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� Combination of HDF and L-NAME
induced cardiac mitochondrial
dysfunction and HFpEF phenotype.

� Both long-term and short-term iNOS
inhibition mitigated mitochondrial
dysfunction and oxidative stress in
HFpEF heart.

� Akt S-nitrosylation was involved into
the development of HFpEF.

� Both long-term and short-term iNOS
inhibition reduced Akt S-nitrosylation
and rescued HFpEF phenotype.
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Introduction: Despite the high morbidity and mortality of heart failure with preserved fraction (HFpEF),
there are currently no effective therapies for this condition. Moreover, the pathophysiological basis of
HFpEF remains poorly understood.
Objective: The aim of the present study was to investigate the role of inducible nitric oxide synthase
(iNOS) and its underlying mechanism in a high-fat diet and Nx-nitro-L-arginine methyl ester-induced
HFpEF mouse model.
Methods: The selective iNOS inhibitor L-NIL was used to examine the effects of short-term iNOS inhibi-
tion, whereas the long-term effects of iNOS deficiency were evaluated using iNOS-null mice. Cardiac and
mitochondrial function, oxidative stress and Akt S-nitrosylation were then measured.
Results: The results demonstrated that both pharmacological inhibition and iNOS knockout mitigated
mitochondrial dysfunction, oxidative stress and Akt S-nitrosylation, leading to an ameliorated HFpEF
phenotype in mice. In vitro, iNOS directly induced Akt S-nitrosylation at cysteine 224 residues , leading
to oxidative stress, while inhibiting insulin-mediated glucose uptake in myocytes.
Conclusion: Altogether, the present findings suggested an important role for iNOS in the pathophysiolog-
ical development of HFpEF, indicating that iNOS inhibition may represent a potential therapeutic strategy
for HFpEF.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Due to its complexity and heterogeneity, heart failure is the
leading cause of mortality worldwide and results in a heavy eco-
nomic burden [1]. According to epidemiological studies, approxi-
mately half of the patients with heart failure experience
preserved ejection fraction (EF), a condition referred to as heart
failure with preserved EF (HFpEF) [2]. The incidence of HFpEF has
increased as a result of obesity, diabetes and aging in the global
population [3,4]. However, there are currently no effective thera-
peutic strategies for HFpEF. Thus, it is critical to explore the under-
lying pathophysiological mechanisms of HFpEF and identify novel
therapeutic targets.

Despite the heterogeneity of HFpEF clinical presentation,
patients with this condition often display features of metabolic syn-
drome and exercise intolerance [5,6]. In a recent study, a HFpEF
mouse model was established using a high-fat diet (HFD) and Nx-
nitro-L-arginine methyl ester (L-NAME), which recapitulates the
systemic and cardiovascular features of the disease observed in
humans, includingmetabolic syndromeandexercise intolerance [7].

Inducible nitric oxide (NO) synthase (iNOS) is expressed at low
levels in normal heart tissue. However, upon stress, such as inflam-
mation and hypoxia large quantities of NO are generated as a result
of iNOS activation [8]. Although NO is a crucial mediator for main-
taining vascular tone and preventing platelet aggregation and
adhesion, imbalanced NO production induces inflammation and
cytotoxic injury [9]. It has also been reported that iNOS is associ-
ated with excessive oxidative stress and insulin resistance [10],
both of which are involved in the development of HFpEF. In addi-
tion, iNOS-induced nitrative stress contributes to the development
of HFpEF, and the inhibition of iNOS synthesis and/or activity ame-
liorates the HFpEF phenotype in mouse models [7]. However, the
mechanisms underlying the protective role of iNOS inhibition in
HFpEF, especially short-term iNOS inhibition, remains unclear.

To maintain its pumping function, the heart needs to generate a
large quantity of ATP. Approximately 70% of ATP is generated from
the oxidation of fatty acids in mitochondria via oxidative phospho-
rylation, and the remaining 30% from glucose and lactate [11]. Usu-
ally, the utilization of metabolic substrates is highly flexible and
dependent on changes in physiological and pathological conditions
[12]. Impaired use of any of the aforementioned substrates can hin-
der mitochondrial function and inhibit ATP production, which con-
tribute the development of HFpEF [6]. Insulin resistance is a typical
feature of HFpEF that inhibits glucose metabolism in the heart,
thereby impairing cardiac function [13,14]. Protein kinase B (Akt)
is important for insulin-mediated glucose utilization in the heart,
and inhibition of Akt signaling has been implicated in the develop-
ment of various cardiovascular diseases [15,16]. Previous studies
suggested that upregulated iNOS expression negatively modulated
insulin-mediated glucose uptake by increasing Akt S-nitrosylation
[9,10]. However, the insulin-mediated glucose pathway has not
been examined in HFpEF. In particular, whether iNOS promotes
Akt S-nitrosylation in HFpEF is still unknown.

Therefore, the aim of the present study was to investigate the
long-term and short-term effects of iNOS inhibition on Akt S-
nitrosylation and Akt-mediated insulin signaling in heart tissue
samples from an HFpEF mouse model using genetic knockout or
pharmacological inhibition of iNOS.
Material and Methods

Experimental animals

Eight-week-old male C57BL/6J mice were used for the estab-
lishment of the HFpEF model. The mice were housed in a standard
176
environment with a 12-h light/dark cycle and free access to food
and water. To induce HFpEF, a 60% HFD, combined with 0.5 g/l L-
NAME (MilliporeSigma, USA) administered through the drinking
water, were used. To investigate the role of short-term iNOS inhi-
bition, L-NIL (MedChemExpress, USA) was administered intraperi-
toneally at a dose of 80 mg/kg of body weight for 3 days after
8 weeks of HFD and L-NAME, as previously described [7]. iNOS-
null (iNOS-/-) mice were used to examine the long-term effects of
iNOS inhibition on HFpEF. All experimental procedures were
approved by The Chongqing Medical University Committee (Num-
ber of permit:SYXK 2018–0003) on Animal Care and conformed to
the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health.

Echocardiography and Doppler imaging

The VINNO 6 VET ultrasound system for small animals was used
to assess cardiac function. Anesthesia was induced with 4% isoflu-
rane for � 1–2 min, then maintained using 1–1.5% isoflurane in
pure oxygen until the examination was completed. Chest fur was
cleared with a chemical hair remover. M�mode measurements
were performed to measure cardiac systolic function. Pulsed-
wave and tissue Doppler imaging at the level of the mitral valve
were used to measure diastolic function.

Exercise exhaustion test

Exercise exhaustion tests were conducted following 3 times of
adaptive running on three consecutive days on a treadmill (SANA
Biotechnology, China). The mice were first allowed to run uphill
at 20�C for 4 min with a speed of 5 m/min. The speed was then
increased to 14 m/min for 2 min. Subsequently, the speed was
increased by an additional 2 m/min every 2 min until exhaustion,
as described previously [7].

Hematoxylin and eosin (HE) staining

At the end of the experiment, the animals were sacrificed, and
their hearts were excised. After clean with 10-ml cold PBS, the
hearts were fixed using 4% paraformaldehyde. The hearts were
embedded in optimum cutting temperature compound, then cut
to 7-lm-thick sections. In order to examine the global change in
cardiac hypertrophy, the sections were stained with HE using an
HE staining kit (Beijing Solarbio Science & Technology Co., Ltd.,
China) according to the manufacturer’s instructions.

Isolation of cardiac mitochondria

Cardiac mitochondria were isolated from murine heart tissue
using a Tissue Mitochondria Isolation Kit (Beyotime Institute of
Biotechnology, China) according to the manufacturer’s instruc-
tions. After extraction, the mitochondria were lysed in lysis buffer,
and the protein samples were stored at �80 �C until further use.

Western blotting

Protein was extracted from frozen murine heart tissue or iso-
lated cardiac myocytes using a Column Tissue and Cell Protein
Extraction Kit (EpiZyme, China). BCA assay kits were used to mea-
sure the protein concentration. After boiling 10 min at 100 �C with
loading buffer (EpiZyme, China), the protein samples were sepa-
rated using 4–12% FuturePAGETM gradient gels and MOPS-SDS run-
ning buffer (Nanjing ACE Biotechnology, China). The PVDF
membrane (for iNOS detection, nitrocellulose membranes were
used) was blocked with 5 % skimmed milk for 60–90 min, then
incubated with primary antibody overnight at 4 �C. The secondary



Y. Guo, J. Wen, A. He et al. Journal of Advanced Research 43 (2023) 175–186
antibody was then added for 60 min at room temperature. An ECL
regent (BioSharp, China) was used to visualize the protein bands
using a gel imaging system (Bio-Rad Laboratories, Inc., USA). The
following antibodies were used in the present study: iNOS (BD
Transduction LaboratoriesTM), Akt, nuclear factor erythroid 2–re-
lated factor 2 (Nrf2; Affinity Biosciences, China), phosphorylated
(p)-Akt (Ser 473) (Wanleibio, China), NADPH oxidase 4 (NOX4),
superoxide dismutase 2 (SOD2), p-Nrf2, translocase of outer mito-
chondrial membrane 20, heme oxygenase 1 (HO-1) (ProteinTech
Group, Inc., China) and OXPHOS antibody cocktail (Abcam, UK).
Measurement of citrate synthase activity, glutathione peroxidase
(GSH-Px) activity, ATP levels and malondialdehyde (MDA) levels

To assess mitochondrial function and oxidative stress, citrate
synthase and GSH-Px activity, as well as ATP and MDA levels were
measured in heart tissue samples using corresponding assay kits,
according to the manufacturer’s instructions. All kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute (China).
Detection of nitrite and nitrate

To evaluate nitrative stress, nitrite and nitrate levels were mea-
sured in urine samples using a Nitrate/nitrite Colorimetric Assay
Kit (Amyjet Scientific, China) according to the manufacturer’s
instructions. The urine was diluted 1:30 before use. The absor-
bance was read at 540 nm.
Cardiomyocyte isolation and measurement of glucose uptake

Neonatal ventricular myocytes were isolated from 1 to 3-day-
old neonatal Sprague-Dawley pups. The pups were sacrificed using
anesthesia with 5% isoflurane for 3–5 min. The myocytes were cul-
tured in M199 medium (Hyclone, Cytiva, China) supplemented
with 10% FBS (PAN-Biotech GmbH, Germany). After 4 days, iNOS
plasmids were transfected using the jetOPTIMUS system
(Polyplus-Transfection SA, France).

Adult myocytes were isolated from the hearts of the mice using
enzymatic digestion. The myocytes were allowed to adhere to cul-
ture dishes coated with laminin for 1 h in an incubator, then incu-
bated with 5 lM 2-NBDG for 30 min. Fluorescence intensity was
then detected using a microplate reader (Thermo Fisher Scientific,
Inc., USA) at 485 nm.
Akt expression in AC16 cells

AC16 cells were provided by Immocell Biotechnology Co.,Ltd
and cultured in DMEM medium supplemented with 10% FBS. The
wild-type (WT) and mutant Akt phasmids at C224, C296 and
C310 S-Nitrosylation residues were generated by Tsingke Biotech-
nology Co., Ltd. iNOS and Akt plasmids transfection was carried out
when cell were 80% confluent. And after 48 h of the initiation of
transfection, cells were harvested for detection.
Detection of mitochondrial membrane potential and mitoSOX

After iNOS plasmids transfection and 10 lM L-NIL treatment,
neonatal ventricular myocytes were resuspend and washed with
warm HBSS buffer. Then, cells were loaded with 5 lM mitoSOX
for 10 min or 15 lM TMRE for 20 min at 37 �C incubator. After
washing the cells with warm HBSS for 2 times, flow cytometry
was performed on a CytoFLEx platform (Beckman) and data were
analyzed with CytExpert.
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Detection of S-nitrosylated Akt

The S-nitrosylation of Akt was assessed using a biotin switch
assay. The heart tissue was homogenized with lysis buffer (Bey-
otime Institute of Biotechnology). After centrifugation at
9,000 � g for 20 min, the protein concentrations of the super-
natants were measured using a BCA assay, then adjusted to 1 lg/
ll. The samples were then blocked with 20 mM MMTS at 50 �C
for 20 min. After blocking, the protein was precipitated using cold
acetone and resuspended in HENS buffer. The samples were then
incubated with 4 mM HPDP-biotin (Thermo Fisher Scientific, Inc.,
USA) and 2.5 mM ascorbic acid for 1 h at 23 �C. After precipitating
with cold acetone and resuspending in HENS buffer again, the pro-
tein was incubated with streptavidin-agarose beads at 23 �C for
1 h. After washing and incubating at 37 �C for 20 min with elution
buffer, the supernatants were collected for SDS-PAGE immunoblot-
ting with the anti-Akt antibody, as aforementioned.

Statistical analysis

The data are presented as the mean ± SEM. The differences
between the groups were determined using unpaired Student’s t-
test, one-way ANOVA followed by Tukey’s post hoc test or two-
way ANOVA followed by Bonferroni correction where appropriate.
P-value < 0.05 was considered to be statistically significant.
Results

Pharmacological inhibition and gene knockout of iNOS ameliorate
HFpEF in vivo

iNOS is expressed at low levels in normal heart, however, HFD
combined with L-NAME significantly increased iNOS expression
in HFpEF hearts (Fig. S1A). To gain insight into the effect of iNOS
on HFpEF, pharmacological and genetic iNOS inhibition were used
in the HFpEF model. We first evaluated the systolic and diastolic
function of the hearts using echocardiography (Fig. 1A). The heart
rate did not significantly differ between the experiment groups
(Fig. 1B). The results showed that the HFD + L-NAME regimen sig-
nificantly increased the mitral E to A-wave (E/A) ratio and the
mitral E to E’-wave (E/E’) ratio, whereas the left ventricular EF
was not significantly affected (Fig. 1C-F). These features suggested
that the HFpEF model was successfully established. Short-term
iNOS blockade using L-NIL significantly improved the cardiac dias-
tolic function in HFpEF mice, as evidenced by reduced E/A and E/E’
ratios (Fig. 1D–F). Moreover, iNOS knockout also resulted in
improved cardiac diastolic function (Fig. 1D–F). The HFD + L-
NAME regimen also led to increased body weight (Fig. 1G), systolic
blood pressure (Fig. 1H), diastolic blood pressure (Fig. S1B) and car-
diac hypertrophy, as evidenced by increased heart weight/tibia
length ratios (Fig. S1C). Although iNOS inhibition couldn’t amelio-
rate increased body weight, blood pressure and cardiac hypertro-
phy significantly (Fig. 1G and Fig. S1B and C) of HFpEF, the
increased pulmonary edema and reduced running distance were
partly rescued following short-term iNOS inhibition or iNOS gene
knockout (Fig. S1D and E). These results suggested that iNOS was
critical for cardiac diastolic dysfunction following HFD + L-NAME
administration and that iNOS inhibition could ameliorate the
HFpEF phenotype in mice.

iNOS inhibition reduced nitrative stress and Akt S-nitrosylation in
HFpEF heart

According to the STRING database version 11.5 (https://string-
db.org), the physical and functional interaction of iNOS with Akt

https://string-db.org
https://string-db.org


Fig. 1. Pharmacological inhibition and genetic knockdown of iNOS ameliorate the HFpEF phenotype in mice. (A) Typical images of the left-ventricular M�mode
echocardiogram of mice in different experimental groups. (B-C) The heart rate (B) and left-ventricular ejection fraction (LVEF) (C) was assessed using echocardiographic
analyses. (D) Typical pulsed-wave Doppler images and tissue Doppler traces of mice in different experimental groups. (E) Mitral E to A-wave (E/A) ratios. (F) Mitral E to E’-
wave (E/E’) ratios. (G-H) The change of Body weight and systolic pressure (SBP) between groups. n = 6. The data are shown as mean ± SEM and were analyzed using two-way
ANOVA with Bonferroni post hoc test. *, P < 0.05. **, P < 0.01. ****, P < 0.0001. ns, no significant.
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Fig. 2. iNOS inhibition reduced nitrative stress and Akt S-nitrosylation in HFpEF heart. (A-B) The interactions of iNOS with other proteins were identified using the
STRING database. iNOS (Nos2) directly interacted with Akt (A). The confidence score of the interaction of iNOS and other proteins is shown in B. (C) Urinary nitrite/nitrate
concentration in mice from different experimental groups. n = 4 per group. (D-E) Representative immunostaining and semi-quantification of S-nitrosylated Akt (SNO-Akt)
levels in heart tissue samples. n = 6 per group. (F-H) Representative immunostaining and semi-quantification of S-nitrosylated Akt and iNOS expression levels in neonatal rat
cardiomyocytes transfected with plasmids. n = 6 per group for the detection of S-nitrosylated Akt. n = 3 per group for the detection of iNOS expression. (I-J) Representative
immunostaining and semi-quantification of S-nitrosylated Akt in AC16 human cardiomyocyte cells transfected with mutated Akt plasmids. The data are shown as
mean ± SEM and were analyzed using one-way ANOVA followed by Tukey’s post hoc test (C-E), or Student’s t-tests (F-H) ,or two-way ANOVA with Bonferroni post hoc test (I-
J). *, P < 0.05. **, P < 0.01. ***, P < 0.0005. ****, P < 0.0001. ns, no significant.
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was significant (Fig. 2A–B). Previous studies have also suggested
that iNOS mediates Akt S-nitrosylation and reduces Akt activity
[17,18]. We then investigated the effects of iNOS inhibition on
Akt S-nitrosylation. Despite no obvious effects of iNOS inhibition
were observed in the heart tissue from normal mice (Fig. S2), both
short-term iNOS inhibition and iNOS knockout reduced the urine
nitrite and nitrate levels, as well as Akt S-nitrosylation in HFpEF
mice (Fig. 2C–E). These findings suggested that short-term iNOS
inhibition was as efficient at reducing nitrative stress and Akt S-
nitrosylation as iNOS knockout in HFpEFmice. To confirm the effect
of iNOS on Akt S-nitrosylation in the myocardium, iNOS-containing
plasmids were transfected into isolated neonatal rat cardiac myo-
cytes (Fig. 2F and G). It was observed that iNOS overexpression
could upregulate Akt S-nitrosylation in cardiomyocytes (Fig. 2F
and H). Moreover, iNOS-induced Akt S-Nitrosylation was signifi-
cantly blunted when the C224 cysteine residues was mutated, but
not C296 and C310 (Fig. 2I and J), indicating that C224 is the main
S- Nitrosylation residues of cardiomyocytes upon iNOS expression.
Fig. 3. iNOS inhibition improved Akt-mediated insulin signaling. (A-B) Representativ
heart tissue samples. n = 6 per group. (C) Glucose uptake in isolated cardiac myocytes
quantification of phosphorylated Akt at Ser473 site in AC16 human cardiomyocyte cells
cardiomyocyte cells transfected with iNOS or mutated Akt-containing plasmids. n = 4 per
followed by Tukey’s post hoc test (A-C), or two-way ANOVA with Bonferroni post hoc t
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iNOS inhibition improved Akt-mediated insulin signal

Akt S-nitrosylation impairs its activity and increases insulin
resistance, leading to reduced glucose utilization [19,20]. Akt phos-
phorylation at the Ser473 active site was significantly reduced in
the heart tissue samples from HFpEF model mice; Although no sig-
nificantly effects on Akt phosphorylation in normal heart was
observed (Fig. S3A–B), iNOS inhibition restored the Akt phosphory-
lation levels (Fig. 3A and B). Moreover, although glucose uptake in
ex vivo cardiomyocytes was markedly reduced in HFpEF model
mice, this was notably upregulated following both pharmacologi-
cal inhibition and knockout of iNOS, as evidenced by increased 2-
NBDG uptake (Fig. 3C). In isolated neonatal rat cardiac myocytes,
iNOS did not affect basal Akt phosphorylation and 2-NBDG uptake;
However, insulin-mediated Akt phosphorylation and glucose
uptake were significantly inhibited following iNOS overexpression
(Fig. 3D-F). Moreover, those effects of iNOS on Akt phosphorylation
and glucose uptake were significantly rescued by mutation of C224
e immunostaining and semi-quantification of phosphorylated Akt (Ser473 site) in
from adult mice. n = 6 per group. (D-E) Representative immunostaining and semi-
transfected with iNOS or mutated Akt plasmids. (F) Glucose uptake in AC16 human
group. The data are shown as mean ± SEM and were analyzed using one-way ANOVA
est (D-F). *, P < 0.05. **, P < 0.01. ***, P < 0.0005. ****, P < 0.0001. ns, no significant.



Fig. 4. iNOS inhibition improved cardiac mitochondrial function in HFpEF mice. (A) The levels of mitochondrial respiratory chain complexes in heart mitochondria were
evaluated using immunostaining with an OXPHOS antibody cocktail. (B-F) Semi-quantification of COX I-V immunostaining. (G) Citrate synthase activity in the heart tissue
samples from mice in different experimental groups. (H) Myocardial ATP content in mice. n = 6. The data are shown as mean ± SEM and were analyzed using one-way ANOVA
followed by Tukey’s post hoc test. *, P < 0.05. **, P < 0.01. ***, P < 0.0005. ****, P < 0.0001. ns, no significant.
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Fig. 5. iNOS induces oxidative stress and mitochondrial injury in cardiomyocyte. (A-B) Representative immunostaining and semi-quantification of NOX4 expression in
neonatal rat cardiomyocytes transfected with plasmids encoding iNOS. n = 6. (C-D) The mitoSOX was used as an mitochondrial ROS indicator and assessed by flow cytometry.
(E-F) The TMRE was used as an mitochondrial membrane potential indicator and assessed by flow cytometry. n = 4. The data are shown as mean ± SEM and were analyzed
using one-way ANOVA followed by Tukey’s post hoc test. *, P < 0.05. **, P < 0.01. ***, P < 0.0005. ****, P < 0.0001. ns, no significant.
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S- nitrosylation residues (Fig. 3D–F) This suggested that iNOS
impaired the Akt-mediated insulin pathway via S-nitrosylation
and that iNOS inhibition alleviated Akt S-nitrosylation and
increased Akt-mediated insulin signal, consistent with reduced
Akt S-nitrosylation in the heart of HFpEF mice.
182
iNOS inhibition improved cardiac mitochondrial function in HFpEF
mice

Intact mitochondrial function and sufficient ATP supply are
important for normal cardiac function [21]. In addition, Akt-



Fig. 6. iNOS inhibition alleviated oxidative stress in the heart of HFpEF mice. (A-C) Representative immunostaining and semi-quantification of NOX4 and SOD2 in heart
tissue samples. (D) Myocardial malondialdehyde levels. (E) GSH-Px activity. (F-H) Representative immunostaining and semi-quantification of p-Nrf2/Nrf2 as well as HO-1 in
the heart tissue samples frommice in different experimental groups. n = 6. The data are shown as mean ± SEM and were analyzed using one-way ANOVA followed by Tukey’s
post hoc test. *, P < 0.05. **, P < 0.01. ***, P < 0.0005. ****, P < 0.0001. ns, no significant.
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mediated insulin signaling has been shown to be critical for energy
metabolism. To determine whether iNOS impairs mitochondrial
function and ATP supply, we next examined the expression of com-
ponents of the mitochondrial electron transport chain complex
(COX proteins). In HFpEF model mice, a marked reduction in COX
II, -III and -IV expression was observed, although COX I and -V
expression levels were not significantly affected (Fig. 4A–F). Both
183
pharmacological inhibition and gene knockout of iNOS upregulated
COX II and -III expression (Fig. 4C and E), although only the knock-
out increased the COX IV expression in the HFpEF model mice
(Fig. 4D). Moreover, iNOS knockout, but not short-term pharmaco-
logical iNOS inhibition, increased citrate synthase activity (Fig. 4G).
However, both approaches improved the ATP supply in HFpEF
(Fig. 4H). However, as the low expression of iNOS expression, iNOS
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inhibition had no obvious effects on ATP content and citrate
synthase activity in normal heart (Fig. S3C-D). These results
indicated that iNOS inhibition improved cardiac mitochondrial
function and increased ATP supply in the hearts of HFpEF model
mice, which may account for the attenuated HFpEF phenotype.

iNOS induces oxidative stress and mitochondrial injury in isolated
caridomyotes

Mitochondria are the main source of reactive oxygen species
(ROS) [22]. iNOS dysregulation in mitochondria causes excessive
ROS production, leading to oxidative stress and mitochondrial dys-
function [23,24]. It was observed that iNOS overexpression signif-
icantly increased Nox4 expression (Fig. 5A–B) and superoxide level
according to increased mitoSOX (Fig. 5C–D). Moreover, iNOS
reduced mitochondrial membrane potential according to
decreased TMRE in cardiomyocytes (Fig. 5E–F). Those results sug-
gested that iNOS expression induced oxidative stress injury and
mitochondrial dysfunction. However, inhibiting iNOS with L-NIL
blunted the adverse effect of iNOS expression in cardiomyocytes
(Fig. 5).

iNOS inhibition alleviates oxidative stress in the heart of HFpEF mice

We next sought to determine the effects of iNOS inhibition on
oxidative stress in the hearts of HFpEF model mice. Although there
was no difference in SOD2 expression, Nox4 expression was signif-
icantly inhibited following iNOS pharmacological inhibition and
iNOS gene knockout (Fig. 6A-C). In addition, myocardial MDA
levels (Fig. 6D) significantly increased, while GSH-Px activity
decreased (Fig. 6E) in the HFpEF hearts. By contrast, for both
approaches, iNOS mitigated excessive oxidative stress in the heart
(Fig. 6D and E), as evidenced by reduced MDA content and
increased GSH-Px activity. Under excessive oxidative stress, Nrf2
pathway is activated and leads to antioxidant reactions. Interest-
ingly, we did not observe increased Nrf2 phosphorylation in the
hearts of HFpEF model mice, however, both iNOS pharmacological
inhibition and iNOS gene knockout upregulated Nrf2 phosphoryla-
tion and HO-1 expression in HFpEF heart (Fig. 6F–H). In normal
heart, no significant effects of iNOS inhibition on Nox4 and SOD2
as well as Nrf2 pathway were observed (Fig. S4). Those results sug-
gested that the Nrf2 pathway may mediate the protective effects of
iNOS inhibition on HFpEF.
Fig. 7. Graphical mechanistic model. The model illustrates how iNOS causes
mitochondrial dysfunction and Akt S-nitrosylation contributing to HFpEF.
Discussion

Although HFpEF is a main form of heart failure with high mor-
bidity, evidenced-based efficacy pharmacological therapy for
HFpEF is still lacking, owing to a lack of preclinical models and
insufficient understanding of the pathophysiological process of
HFpEF [25]. Recently, a ‘two-hit’ mouse model of HFpEF induced
by HFD and L-NAME that recapitulates the numerous systemic
and cardiovascular features of HFpEF has been developed [7]. Using
this model, it was demonstrated that inflammation, metabolic dis-
order and nitrative stress were involved in the development of
HFpEF. In another study, a ‘three-hit’ mouse model was generated
by targeting systemic metabolism [26], which also mimicked the
key hemodynamic features of HFpEF. Similar to the ‘two-hit’
model, this model also confirmed that mitochondrial dysfunction,
oxidative stress and inflammation are critical for the development
of HFpEF.

NO is an important signaling molecule regulating vascular tone
[27]. There are three different NOS enzymes responsible for NO
production, namely, endothelial NOS, neuronal NOS and iNOS
[28]. Among them, iNOS generates excessive NO leading to nitra-
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tive stress and tissue injury [29]. Thus, iNOS expression levels are
very low under physiological conditions [30]. Aberrant iNOS
upregulation has been implicated in several cardiovascular dis-
eases, including myocardial infarction, atherosclerosis, and heart
failure [31,32]. A previous study suggested that iNOS expression
was upregulated in heart tissue during HFpEF and that inhibiting
iNOS attenuates the HFpEF phenotype [7], which was also con-
firmed in the present study. While iNOS deficiency protects the
heart from HFpEF by restoring X-box binding protein 1 (XBP1s)
levels in the myocardium, short-term iNOS inhibition can improve
cardiac function in HFpEF model mice independently of XBP1s [7].
Thus, there may be additional mechanisms mediating the protec-
tive effects of iNOS inhibition.

In the present study, both the pharmacological inhibition and
the knockout of iNOS alleviated mitochondrial dysfunction and
oxidative stress, resulting in increased ATP supply in the hearts
of HFpEF model mice. These findings suggest the important role
of iNOS in regulating mitochondrial function in the process of
HFpEF and iNOS inhibition may protect cardiac function by miti-
gating mitochondrial dysfunction and oxidative stress.

Akt is a serine/threonine protein kinase that is essential for the
insulin signaling pathway, glucose homeostasis and oxidative
stress [33]. Impaired Akt activity is associated with increased insu-
lin resistance and dysregulated energy metabolism. The activity of
Akt is regulated by post-transcriptional modification [15]. Indeed,
Akt is activated by phosphorylation at the Ser473 residue, but iNOS
leads to Akt S-nitrosylation and suppresses its activity [29,34].
However, whether Akt S-nitrosylation is involved into the progress
of HFpEF and associated with the protective effects of iNOS inhibi-
tion have not been investigated. In the present study, elevated S-
nitrosylation of Akt was observed in the heart of HFpEF model
mice. However, iNOS inhibition reduced the S-nitrosylation and
increased the phosphorylation of Akt (Ser473). Consistent with this
observation, Akt-mediated glucose uptake in cardiomyocytes was
also partly rescued by iNOS inhibition. In cells, we furtherly con-
firmed that iNOS induced the S-nitrosylation at C224 residues.
Moreover, mutation of Akt S-nitrosylation site blunted the adverse
effects of iNOS on insulin signal. Those data suggested the impor-
tant roles of Akt S-nitrosylation in HFpEF and inhibiting iNOS
may function via reducing Akt S-nitrosylation.
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Previous studies have indicated that Akt contributed to Nrf2
phosphorylation, thus exerting antioxidant effects. In the present
study, increased Nrf2 phosphorylation and reduced oxidative
stress were also observed in the iNOS-/- HFpEF mice, which may
be attributed to the reduced Akt S-nitrosylation levels. These
results further indicated that iNOS inhibition may alleviate the
HFpEF phenotype by reducing Akt S-nitrosylation and enhancing
Akt activity.

However, the present study has its limitations. The role of iNOS
was only examined in global iNOS-/- mice. Thus, the effects of iNOS
deficiency on other cell and tissue types could not be excluded.
Additionally, the C57BL/6J background was used in this study,
although previous studies have used C57BL/6N to induce HFpEF
model. Thus, our results should be confirmed in other strains to
confirm the role of iNOS on Akt S-nitrosylation.

In conclusion, the present study confirmed the critical role of
iNOS as a pathophysiological driver of HFpEF (Fig. 7). Both short-
term iNOS inhibition or its knockout improved mitochondrial func-
tion and reduced Akt S-nitrosylation, leading to an attenuated
HFpEF phenotype. As selective iNOS inhibitors are both safe and
accessible, iNOS may represent an immediate, potential therapeu-
tic target for HFpEF.
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