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Abstract

Reduced mitochondrial function is one of the various cellular pathologies in cardio-
metabolic syndrome. Elevated asymmetric dimethyl arginine (ADMA) levels is known to
induce hypoxia driven mitochondrial dysfunction in the lungs, despite normoxic conditions.
This alteration is known to be caused by interleukin-4 (IL-4). In addition to asthma, IL-4 and
ADMA are also known to be elevated in metabolic syndrome (MetS), but the existence of
hypoxic response in arterial tissue remains elusive. Since, MetS and asthma are correlated;
we explored whether hypoxia exists in vascular tissue and is associated with IL-4 and

ADMA levels.

To induce MetS, C57BL/6 mice were fed chow, high-fat or high-fructose diets for six
months. Interestingly, MetS was associated with the induction of the hypoxic response in
aortic tissue. Further, IL-4 and ADMA, which induce aberrant hypoxic response despite
normoxia in the lungs, were elevated in the aorta of mice with MetS. Additionally, significant
reductions in the levels of mitochondrial biogenesis factors (TFAM, PGCla) and respiratory
chain complexes (Complex I and Complex IV) activities were observed in MetS mice.
Mitochondrial dysfunction in the aorta of mice with MetS perturbed mitochondrial inner
membrane integrity and was associated with the leakage of cytochrome c in the cytosol.
These results collectively suggest that elevated levels of IL-4 and ADMA in the aorta of
mice with MetS correlates with induced vascular mitochondrial dysfunction and hypoxic

response.
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Background:

Atherosclerotic vascular disease and its clinical sequelae are the leading causes of morbidity
and mortality in the Western world!. MetS has received considerable attention over the last
decades as the cluster of its associated diseases significantly increase the risk for
cardiovascular disease (CVD) mortality?; in fact, it is also known as the cardiometabolic
syndrome. It is estimated that around a quarter of the world’s adult population have

metabolic syndrome® and they are three times more likely to have a heart attack or stroke®.

The mechanisms underlying cardiac dysfunction in the MetS are complex and might include
lipid accumulation®, increased fibrosis®, altered calcium homeostasis’, mitochondrial
dysfunction® and increased oxidative stress (OS)’. Mitochondrial dysfunction contributes to
cardiac dysfunction and myocyte injury by the loss of its metabolic capacity resulting in the
release of toxic products!®. Although, each component of the MetS causes cardiac
dysfunction but in combination they carry additional risks'"!2. Mitochondrial dysfunction is
now considered as an important aspect of the pathogenesis of CVD. In addition, increased

mitochondrial ROS can lead to cytochrome c release and the initiation of apoptotic cascade!?.

Of all the known contributing factors of CVD, one of the major important factors
contributing to increased OS in CVD is hypoxia'*. When tissue oxygenation decreases, the
respiratory chain complexes become less active that lead to increased localized production

of ROS in the mitochondrion, thereby, compromising ATP production and enhancing

15,16

hypoxia This enhanced hypoxic condition, when coupled with mitochondrial

dysfunction, may place aorta under bioenergetic and reductive stress, thereby contributing

to the pathogenesis of CVD. In addition, in CVD, gene regulation promoted by a low oxygen

7

microenvironment has received increased attention!'’. Further, the hypoxia-inducible

miRNAs also termed as “hypoxamiRs” were found to play a cruicial role in CVD. miR-210

18

(HIF-1 transcriptional target) is a master hypoxamir'®, that controls cellular oxygen
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consumption and metabolism by regulating mitochondrial function'>*. Recent evidences
have shown that intra-myocardial injection of non-viral vector expressing miR-210
precursor, stably expressed miR-210 for at least eight weeks in the heart?!, and improved
cardiac function, reduced the infarct size and rectified angiogenesis after myocardial

infarction?!, indicating miR-210 delivery as a therapeutic approach in ischemic heart disease.

In context of asthma, we have previously shown that IL-4, a marker of TH2 immune
response, and ADMA, an analogue of L-arginine, together can induce hypoxic response and
mitochondrial dysfunction in the normoxic lungs??. IL-4 promotes intracellular ADMA
accumulation via altered expression of protein arginine methyltransferases (PRMT) and

Dihydrodiamino hydrolases (DDAH) through calpain activation®?.

Therefore, hypoxic response® and ADMA?* appears to be the important CVD risk factors,
and their role in causing mitochondrial dysfunction in ‘asthma’ has been deciphered in one
of the study from our group?’.. Moreover, large scale clinical trials using antioxidants
therapies for the treatment of CVD have been disappointing because of the lack of efficacy
and undesired side effects’*, we wanted to gain insights into the molecular events underlying
the mitochondrial dysfunction in heart, an obligate aerobic organ. Here, we investigated the
signalling mechanism underlying cardiac dysfunction in the MetS and found the role of IL-
4 and ADMA driving pathological hypoxic response leading to CVD. We used high-fat
(obese, HFA) and high-fructose (non-obese, HFR) diet induced mice models of MetS
(C57BL/6 mice)®® to show for the first time that diet-induced mitochondrial dysfunction in

CVD is associated with hypoxic response, despite normoxic conditions.

Material and Methods

1. Development of in-vivo model of MetS and diet plan
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Four to five week old male C57BL/6 mice were obtained from National Institute of Nutrition
(Hyderabad, India) and acclimatized for a week prior to starting the experiments. Animals
were maintained as per the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) guidelines. All experimental protocols and methods
were approved by the institutional animal ethics committee (IAEC; Protocol Number-
03/IGIB/IAEC/MLP5502). Mice were divided into three groups (n = 6) and were named
according to the diet provided as Control, HFA and HFR. The mice had free access to either
a standard rodent chow (C) (5.5% fat and nil refined fructose), or a high-fat (HFA) diet
having 60% of energy from fat, or a high fructose (HFR) diet with 70% energy from fructose.
Mice were kept on this diet for eighteen weeks and sacrificed for the collection of aorta
tissue.

2. IL-4 measurement

Whole aorta lysates serum samples from the MetS murine models were used for IL-4 ELISA.
IL-4 measurement was done by using sandwich ELISA in which HRP-conjugated detection
antibody was added. The substrate used for HRP was Tetramethylbenzidine (TMB) whose
absorbance was measured at 450 nm as per the manufacturer’s protocol (BD Biosciences,

San Deigo).

3. Measurement of ADMA levels

Whole aorta lysates serum samples from the MetS murine models were used for ADMA
ELISA (DLD Diagnostika, Germany). Briefly, ADMA is bound to the solid phase of the
microtiterplate; ADMA in the samples is acylated and competes with the solid phase bound
ADMA for a fixed number of rabbit anti-ADMA antiserum binding sites. The antibody
bound to the solid phase ADMA is detected by anti-rabbit/peroxidase. The substrate
TMB/peroxidase was used. Results were expressed in nanomoles/microgram (nmoles/ug)

protein.
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4. Western blot analysis

Mitochondrion cytosol extraction protocol was followed using MEB (membrane extraction
buffer) buffer (Thermo Fischer Scientific). Mitochondrion was collected in pellet and later
saved in mitochondrion storage buffer however the cytosol was collected in supernatant.
Whole aorta lysates and cytosols were separated by 10% SDS-PAGE, transferred onto PVDF
membrane (MD], India). Transferred membrane was blocked with blocking buffer (3%/5%
Bovine Serum Albumin in PBS with Tween 20/ Skim milk/ NAP).The blots were then
incubated with primary monoclonal antibody for HIF1a, TFAM, PGCla and Cytochrome-
c. Enhanced chemiluminescence Western blotting detection reagent (Pierce, Rockford, IL)
was used to detect protein levels. Band densities of proteins were normalized to B-actin.
Densitometry was performed by ImagelJ software.

5. Immunohistochemistry

Formalin-fixed, paraffin-embedded aorta tissue sections were used for
Immunohistochemistry (IHC). Commercial primary goat/rabbit polyclonal antibodies
against HIF1a, TFAM, PGCla and iNOS and their respective HRP conjugated secondary
antibodies (Merck, USA) were used. IHC was performed as described previously?.

6. cDNA synthesis and qg-PCR

Total RNA was isolated from aorta tissue using TRIzol reagent (Invitrogen, Grand Island,
NY, USA), quantified using a Nanodrop ND-1000 spectrophotometer. DNase (Ambion)
treatment was given and 1pg of total RNA was used for cDNA synthesis. g-PCR was done
for the expression analysis of miR-210-3p. U6snRNA used as an internal control for
normalization. The detail of the primers is provided in Supplementary Table 1.

7. Measurement of Inner Mitochondrial Membrane

The mitochondria from whole aorta were isolated using mitochondrial isolation kit as per

manufacturer’s instructions (SIGMA, USA). Inner Mitochondrial Membrane (IMM) of aorta
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mitochondria was determined by measuring the uptake of the cationic carbocyanine dye JC-
1 (5,5°,6,6’-tetrachloro-1,1",3,3’-tetracthylbenzimidazolcarbocyanine iodide) into the
matrix. The fluorescence was read in spectrofluorometer and reported as fluorescence units

in the mitochondria suspension per mg mitochondrial protein (FLU/mgP)
8. Measurement of mitochondrial Complex I and Complex IV activity

Complex I and Complex IV activities were measured in the isolated mitochondria from
whole aorta fractions as per manufacturer’s protocol?’?%? . Briefly, COXETC (Complex IV)
activity is based on the oxidation of ferrocytochrome c to ferricytochrome ¢ by COXETC
present in the mitochondria. Similarly, Complex I activity was determined following the
oxidation of NADH to NAD+. 10 ug and 45 ug protein amount of aorta mitochondrial

samples were used to measure Complex I and Complex IV activity, respectively .

9. Statistical analysis

Data are expressed as means £SD. Differences between the groups were
determined using Student’s t-test and P<0.05 were considered significant.

Graphs were prepared using Graph Pad Prism3 software.

Results
The characteristics of obese and non-obese model of MetS in mice

Aorta samples were taken from HFA and HFR diets fed mice, which were previously been
used in a study®® from our group for the characterization of lungs in MetS conditions
(Supplementary Table 2). These mice had high levels of total mass & fat mass, blood
pressure, cholesterol and triglycerides, increase in serum insulin as well as random blood

glucose levels (published data)?®.
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High-fat or high-sugar diets lead to increased I1L-4 and ADMA levels with NO elevated

levels

To determine whether the pulmonary features of elevated IL-4, ADMA and OS in MetS*
(Supplementary Table 2) are also present in vascular tissue, we measured these parameters
in the aorta of Control (C) mice and in the mice fed with HFA and HFR of MetS groups. IL-
4 levels were found to be significantly elevated by ~1.87 folds and ~2.13 folds in the aorta
of HFA and HFR groups, respectively (Fig 1a). Similarly, ADMA levels were found to be
significantly increased by ~2.26 folds and ~3.34 folds in the aorta of mice fed with HFA and
HFR diet, respectively, compared to C group (Fig 1b). We next investigated, whether the
levels of inducible nitric oxide synthase (iNOS) enzyme that regulates NO production were
differentially expressed in aorta of differently fed MetS mice. Western blot analysis showed
that iNOS expression were trending to slight higher levels in both HFA and HFR MetS mice
groups (~1.4 and 1.23 folds, respectively) in comparison to C group (Fig 1¢). Importantly,

similar trends were seen in the IHC analysis of iNOS (Fig 1d).

Intracellular ADMA accumulation in MetS upregulates HIFlo and induces miR-210
expression in the aorta

Further, to determine whether the pulmonary features of elevated HIF la are also present in
vascular tissue, we measured HIF 1o expression levels in the aorta of mice with diet induced
MetS (HFR and HFA diet fed mice). In Western blot (Fig 2a) and ELISA (Fig 2b) analysis,
HIF1la expression levels were found to be significantly up-regulated (~ 1.5-2.5 folds) in the
aorta of HFA and HFR mice, respectively. Importantly, similar trends were seen in the IHC

analysis of HIFla in aorta (Fig 2c¢).
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In addition, to confirm hypoxia signalling in the aorta of MetS mice model, we measured the
expression of microRNA-210 (miR-210), a direct downstream target of HIF1a. miR-210
expression was found to be multi-fold up-regulated, by 5 folds and 17.3 folds in HFA and

HFR mice groups, respectively, in comparison to C group (Fig 2d).

Increased hypoxic response correlates with the decreased expression of mitochondrial
turnover proteins (PGCla, TFAM) in the aorta of mice with MetS

To determine whether the elevated cellular hypoxic response observed in aorta of MetS mice
led to any changes in the mitochondrial turnover, we measured the expression of PGCla and
TFAM proteins in aorta of mice with MetS. Western blot analysis of the HFA or HFR
induced MetS mice group showed reduced expression of PGCla, (-by ~30%) (Fig 3a) and
TFAM (-by~32%) (Fig 3c¢).Similar trends were observed in IHC analysis of PGCla and

TFAM in aorta tissue (Fig 3b and 3d).

Increased hypoxic response led to reduced mitochondrial function in mice with MetS

Lastly, to determine whether slight elevated NO levels driven hypoxic response in mice with
MetS correlates with mitochondrial dysfunction, thereby contributes to CVD, we first
measured mitochondrial Complex I and IV activities in the aorta of MetS mice. Interestingly,
HFA and HFR MetS mice groups showed significant reductions in the mitochondrial
complex I (Fig 4a) and complex IV activities (Fig 4b). To examine, whether decreased
activity of Cytochrome ¢ oxidase (COXEgrc)disrupts mitochondrial inner membrane integrity
(IMM), we measured mitochondrial membrane potential (A¥m) using JC1 dye in the
isolated mitochondria from the aorta. As expected, we found significant reductions in A¥Ym
in the mitochondria from the aorta of both HFA and HFR MetS mice (Fig 4¢). As COXgrc

activity was found to be reduced in the aorta of MetS mice, and NO production causes the
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mitochondrial pore formation, we analyzed the cytochrome c levels in the aorta cytosol. The
levels of cytochrome ¢ were significantly increased (1.5- 3 folds) in the cytosols of HFA
and HFR fed cardiometabolic mice aorta, compared to normal control mice (Fig 5). Thus,
these results collectively evidence the proof of mitochondrial dysfunction in the context of

MetS murine models.

Discussion

In the present study, we addressed the hypothesis that whether chronic exposure to
nutritional insults, either HFA or HFR, leads to metabolic induction of a hypoxic response
in vascular tissue, despite normoxic conditions. For this, we manipulated the diets of
C57BL/6 mice to induce MetS, independent of obesity or adiposity. A high fat diet in these
mice was associated with obesity, adiposity, hyperlipidaemia and hyperglycaemia; while a
high fructose diet led to hyperlipidaemia, hyperglycaemia, and hypertension, but no obesity
or adiposity (Supplementary Table 1). As previously published, HFA and HFR diets were
found to be associated with MetS features®>. These extreme diets mimic “junk foods” and
induce a MetS. Our main hypothesis here was centred on the potential role of the

transcription factor HIF 1a, as a link between MetS and CVD, via mitochondrial dysfunction.

This study, for the first time, demonstrated that the observed mitochondrial dysfunction in
cardiometabolic syndrome was associated with the expression of HIF1a in the aorta, which
likely could be driven by abnormal Arginine-NO metabolism, as suggested by Williams D
et al, 2015, Morris SM Jr, 20052%*° and indicated by our data; NO and ADMA levels. A
number of previous studies have demonstrated that the pro-oxidative and pro-inflammatory
pathways within vascular endothelium play an important role in the initiation and

progression of atherosclerosis®'*. In addition, a recent study has provided compelling
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evidence to indicate that IL-4, a marker of Th2 immune response, can induce pro-
inflammatory environment via oxidative stress-mediated up-regulation of inflammatory
mediators such as cytokine and chemokine in vascular endothelial cells®*. IL-4 is often seen

to be upregulated in subjects with MetS*33°

and we have previously found IL-4 to be
potentiating ADMA accumulation in airway epithelial cells, via induction of protein arginine
methyltransferases (PRMTs)?2. Here, we observed an increase in IL-4 levels in aorta of mice
with HFA and HFR diets. ADMA, an analogue of L-arginine, is a naturally occurring
product of arginine metabolism found in human circulation (0.45 = 0.19 pumol/L). ADMA
has been demonstrated to be not only a marker of endothelial dysfunction®’, but also a novel
cardiovascular risk factor”®. Here, we found significant increase in levels of ADMA in aorta
of mice fed with HFA or HFR diets. This is the first report tying together IL-4 and ADMA
increase in vascular tissue of mice with diet-induced metabolic syndrome.

It is known that elevated levels of ADMA inhibit NO synthesis in endothelial cells and

therefore impair endothelial function and thus promote atherosclerosis®®*

. Moreover,
experimental and clinical evidences have shown that ADMA significantly contributes to oxo-
nitrative stress via the generation of superoxide anions (O2—) by uncoupled nitric oxide
synthase, which reacts with NO in the endothelial cells leading to the formation of
peroxynitrite, a highly reactive oxidant species*!. We thus hypothesized that increased levels
of ADMA may be responsible for oxo-nitrative stress and organelle dysfunction leading to
CVD. So, we further investigated whether enzyme that regulates NO production i.e. iNOS was
differentially expressed in aorta of differently fed MetS mice. The levels of iNOS which we
are showing here, as a major determinant of ADMA induced hypoxia, are not significantly
consistent among HFA and HFR groups. Possibly, there could be mechanisms independent of

iNOS for ADMA effects on hypoxia, in concordance with previously reported studies*?. This

could be an explanation for not finding the major changes in the levels of iNOS. Therefore, in

11
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our study the pathophysiological concentrations of ADMA can regulate hypoxic gene
expression in MetS murine endothelial cells by what appears to be an NO-independent

mechanism.

To further elucidate the mechanism of IL-4 driven ADMA mediated increase in hypoxic
response, despite normoxic conditions in aorta, similar to what would be expected in well
oxygenated arterial tissues, we measured HIF1a expression in the aorta of mice with diet
induced metabolic syndrome and found significant increase in HIF1a in both HFA and HFR
groups. We further determined the expression levels of microRNA-210 (miR-210), a direct
downstream target of HIF1a, to confirm that the cellular hypoxic response was functionally
active. As expected, miR-210 expression was found to be markedly high in the aorta of mice
with MetS, indicating a strong possibility of functionally active cellular hypoxic response in
vascular tissue of such mice. miR-210 has been implicated in several key aspects of

cardiovascular diseases and cancer!®434

, and miR-210 overexpression has been seen to be
responsible for mitochondria dysfunction*>. We speculate that this may be a key mechanism
linking the hypoxic response to systemic biochemical changes of MetS as described here to
local mitochondrial dysfunction in endothelial cells.

Mitochondria are known as the “powerhouse” of the cell, generating ATP via oxidative
phosphorylation (OXPHOS) complexes, including Complexes I-IV, which are present in the
inner membrane of mitochondria*. To determine whether hypoxic response was associated
with mitochondrial dysfunction in our model, we checked activities of mitochondrial
complex I and IV in the aorta of MetS mice groups, where we had observed enhanced
hypoxic response. The results showed marked reductions in both mitochondrial complex I
(NADH dehydrogenase) and IV (cytochrome c oxidase) activities in aorta of HFA and HFR

MetS mice. Further, Cytochrome ¢ oxidase of electron transport chain COXgrc is an integral

enzyme of inner mitochondrial membrane and decreased activity of COXETC causes

12
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reduction of IMM integrity*’. To test this, IMM integrity for all groups was measured by the
uptake of membrane potential sensitive dye: JC-1, which was found to be significantly
decreased in the aorta of both HFA and HFR mice groups. There are many studies which
suggest that oxidative stress (ROS and RNS) in mitochondria combines with peroxynitrite
formation and triggers mitochondrial pore formation, thereby leading to cytochrome c
leakage*®*°. Since peroxynitrite also causes inhibition of cytochrome ¢ oxidase and in our
study COXETC activity was found to be reduced in the aorta of MetS mice, we analyzed the
levels of cytochrome c in cytosol of aorta of MetS. The results demonstrated increased
leakage of cytochrome c in the cytosols from aorta of HFA, HFR MetS groups. We also
investigated whether mitochondrial biogenesis may be impaired. PGCla acts as a co-
activator in driving the expression of TFAM gene, which further translocates to nucleus and
mediates mitochondrial transcription initiation and replication®’->2, Both PGCla and TFAM
levels were found to be reduced in the aorta of HFA and HFR mice. Thus, the increased
hypoxic response in MetS mice aorta was found to be associated with decreased expression
of mitochondrial turnover proteins. These results together suggest the role of hypoxic
response in causing mitochondrial dysfunction and decreased turnover, which may lead to
CVD.

Putting these disparate evidences together, we speculate endothelial aorta is susceptible to
ADMA induced hypoxic response and that this drives cardiovascular disease in metabolic
models of CVD via mitochondrial effects. There is obviously no hypoxemia in the aorta of
such mice and this is entirely a metabolically triggered cellular hypoxic response in
normoxic conditions, as described by us previously in context of asthma?2. Exposure to IL-
4 further sensitizes endothelial aortic tissue to ADMA exposure. Taken together, our results

suggest that intracellular ADMA accumulation, along with IL-4 causes mitochondrial
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dysfunction, cellular injury and tissue remodelling (Fig 6). We speculate that this contributes

to the pathogenesis of CVD in diet induced metabolic syndrome.

Importance of the Work

In this study, we wanted to gain insights into the molecular events underlying the
mitochondrial dysfunction in aorta, an obligate aerobic organ. Here, we investigated the
signalling mechanism underlying cardiac dysfunction in the MetS and found the role of IL-
4 and ADMA driving pathological hypoxic response in leading to CVD. For this, we have
used high-fat (obese, HFA) and high-fructose (non-obese, HFR) diet induced mice models
of MetS (C57BL/6 mice). We demonstrated that the observed mitochondrial dysfunction in
cardiometabolic syndrome was associated with the expression of HIF1a in the aorta, which
likely could be driven by abnormal Arginine-NO metabolism. We show for the first time
that diet-induced mitochondrial dysfunction in cardiovascular disease is associated with

hypoxic response, despite normoxic conditions.

Acknowledgements:

This work was funded by grant from Council of Scientific and Industrial Research (CSIR,
India) to AA. Research fellowship to EM is from Council of Scientific and Industrial Research
(CSIR, India). VJ received research fellowship from DBT, Delhi, India. We would like to thank
Dr. Anurag Agarwal and Dr. Vijay Pal Singh, IGIB, for providing MetS mice aorta samples
and all the assistance pertaining to this work. The help by Dr. U. Mabalirajan, Bijay Ranjan
Pattnaik, Naveen Kumar Bhatraju and other lab members is highly acknowledged. This work

was supported by project MLP5502 (CSIR).

14

Volume 17, Issue 05 ,May/2025 32



Dizhen Dizhi Journal ( ISSN:0253-4967)

Authors Contributions:

EM designed experiments. EM performed experiments. VJ assisted with analysing IHC slides
and data. VPS provided MetS mice aorta samples. EM wrote the manuscript. EM and VI

revised the manuscript.

Conflict Of Interest:

The authors declare no conflict of interest.

References:

1 Madamanchi, N. R. & Runge, M. S. Mitochondrial dysfunction in atherosclerosis. Circ
Res100, 460-473, doi:10.1161/01.RES.0000258450.44413.96 (2007).

2 Eckel, R. H., Grundy, S. M. & Zimmet, P. Z. The metabolic syndrome. Lancet365,
1415-1428, doi:10.1016/S0140-6736(05)66378-7 (2005).

3 Dunstan, D. W. et al. The rising prevalence of diabetes and impaired glucose tolerance:
the Australian Diabetes, Obesity and Lifestyle Study. Diabetes Care25, 829-834
(2002).

4 Isomaa, B. et al. Cardiovascular morbidity and mortality associated with the metabolic
syndrome. Diabetes Care24, 683-689 (2001).

5 Kusminski, C. M., Shetty, S., Orci, L., Unger, R. H. & Scherer, P. E. Diabetes and
apoptosis: lipotoxicity. Apoptosis14, 1484-1495, doi:10.1007/s10495-009-0352-8
(2009).

6 Falcao-Pires, . et al. Diabetes mellitus worsens diastolic left ventricular dysfunction in
aortic stenosis through altered myocardial structure and cardiomyocyte stiffness.

Circulation124, 1151-1159, do0i:10.1161/CIRCULATIONAHA.111.025270 (2011).

15

Volume 17, Issue 05 ,May/2025 33



10.

11

12

13

14

15

Dizhen Dizhi Journal ( ISSN:0253-4967)

Tang, W. H. ef al. Cardiac contractile dysfunction during acute hyperglycemia due to
impairment of SERCA by polyol pathway-mediated oxidative stress. Am J Physiol Cell
Physiol299, C643-653, doi:10.1152/ajpcell.00137.2010 (2010).

Bugger, H. & Abel, E. D. Molecular mechanisms for myocardial mitochondrial
dysfunction in the metabolic syndrome. Clin Sci (Lond)114, 195-210,
doi:10.1042/CS20070166 (2008).

Meigs, J. B. et al. Association of oxidative stress, insulin resistance, and diabetes risk
phenotypes: the Framingham Offspring Study. Diabetes Care30, 2529-2535,
d0i:10.2337/dc07-0817 (2007).

Lesnefsky, E. J., Moghaddas, S., Tandler, B., Kerner, J. & Hoppel, C. L. Mitochondrial
dysfunction in cardiac disease: ischemia--reperfusion, aging, and heart failure. J Mol
Cell Cardiol33, 1065-1089, doi:10.1006/jmcc.2001.1378 (2001).

Chinali, M. et al. Cardiac markers of pre-clinical disease in adolescents with the
metabolic syndrome: the strong heart study. J Am Coll Cardiol52, 932-938,
do0i:10.1016/j.jacc.2008.04.013 (2008).

Voulgari, C. ef al. The impact of metabolic syndrome on left ventricular myocardial
performance. Diabetes Metab Res Rev26, 121-127, doi:10.1002/dmrr.1063 (2010).
Maejima, Y., Kuroda, J., Matsushima, S., Ago, T. & Sadoshima, J. Regulation of
myocardial growth and death by NADPH oxidase. J Mol Cell Cardiol50, 408-416,
do0i:10.1016/j.yjmecc.2010.12.018 (2011).

Giordano, F. J. Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest115,
500-508, doi:10.1172/JC124408 (2005).

Arteel, G. E. et al. Oxidative stress occurs in perfused rat liver at low oxygen tension

by mechanisms involving peroxynitrite. Mol PharmacolS5, 708-715 (1999).

16

Volume 17, Issue 05 ,May/2025 34



16

17

18

19

20

21

22

23

24

Dizhen Dizhi Journal ( ISSN:0253-4967)

Venkatraman, A. et al. Oxidative modification of hepatic mitochondria protein thiols:
effect of chronic alcohol consumption. Am J Physiol Gastrointest Liver Physiol286,
G521-527, doi:10.1152/ajpgi.00399.2003 (2004).

Kulshreshtha, R. et al. A microRNA signature of hypoxia. Mol Cell Biol27, 1859-1867,
doi:10.1128/MCB.01395-06 (2007).

Devlin, C., Greco, S., Martelli, F. & Ivan, M. miR-210: More than a silent player in
hypoxia. I[UBMB Life63, 94-100, doi:10.1002/iub.427 (2011).

Chan, S. Y. et al. MicroRNA-210 controls mitochondrial metabolism during hypoxia
by repressing the iron-sulfur cluster assembly proteins ISCU1/2. Cell Metab10, 273-
284, doi:10.1016/j.cmet.2009.08.015 (2009).

Favaro, E. et al. MicroRNA-210 regulates mitochondrial free radical response to
hypoxia and krebs cycle in cancer cells by targeting iron sulfur cluster protein ISCU.
PLoS Ones, 10345, doi:10.1371/journal.pone.0010345 (2010).

Hu, S. et al. MicroRNA-210 as a novel therapy for treatment of ischemic heart disease.
Circulation122, S124-131, doi:10.1161/CIRCULATIONAHA.109.928424 (2010).
Pattnaik, B. ef al. IL-4 promotes asymmetric dimethylarginine accumulation, oxo-
nitrative stress, and hypoxic response-induced mitochondrial loss in airway epithelial
cells. J Allergy Clin Immunol138, 130-141 €139, doi:10.1016/j.jaci.2015.11.036
(2016).

Miyazaki, H. et al. Endogenous nitric oxide synthase inhibitor: a novel marker of
atherosclerosis. Circulation99, 1141-1146 (1999).

Ilkun, O. & Boudina, S. Cardiac dysfunction and oxidative stress in the metabolic

syndrome: an update on antioxidant therapies. Curr Pharm Des19, 4806-4817 (2013).

17

Volume 17, Issue 05 ,May/2025 35



Dizhen Dizhi Journal ( ISSN:0253-4967)

25 Singh, V. P. ef al. Metabolic Syndrome Is Associated with Increased Oxo-Nitrative
Stress and Asthma-Like Changes in Lungs. PLoS Onel0, e0129850,
doi:10.1371/journal.pone.0129850 (2015).

26. Kerner J, Turkaly PJ, Minkler PE, Hoppel CL. Aging skeletal muscle mitochondria in the
rat: decreased uncoupling protein-3 content. Am J Physiol Endocrinol Metab.
2001;281:E1054-1062.

27. Rockl KS, Hirshman MF, Brandauer J, Fujii N, Witters LA, Goodyear LJ. Skeletal muscle
adaptation to exercise training: AMP-activated protein kinase mediates muscle fiber
type shift. Diabetes. 2007;56:2062-2069.

28. Yen HC, Oberley TD, Gairola CG, Szweda LI, St Clair DK. Manganese superoxide
dismutase protects mitochondrial complex I against adriamycin-induced
cardiomyopathy in transgenic mice. Archives of biochemistry and biophysics.
1999;362:59—66.

29.  Morris, S. M., Jr. Arginine metabolism in vascular biology and disease. Vasc Med10
Suppl 1, S83-87, doi:10.1177/1358836X0501000112 (2005).

30.  Williams, D. ef al. Abnormal mitochondrial L-arginine transport contributes to the
pathogenesis of heart failure and rexoygenation injury. PLoS One9, 104643,
doi:10.1371/journal.pone.0104643 (2014).

31.  Kirii, H. et al. Lack of interleukin-1beta decreases the severity of atherosclerosis in
ApoE-deficient  mice.  Arterioscler  Thromb Vasc  Biol23, 656-660,
doi:10.1161/01.ATV.0000064374.15232.C3 (2003).

32.  Ohta, H. et al. Disruption of tumor necrosis factor-alpha gene diminishes the
development of atherosclerosis in ApoE-deficient mice. Atherosclerosis180, 11-17,

doi:10.1016/j.atherosclerosis.2004.11.016 (2005).

18

Volume 17, Issue 05 ,May/2025 36



33.

34.

35.

36.

37.

38.

39.

40.

41.

Dizhen Dizhi Journal ( ISSN:0253-4967)

Ridker, P. M., Rifai, N., Stampfer, M. J. & Hennekens, C. H. Plasma concentration of
interleukin-6 and the risk of future myocardial infarction among apparently healthy
men. Circulation101, 1767-1772 (2000).

Lee, Y. W. & Hirani, A. A. Role of interleukin-4 in atherosclerosis. Arch Pharm Res29,
1-15 (20006).

Mito, N., Hosoda, T., Kato, C. & Sato, K. Change of cytokine balance in diet-induced
obese mice. Metabolism49, 1295-1300, doi:10.1053/meta.2000.9523 (2000).

Tsao, C. H., Shiau, M. Y., Chuang, P. H., Chang, Y. H. & Hwang, J. Interleukin-4
regulates lipid metabolism by inhibiting adipogenesis and promoting lipolysis. J Lipid
Res5S, 385-397, doi:10.1194/j1r.M041392 (2014).

Boger, R. H. et al. Asymmetric dimethylarginine (ADMA): a novel risk factor for
endothelial dysfunction: its role in hypercholesterolemia. Circulation98, 1842-1847
(1998).

Dowling, R. B. et al. Effect of inhibition of nitric oxide synthase on Pseudomonas
aeruginosa infection of respiratory mucosa in vitro. Am J Respir Cell Mol Biol19, 950-
958, do0i:10.1165/ajrcmb.19.6.2904 (1998).

Ueda, S. et al. Regulation of cytokine-induced nitric oxide synthesis by asymmetric
dimethylarginine: role of dimethylarginine dimethylaminohydrolase. Circ Res92, 226-
233 (2003).

Vallance, P., Leone, A., Calver, A., Collier, J. & Moncada, S. Endogenous
dimethylarginine as an inhibitor of nitric oxide synthesis. J Cardiovasc Pharmacol20
Suppl 12, S60-62 (1992).

Wells, S. M. & Holian, A. Asymmetric dimethylarginine induces oxidative and
nitrosative stress in murine lung epithelial cells. Am J Respir Cell Mol Biol36, 520-528,

do0i:10.1165/rcmb.2006-0302SM (2007).

19

Volume 17, Issue 05 ,May/2025 37



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Dizhen Dizhi Journal ( ISSN:0253-4967)

Smith, C. L., Anthony, S., Hubank, M., Leiper, J. M. & Vallance, P. Effects of ADMA
upon gene expression: an insight into the pathophysiological significance of raised
plasma ADMA. PLoS Med?2, €264, doi:10.1371/journal.pmed.0020264 (2005).

Greco, S. et al. MicroRNA dysregulation in diabetic ischemic heart failure patients.
Diabetes61, 1633-1641, doi:10.2337/db11-0952 (2012).

Huang, X., Le, Q. T. & Giaccia, A. J. MiR-210--micromanager of the hypoxia pathway.
Trends Mol Med16, 230-237, doi:10.1016/j.molmed.2010.03.004 (2010).
Muralimanoharan, S. et al. MIR-210 modulates mitochondrial respiration in placenta
with preeclampsia. Placenta33, 816-823, doi:10.1016/j.placenta.2012.07.002 (2012).
Sharma, L. K., Lu, J. & Bai, Y. Mitochondrial respiratory complex I: structure, function
and implication in human diseases. Curr Med Chem16, 1266-1277 (2009).

Li, Y., Park, J. S., Deng, J. H. & Bai, Y. Cytochrome c oxidase subunit IV is essential
for assembly and respiratory function of the enzyme complex. J Bioenerg Biomembr38,
283-291, doi:10.1007/s10863-006-9052-z (2006).

Chernyak, B. V. Redox regulation of the mitochondrial permeability transition pore.
Biosci Rep17, 293-302 (1997).

Liu, X., Kim, C. N., Yang, J., Jemmerson, R. & Wang, X. Induction of apoptotic
program in cell-free extracts: requirement for dATP and cytochrome c. Cell86, 147-
157 (1996).

Bergeron, R. et al. Chronic activation of AMP kinase results in NRF-1 activation and
mitochondrial biogenesis. Am J Physiol Endocrinol Metab281, E1340-1346,
doi:10.1152/ajpendo.2001.281.6.E1340 (2001).

Irrcher, 1., Ljubicic, V., Kirwan, A. F. & Hood, D. A. AMP-activated protein kinase-
regulated activation of the PGC-1alpha promoter in skeletal muscle cells. PLoS One3,

e3614, doi:10.1371/journal.pone.0003614 (2008).

20

Volume 17, Issue 05 ,May/2025 38



Dizhen Dizhi Journal ( ISSN:0253-4967)

52. Jager, S., Handschin, C., St-Pierre, J. & Spiegelman, B. M. AMP-activated protein
kinase (AMPK) action in skeletal muscle via direct phosphorylation of PGC-1alpha.

Proc Natl Acad Sci U S A104, 12017-12022, doi:10.1073/pnas.0705070104 (2007).

Figures:

Fig 1

w
o

1600 ok g -
1400 Hokke Ty
ggm EE:-
g glm E bl ik
2 § 00 - 3%5 )
58w S5
cEw £5:.
37 20 E §1 o
0 o 4
c c HFA HER
< C HFR HFA
¥ ‘ d
-
g Y C HFA HFR
e i b
% = e I ,i
i:: e, =S
£ —
g é o Scale bar is 100micrometer
| Fold change: 1 141 123

21

Volume 17, Issue 05 ,May/2025 39



Dizhen Dizhi Journal ( ISSN:0253-4967)

Fig 2
C HFA HFR 450 — ok
350
- 300 -
ﬂ-actin, 47 -_ ﬁ

250
*

200 -
150
100 -

-

HIF 1o Concentration
Ipe/100ug protein)

e
i

[
=+

HFA

HIFla
[Nomalized to B-actin)
u
2 o
(n]
=
3

¢ HFA HER d
|Fnld:i|ange:1 196 u| 5
= x
m-
c £E =
5 B -
g 3
(-4
= 2
U EEE =
x E ﬂ "
o £
- E £E 5-
i -
£ o

Scale bar is 100micrometer

22

Volume 17, Issue 05 ,May/2025 40



Dizhen Dizhi Journal ( ISSN:0253-4967)

Fig 3

C HFA HFR

PGCla, 92 _, | "R Lo s==n

B-actin, 47 — &

=
m

PGC L
{Mormadised to P-actin]
a & oo

@ N o® on

TFAM IHC

HFA

Scale bar is 100micrometer

C HFA HFR

 PGC-1a IHC

" k .

Scale bar is 100micrometer

€ HFA HFR

4|
-~
TFAM, 28 —» | s

B-actin, 47 —» | s S—" —

I |
c HFA

| Fold chanmge: 1 0.58

HFR

| H
]

TFAM
(Normalized to factin)

=]

*
HFR
0.39

23

Volume 17, Issue 05 ,May/2025 41



Dizhen Dizhi Journal ( ISSN:0253-4967)

Fig 4
a b
12
12
= 10
= ns
=
it i’
w
Eg 5 ns > E .
P i3
o £ =
EE 4 E a
3‘?: S
2 + 2
o Bl 0
c HFA HFR c HFA HFR
C
FOO0D0000
E GOD000000 oo ik
E'E‘smn_
B 00000000
-
E%‘mmu-
égzmmn-
E 100000000 -
]
C HFA HFR

24

Volume 17, Issue 05 ,May/2025 42



Dizhen Dizhi Journal ( ISSN:0253-4967)

Fig5

C HFA HFR

Cytochrome-¢, 15 — | S - .

B-actin, 47 —| W e e

w

[l

A

un B

C HFA HFR

=

Cytochrome-c
(Normalized to B -actin)
(=TT, . E L

| Fold change: 1 1.54 28

Volume 17, Issue 05 ,May/2025

43

25



Dizhen Dizhi Journal ( ISSN:0253-4967)

Fig 6

[ In MetS mice heart ]

[ ez 1
[ 1
oo 1

!

| Cardiovascular Disease

Volume 17, Issue 05 ,May/2025 44

26



Dizhen Dizhi Journal ( ISSN:0253-4967)

Supplementary Table 1:

miR-210 -3p-FP ACACTCCAGCTGGGCTGTGCGTGTGACAGC 834
miR-210 -3p-RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGT 44 88.8
CAGCCGC
Supplementary Table 2:

Total Mass (grams)

Fat Mass (grams) 7 28 12
Blood Pressure (mm Hg) 140 150 220*
Cholesterol conc. (mg/ml) 30 58* 63"
Triglyceride Conc. (nmol/pl) 0.4 0.75 0.74
Glucose (mg/dl) 201458 383.33¢26°  451.33%46
Insulin (ng/mi) 0.32+0.04 0.67+0.10*  0.44+0.03 *
Singh VP et al 2015
Supplementary Table 3:
IL-4 protein conc.
in whole lung
(pg/100ug protein)
ADMA protein 0.9 2” 3.8"
conc. in whole lung
(nmol/ug protein)
iNOS protein levels g 22 1.7%
in whole lung (fold
change)

Pattnaik et af 2016
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Figure legends:

Fig 1: Induction of IL-4, ADMA and iNOS in the aorta of mice with MetS. (a,b) IL-4
and ADMA levels were estimated from C, HFA and HFR mice (n=6) in whole aorta lysates
using ELISA. Increased IL-4 and ADMA levels were measured in total aorta lysates of HFA
and HFR mice. Data represents mean + SD; n=6; *p < 0.05, **p < 0.01 or ***p <0.001 was
considered to be statistically significant; ns-non significant. (¢) Western blot analysis of
iNOS (d) Representative IHC images (n=3) of iNOS in the aorta of mice. Brown colour
indicates the positive expressions. Data represents mean + SD;*p < 0.05, **p <0.01 or ***p
<0.001. Images are at 20X objective magnification. Here, C is for Control, HFA is for High

Fat diet, HFR is for High Fructose diet.

Fig 2: Increased HIF1a level and miR-210 expression in aorta of mice with MetS. (a, b)
Western blot analysis (a) and ELISA (b) of HIFla in HFA and HFR MetS mice groups
(c)Representative IHC images of HIF1a in the aorta of mice. Brown colour in IHC images
indicates the positive expressions. Images are at 20X objective magnification. Data
represents mean + SD; n=6; *p<0.05, **p < 0.01. (d) Real Time PCR of miR-210.
Experiment was done in triplicates. Each value is mean £ SD; n=3; *p<0.05. Here, C is for

Control, HFA is for High Fat diet, HFR is for High Fructose diet.

Fig 3: Decrease in PGCla and TFAM levels in the aorta of mice with MetS. (a)Western
blot analysis of PGC1la in whole aorta lysates of HFA and HFR MetS mice groups; n=6 (b)
Representative IHC images of PGC1la. Brown colour indicates positive expression. Images
are at 20X magnification. (¢) Western blot analysis of TFAM in HFA and HFR MetS mice
groups; n=6 Each value is mean + S.D. *Denotes statistically significant differences

(P<0.05) vs. Control; ns-non significant. (d) Representative IHC images of TFAM. Brown
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colour indicates the positive expressions. Images are at 20X objective magnification. Here,

C is for Control, HFA is for High Fat diet, HFR is for High Fructose diet.

Fig 4: Altered mitochondrial functions in aorta of mice with MetS. (a,b,c) Mitochondrial
Complex I and complex IV activities and Integrity of inner mitochondrial membrane were
determined in the isolated aorta mitochondria of MetS. Data represents mean + S.D.; n=8;
*p <0.05, ¥*p < 0.01 or ***p < 0.001was considered to be statistically significant; ns-non

significant. Here, C is for Control, HFA is for High Fat diet, HFR is for High Fructose diet.

Fig 5: Leakage of mitochondrial cytochrome-c to cytosol in the aorta of mice with MetS.
Cytochrome c levels were measured in cytosolic fractions of aorta. Data represents mean +
SD; n=4; *p <0.05, **p <0.01 or ***p <0.001 was considered to be statistically significant.
Here, C is for Control, HFA is for High Fat diet, HFR is for High Fructose diet. Cytochrome-
¢ blot was developed using ECL (enhanced chemiluminescence); however, B-actin was

developed using DAB (3, 3'-diaminobenzidine) substrate.

Fig 6: Proposed schematic diagram of ADMA-HIFla axis affecting mitochondrial

function and leading to CVD in MetS mice aorta.

Supplementary Table 1. Primer sequences for miR-210-3p. Primer sequences, length and

Tm of miR-210-3p are given.

Supplementary Table 2. Metabolic features in the obese and non-obese model of MetS
in mice. Total body mass, fat mass and blood pressure were significantly higher in both HFA

and HFR groups in comparison to Control group with mice on normal diet. Both HFA and
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HFR diets were found to be associated with a significant increase in the blood glucose levels

and high levels of serum cholesterol, triglycerides and insulin.

Supplementary Table 3. Levels of IL-4, ADMA and Inducible Nitric oxide synthase
(iNOS) in the lungs of mice with MetS. Increased levels of IL-4 and ADMA with induced
expression of iNOS were observed in whole lung lysate of HFA/HFR mice as compared to
Control mice. Data shown here are Mean + SE of 6 mice in each group.*Denotes statistically

significant differences (p < 0.05) vs. Control.
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