activity prevented the
simvastatin-induced increase in the levels of urea, L-
arginine, and NO production (Fig. 7FeH). Collec-
tively, these results suggest that TRPV1-AMPK
signaling is crucial for simvastatin-mediated activa-
tion of the autophagyeurea cycle-L-arginine
pathway and NO production in ECs (Fig. 8).

Δ
Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

ΔΔ

Fig. 4. Inhibition of autophagy abolishes the simvastatin-activated urea cycle activation in ECs. (AeE) HMECs were treated with simvastatin (1 mM)
for the indicated times. The changes in the levels (D) of (A) glutamate, (B) acetyl-CoA, (C) L-arginine, (D) urea, and (E) ornithine were assessed as
compared to vehicle-treated group. (F and G) HMECs were pretreated with ASL siRNA (80 nM) for 24 h and then incubated with simvastatin (1 mM)
for additional 18 h, and the changes in the levels of (F) L-arginine and (G) urea were evaluated as compared to vehicle-treated group. (H) The levels of
nitrite were determined by Griess' assay. (IeL) HMECs were pretreated with CQ (40 mM) or BafA1 (10 nM) for 2 h and then incubated with
simvastatin (1 mM) for another 18 h. The changes in the levels of (I) glutamate, (J) acetyl-CoA, (K) L-arginine, and (L) urea were evaluated as
compared to vehicle-treated group. The value of D is defined by the concentration difference in each group from the group of 0 h or vehicle-treated
group. One-way ANOVA followed by Fisher's Least Significant Difference was used to compare data from more than two groups. Data are the
mean ± SEM from five independent experiments. *P < 0.05 vs. the vehicle-treated group; #P < 0.05 vs. the simvastatin-treated group.
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4. Discussion

eNOS-derived NO production in ECs is known to
play an important role in the pleiotropic effects of
statins in the primary prevention of cardiovascular
diseases. Although the mechanisms by which statins
regulate eNOS activity have been extensively studied
[9,31e33], the effects of statins on the metabolism of
eNOS substrate L-arginine and its regulatory
mechanism remain unclear. In this study, we char-
acterized a potential mechanism of autophagy and
the urea cycle of simvastatin in the regulation of NO
bioavailability and related physiological functions in
ECs. In ECs, simvastatin-induced NO production
was prevented by the inhibition of autophagy and
the urea cycle. Mechanistically, simvastatin-activated
autophagy flux to increase the levels of glutamate
and acetyl-CoA, two key substrates for the initiation
of the urea cycle, and resulted in an increase in L-
arginine bioavailability, leading to NO production in
ECs. Moreover, we previously reported that simva-
statin increases EC proliferation, migration, and
angiogenesis by activating the TRPV1-AMPK-eNOS
signaling pathway [9]. Our current findings further
showed that the TRPV1-AMPK signaling pathway is
required for simvastatin-induced activation of

autophagy flux and the urea cycle, and L-arginine
bioavailability. Hence, simvastatin elicits TRPV1-
AMPK signaling to activate eNOS and the
autophagyeurea cycle pathway, which may work in
concert to increase eNOS activity and L-arginine
bioavailability, consequently promoting the NO
production in ECs (Fig. 8). Collectively, we provide
new insights into the comprehensive molecular
mechanisms of simvastatin in the regulation of NO
bioavailability and EC function.
Notably, Bharath et al. reported that EC auto-

phagy is essential for the activation of eNOS and
NO synthesis under shear stress stimulation [29,30],
which is in line with our findings that autophagy
plays a crucial role in simvastatin-induced NO
production in ECs. However, the detailed molecular
mechanism of autophagic flux in the biological
process of NO synthesis in ECs is not fully under-
stood. Autophagy is a key biological process for
cellular homeostasis and is activated by AMPK
under nutrient starvation to restore the amino acid
pool by degrading and recycling proteins or cellular
organelles [17e20]. Onodera and Ohsumi reported
that autophagy-defective yeast failed to synthesize
new proteins because of decreased intracellular
levels of free amino acids [34]. Liu et al.

Fig. 5. Knockdown of ASL expression prevents the simvastatin-induced increases in EC proliferation, migration and tube formation. HMECs were
pretreated with ASL siRNA (80 nM) for 24 h and then treated with simvastatin (1 mM) for another 18 h. (A) EC proliferation was examined by using
the MTT assay. (BeD) The quantitative results of HMEC migration and tube formation were evaluated by the wound healing assay, trans-well assay,
and tube formation assay. (EeG) The representative images of HMEC migration and tube formation. One-way ANOVA followed by Fisher's Least
Significant Difference was used to compare data from more than two groups. Data are the mean ± SEM from five independent experiments. *P < 0.05
vs. the vehicle-treated group; #P < 0.05 vs. the simvastatin-treated group.
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demonstrated that autophagy is crucial for main-
taining the amino acid pool and promoting gluta-
mate synthesis under nitrogen deprivation in yeast
[35]. Moreover, Huang et al. reported that cell pro-
liferation and vessel formation are associated with
amino acids [36]. Recently, Fan et al. suggested that
transcription factor EB-AMPK signaling pathway-
mediated autophagy activation improves blood
perfusion by increasing EC tube formation after
ischemic injury [37]. In this study, we found that
autophagy is required for simvastatin-induced in-
crease in L-arginine bioavailability, NO production,
and EC function. Collectively, these observations
suggest that autophagy could be an important reg-
ulatory mechanism for statin-induced NO produc-
tion in ECs by regulating L-arginine metabolism.
In addition to its crucial role in autophagy acti-

vation, AMPK is also involved in shear stress-
induced eNOS activation and NO bioavailability
[8]. Moreover, Su et al. demonstrated that

simvastatin induces Ca2þ influx through TRPV1
channels and promotes the formation of the
TRPV1-Akt-calmodulin protein kinase II-AMPK-
eNOS complex, which in turn induces eNOS acti-
vation, NO production, and angiogenesis in ECs
[9,10]. Therefore, it was important to determine the
role of TRPV1-AMPK signaling in autophagy acti-
vation and NO production. Our results confirmed
that inhibition of the TRPV1-AMPK signaling
pathway abolished simvastatin-induced activation
of the autophagyeurea cycle pathway, L-arginine
availability, and NO production. Collectively, our
findings suggest that simvastatin elicits TRPV1-
AMPK signaling to activate autophagy flux and
leads to the production of glutamate and acetyl
CoA, which promotes the L-arginine biosynthesis
through the urea cycle. Here, we provide evidence
supporting a novel molecular mechanism by which
simvastatin regulates NO production. Neverthe-
less, whether this regulatory pathway contributes

Fig. 6. AMPK mediates simvastatin-induced activation of autophagy and urea cycle, and NO production in ECs. HMECs were pretreated with AMPK
siRNA (100 nM) for 24 h or compound C (C.C., 10 mmol/L) for 2 h, then incubated with simvastatin (1 mM) for additional 9 h or 18 h. (AeD) The
representative images and quantitative results of Western blot analysis of LC3 at 9 h, and p62 and AMPK at 18 h. (EeG) Western blot analysis of
LC3 at 9 h and p62 at 18 h. (H and I) The representative images and quantitative results of LC3 puncta after treatment with simvastatin for 9 h.
Arrowheads refer to (H) LC3 puncta. (J and K) The changes in the levels (D) of urea and L-arginine. The value of D is defined by the concentration
difference in each group from vehicle-treated group. (L) The levels of nitrite in culture medium were analyzed by Griess's assay. One-way ANOVA
followed by Fisher's Least Significant Difference was used to compare data from more than two groups. Data are the mean ± SEM from five in-
dependent experiments. *P < 0.05 vs. the vehicle-treated group; #P < 0.05 vs. the simvastatin-treated group.
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to NO bioavailability induced by other stimuli re-
quires further investigation.
L-arginine, an essential amino acid, serves as a

precursor for the synthesis of NO, urea, and protein,
and plays a crucial role in cell metabolism and
human health [13,38]. In addition to the regulation
by eNOS enzymatic activity, NO biosynthesis is
tightly controlled by the levels of L-arginine, which
is converted from citrulline through the activity of

argininosuccinate synthase and ASL, two key en-
zymes of the urea cycle [39e42]. The urea cycle is
responsible for detoxification of ammonia and de
novo L-arginine synthesis [14,43]. Defective func-
tions of urea cycle enzymes, called urea cycle dis-
orders, can cause hyperammonemia and
impairment in NO biosynthesis due to the
decreased L-arginine levels, suggesting an interplay
between the urea cycle and NO bioavailability [44].

Fig. 7. Inhibition of TRPV1 abolishes simvastatin-induced activation of autophagy and urea cycle, and NO production. HMECs were pretreated with
TRPV1 pharmacological antagonist, capsazepine (CPZ, 10 mM) or SB-366791 (10 mM) for 2 h and then incubated with simvastatin (1 mM) for
another 9 h or 18h. (AeC) Western blot analysis of LC3 at 9 h and p62 at 18 h. (D and E) The representative images and quantitative results of LC3
puncta after treatment with simvastatin for 9 h. Arrowheads refer to (D) LC3 puncta. (F and G) The changes in the levels (D) of urea and L-arginine
were determined as compared with vehicle-treated group. The value of D is defined by the concentration difference in each group from vehicle-treated
group. (H) The levels of nitrite in culture medium were assessed by Griess' assay. One-way ANOVA followed by Fisher's Least Significant Difference
was used to compare data from more than two groups. Data are the mean ± SEM from five independent experiments. *P < 0.05 vs. the vehicle-treated
group; #P < 0.05 vs. the simvastatin-treated group.

Fig. 8. Schematic illustration of the proposed molecular mechanisms by which simvastatin elicits TRPV1-AMPK signaling and in turn activates the
autophagyeurea cycle pathway to induce an increase in L-arginine bioavailability, leading to NO production in ECs.
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To the best of our knowledge, the detailed molec-
ular mechanism of the urea cycle and NO synthesis
is not fully understood. To this notion, our findings
demonstrate that the activity of the urea cycle is
increased by simvastatin treatment, increasing the
levels of L-arginine and urea. Our results agree with
those of Trupp et al. who found that administration
of simvastatin altered the metabolic signature in the
plasma of patients, including increased levels of
citrulline and ornithine [45]. However, we observed
that simvastatin treatment decreased the ornithine
levels; this discrepancy could be due to the high
consumption of ornithine to overcome the increased
activity of the urea cycle by simvastatin in a cell
culture system.
Interestingly, several lines of evidence suggest that

extracellular L-arginine can be transported into cells
via CAT-1 for NO production in ECs under normal
physiological condition [46e49]. However, effects of
simvastatin on the protein expression of CAT-1 and
the subsequent transportation of L-arginine to ECs
remain elusive. To this end, we examined the effect of
simvastatin on the protein expression of CAT-1 and
found that simvastatin did not alter the protein
expression of CAT-1 in ECs (Fig. S3), consistent with
previous findings that exposure to laminar shear
stress did not change mRNA and protein levels of
CAT-1 in ECs [50]. Taken together, our findings
suggest that simvastatin increases the levels of L-
arginine in ECs to promote NO biosynthesis, which
may be attributed to the urea cycle activation. How-
ever, we cannot rule out the possibility of CAT-1 ac-
tivity-mediated L-arginine uptake from extracellular
fluid, as suggested by previous studies using other
experimental conditions [46e49]. Regardless of these
possibilities, our results indicate the importance of L-
arginine derived from the urea cycle in simvastatin-
induced NO production.
The physiological function of L-arginine in human

health is mainly determined by NO, which is the
major end product of L-arginine metabolism [51].
Several lines of evidence showed that NO increases
glucose uptake and fatty acid oxidation in various
tissues [51,52], suggesting the potential role of L-
arginine in the regulation of carbohydrate and lipid
metabolism, as well as the development of related
metabolic diseases. Growing clinical observations
indicated that de novo arginine synthesis is
decreased in individuals with obesity [53e58]. Sup-
plementation with L-arginine improves insulin
sensitivity and endothelial function, and thus ame-
liorates metabolic syndrome in patients with obesity
and type 2 diabetes (T2D) [51,54e58]. Here, we
provide the evidence that simvastatin increases the
intracellular levels of L-arginine in ECs via

autophagyeurea cycle pathway, suggesting the key
role of L-arginine metabolism in the protective ef-
fect of statins against cardiovascular diseases and
metabolic syndrome. Notably, several clinical
studies by meta-analysis demonstrated that long-
term statin therapy is associated with impaired
carbohydrate metabolism and an increased risk of
developing T2D, particularly in patients with
metabolic syndrome [59e61]. Mechanistically, in
vitro and in vivo studies showed that treatment with
statins downregulate the expression and trans-
location of glucose transporter 4 in adipocytes and
skeletal muscle myotubes, and thus impair the
activation of insulin signaling pathway, which may
be the key molecular mechanism underlying the
unfavored effect of statins on glucose metabolism
and the development of T2D [62e64]. Accordingly,
the effect of statins on L-arginine metabolism and
glucose homeostasis seems to be controversial. To
this notion, the benefit-to-harm balance of long-
term statin therapy on patients with metabolic
syndrome warrants further investigations.
Importantly, TRPV1 is non-cation channel with a

preference for Ca2þ that is “directly” activated by
capsaicin and noxious temperature (>43 �C). More-
over, TRPV1 activity can be “indirectly” regulated by
protein kinases activated by inflammatory mediators
or arachidonic acidmetabolites [65]. Protein kinases A
(PKA) induces the phosphorylation of TRPV1 chan-
nels and increases its activity; in contrast, PKC causes
the dephosphorylation of TRPV1 channels and de-
creases its activity. This notion was supported by our
previous findings that simvastatin activates TRPV1
and increases the intracellular levels of Ca2þ, which
leads to phosphorylation of AMPK, increases in the
formation of TRPV1-AMPK-eNOS complex, eNOS
phosphorylation and activation, NO production and,
ultimately, angiogenesis in ECs [9]. Although we
cannot rule out the possibility that statins can
“directly” activate TRPV1 channels; we believe that
the protein kinase-dependent activation is involved in
the statin-mediated regulation of TRPV1 activity.
Regarding to the role of TRPV1 in inhibition of HMG-
CoA reductase by statins, we performed additional
experiments to examine the role of TRPV1 channels in
the cholesterol-lowering effect of simvastatin by
assessing the protein levels of SREBP2, the transcrip-
tion factor for de novo cholesterol synthesis, andLDLR,
the receptor for LDL internalization in ECs. Pretreat-
ment with TRPV1 inhibitors, CPZ or SB366791 did not
alter simvastatin-induced increase in protein levels of
SREBP2 and LDLR (Fig. S5), indicating the inhibitory
effect of simvastatin on HMG-CoA reductase was in-
dependent from TRPV1 activation. These findings
were consistent with the previous findings that the

JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:519e533 529

O
R
IG

IN
A
L
A
R
T
IC

L
E



pleiotropic effects of statins are independent of LDL-
cholesterol lowering effect [66,67]. Collectively, these
findings suggest that in addition to their lipid-
lowering effect, statins may activate TRPV1/Ca2þ

signaling and increase the interaction of TRPV1,
AMPK and eNOS, and lead to NO bioavailability.
These two events may work in concert to reduce car-
diovascular risk.
However, our study contains several limitations.

First, we used only in vitro model to investigate the
role of the autophagyeurea cycle-L-arginine
pathway in statin-induced NO production and
related EC functions. Our in vitro results from ECs
cannot be fully extrapolated to in vivo conditions, and
hence, additional studies are warranted to define the
specific role of the autophagyeurea cycle-L-arginine
pathway in statin-mediated EC protection. Second,
using autophagy-related gene deficiency in vivo
models of cardiovascular diseases will be helpful in
clarifying the role of autophagy-mediated NO pro-
duction in the vascular protection of statins. Third,we
did not conduct clinical trials to support our obser-
vations from in vitro studies. Further in vivo studies or
clinical trials describing the implications of the
autophagyeurea cycle pathway in statin-conferred
vascular protection against EC dysfunction and
atherosclerosis are warranted.
In conclusion, our results provide new evidence for

a better understanding of the vascular protection of
statins on NO production in ECs by stimulating
TRPV1-AMPK signaling to activate the
autophagyeurea cycle-L-arginine pathway and
eNOS activation. These two key events work in con-
cert to promote the NO production. Further, we pro-
vide new insights into the role and molecular
mechanism of autophagy in the regulation of NO
bioavailability, which broadens the impact of auto-
phagy in the regulation of vascular physiology and
highlights its therapeutic potential in the treatment of
cardiovascular diseases.
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Appendix.

Fig. S1e5 (Results).

Fig. S1. Simvastatin activates autophagy in a concentration-dependent manner. HMECs were treated with simvastatin for the indicated concentration
for 9 h or 18 h. (A-C) The representative images and quantitative results of Western blot analysis of LC3 at 9 h and p62 at 18 h. One-way analysis of
variance (ANOVA) followed by Fisher's Least Significant Difference was used to compare data from more than two groups. Data are the mean ± SEM
from five independent experiments. *P < 0.05 vs. the vehicle-treated group.
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Fig. S2. ASL expression in response to ASL siRNA. (A and B) HMECs were treated with ASL siRNA at the indicated concentrations for 24 h. Western
blot analysis of ASL protein levels. One-way ANOVA followed by Fisher's Least Significant Difference was used to compare data from more than two
groups. Data are the mean ± SEM from five independent experiments. *P < 0.05 vs. the vehicle-treated group.

Fig. S3. CAT-1 expression in HMECs treated with simvastatin. (A and B) HMECs were treated with simvastatin at indicated concentrations for 18 h.
Western blotting analysis of protein levels of CAT-1. One-way ANOVA followed by Fisher's Least Significant Difference was used to compare data
from more than two groups. Data are the mean ± SEM from five independent experiments. *P < 0.05 vs. the vehicle-treated group.

Fig. S4. Akt mediates simvastatin-induced activation of autophagy. HMECs were pretreated with Akt inhibitor, LY294002 (10 mmol/L) for 2 h, then
incubated with simvastatin (1 mM) for additional 9 h or 18 h. (A-C) The representative images and quantitative results of Western blot analysis of
LC3 at 9 h, and p62 at 18 h. One-way ANOVA followed by Fisher's Least Significant Difference was used to compare data from more than two
groups. Data are the mean ± SEM from five independent experiments. *P < 0.05 vs. the vehicle-treated group; #P < 0.05 vs. the simvastatin-treated
group.
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