
Contents lists available at ScienceDirect

Vascular Pharmacology

journal homepage: www.elsevier.com/locate/vph

Antiretroviral drug-induced endothelial dysfunction is improved by dual
PPARα/γ stimulation in obesity
Festus Kamau (MBChB; PhD)a,⁎, Hans Strijdom (MBChB; PhD)a, Peter Mwangi (B.Pharm; PhD)b,
Dee Blackhurst (PhD)c, Emiliana Imperial (MSc)a, Ruduwaan Salie (PhD)a,d
a Division of Medical Physiology, Faculty of Medicine and Health Sciences, Stellenbosch University, PO Box 241, Cape Town 8000, South Africa
bDepartment of Medical Physiology, School of Medicine, College of Health Sciences, University of Nairobi, P.O. Box 30197, 00100 Nairobi, Kenya
c Division of Chemical Pathology, Faculty of Health Sciences, University of Cape Town, Cape Town 7925, South Africa
d The Biomedical Research and Innovation Platform (BRIP), South African Medical Research Council, PO Box 19070, Tygerberg 7505, South Africa

A R T I C L E I N F O

Keywords:
Obesity
Highly active antiretroviral therapy (HAART)
PPARα/γ agonist
Saroglitazar
Endothelial dysfunction

A B S T R A C T

Obesity rates are rising in HIV-infected populations; however, the putative role of highly active antiretroviral
therapy (HAART) in the development of endothelial and cardiovascular derangements in the presence of pre-
existing overweight/obesity is unclear. Although dual peroxisome proliferator-activated receptors-alpha/gamma
(PPARα/γ) stimulation mitigates HAART-induced metabolic dysfunction, vascular effects are unresolved. To
investigate whether HAART induces vascular dysfunction in obesity and to explore the underlying mechanisms
of PPARα/γ stimulation, male Wistar rats were placed on a high-calorie diet for 16weeks. After 10 weeks,
HAART (lopinavir/ritonavir, azidothymidine/lamivudine) with/without PPARα/γ agonist, Saroglitazar, was
administered daily for six weeks. Excised thoracic aorta rings were subjected to isometric tension studies and
Western blot measurements. HAART+Saroglitazar-treated obese animals recorded lower adiposity indices
(4.3 ± 0.5%) vs. HAART only-treated obese rats (5.6 ± 0.3%; p < .01). Maximum acetylcholine-induced
vasorelaxation (Rmax), was lower in obese+HAART group (76.10 ± 3.58%) vs. obese control
(101.40 ± 4.75%; p < .01). However, Rmax was improved in obese+ HAART+Saroglitazar
(101.00 ± 3.12%) vs. obese+HAART rats (p < .001). The mean LogEC50 was improved in obese
+HAART+Saroglitazar vs. obese+HAART group; p= .003. Improved endothelial function in obese+
HAART+Saroglitazar group was associated with upregulation of eNOS, PKB/Akt and downregulated p22-phox
expression vs. obese+HAART group. Therefore, PPARα/γ stimulation attenuated HAART-induced endothelial
dysfunction by upregulating vasoprotective eNOS, PKB/Akt signaling and downregulating pro-oxidative p22-
phox expression.
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List of units of measurements

% Percentage
°C Degree Celsius
dL Decilitre
g Gram
IU International units
kDa Kilo Dalton
kg Kilogram
L Litre
M Molar
mg Milligram
mL Millilitre
mm Millimetre
mmol Millimol
ng Nanogram
nM Nanomolar
μ Micro
μL Microlitre
μM Micromolar
μmol Micromol

1. Introduction

The introduction of highly active antiretroviral therapy (HAART)
has successfully reversed the high mortality associated with HIV/AIDS-
related opportunistic infections, malignancies, severe wasting and
malnutrition [1,2]. Indeed, the lifespan of HIV-infected adults com-
pliant with various HAART regimens now approximates that of non-
infected persons [3]. However, this chronicity has led to a surge in both
incidence and prevalence of non-communicable diseases such as car-
diovascular disease (CVD), metabolic derangements, overweight/obe-
sity and type-2 diabetes mellitus (T2DM) [4,5]. New evidence suggests
that long-term HAART is associated with added CVD risk and results in
poorer outcomes compared to HIV-free persons [6,7].

An increase in the prevalence of overweight/obesity (based on body
mass index, (BMI)) has been reported in HIV-infected populations be-
fore they commence HAART [8,9]. Consequently, the prevalence of
metabolically unhealthy, overweight/obese HIV-infected individuals is
rising [10]. Additionally, HAART per se is also associated with obesity
and related metabolic derangements, characterised by dyslipidemia and
ectopic fat deposition in visceral organs such as the liver, blood vessels
and the heart [5,11]. Previous studies focussed on metabolic dysregu-
lation that acts as a prequel to vascular and cardiac impairment;
however, limited studies evaluated vascular dysfunction in HAART.
Importantly, antiretroviral therapy in HIV infection has been directly
implicated in endothelial dysfunction [12–14] and vascular inflamma-
tion (vasculitides) with subsequent loss of vascular integrity and the
development of multiple aneurysms and occlusion [15].

There are controversies as to whether HAART is protective or det-
rimental to vascular integrity: using flow-mediated dilatation (FMD)
techniques, protective effects of HAART have been reported [16]
whereas Stein and colleagues [17], implicated protease inhibitors (PI)
in inducing pro-atherogenic dyslipidemia and endothelial dysfunction.
Direct PI-and nucleoside reverse transcriptase inhibitor (NRTI)-induced
endothelial dysfunction has also been reported in rats [13]. It is
therefore evident that chronic antiretroviral-mediated endothelial
dysfunction may occur with or without pro-atherogenic dyslipidemia.
The mechanisms implicated in this impairment include mitochondrial
dysfunction and increased oxidative stress which precede overt ather-
osclerosis [14,18].

Various strategies (lifestyle and pharmacological) have been em-
ployed to mitigate metabolic derangements induced by diet and
HAART. Lipid/cholesterol lowering agents such as 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMG-CoA) inhibitors (statins), PPARα
agonists (fibrates), PPARγ agonists (thiazolidinediones) and ezetimibe
ameliorate dyslipidaemia and lipodystrophy [19–21]. However, ag-
gravated risks of drug-drug interactions and hepatotoxicity limit their

use [20,22]. Recently, a novel, nonthiazolidinedione (TZD) and non-
fibric acid derivative, dual PPARα/γ agonist (Saroglitazar, [(S)-α-
ethoxy-4-{2-[2-methyl-5-(4-methylthio)phenyl)]-1H-pyrrol-1-yl]-
ethoxy})-benzenepropanoic acid magnesium salt]) was introduced for
dyslipidemia management in T2DM [23]. In HIV-infected patients with
dyslipidemia, Saroglitazar improves lipid profile and has a favorable
toxicity profile [24]. However, experimental studies on vascular/en-
dothelial function have not been conducted and the impact of en-
dothelial dual PPARα/γ stimulation in HAART is unknown.

In view of the aforementioned literature, we hypothesized that dual
PPARα/γ stimulation will limit vascular endothelial dysfunction in a
pre-existing diet-induced obese rat model exposed to HAART. The
overarching aim of the present study was to investigate whether the
introduction of a PI-based HAART regimen in obesity induces en-
dothelial dysfunction and to evaluate the role of dual PPARα/γ sti-
mulation as a potential therapeutic target to limit possible adverse
HAART effects and to explore the underlying putative pathophysiologic
mechanisms.

2. Materials and methods

Ethics approval was granted by the Stellenbosch University Animal
Research Ethics Committee (Protocol #: SU-ACUD15–00019) and ani-
mals were handled in strict adherence to ARRIVE guidelines and South
African national standards (SANS10386:2008).

2.1. Study design

We employed a randomised controlled experimental study design,
where 128 (seven to eight week-old) male pathogen free Wistar rats
were randomly allocated into two groups (n=64/group) and fed (for
16 weeks) on either standard rat chow composed of 4.8% fat, 17.1%
protein, 34.6% carbohydrates and 5.3% sucrose or rat chow and spe-
cially formulated high-calorie diet (HCD) composed of 11.5% fat, 8.3%
protein, 42% carbohydrate and 20% sucrose [25]. The diet composition
was analyzed by Microchem specialized laboratory services (Cape
Town, South Africa). All animals had ad libitum access to water and
food, were housed at standard day-night cycles of 12 h, temperatures of
22 °C and 40% humidity and individual total body mass (TBM) was
monitored weekly. At the eleventh week, each group was further ran-
domly divided into four subgroups (n=16/group, see below) and
treated with HAART and/or Saroglitazar for six weeks (daily oral ga-
vage between 9:00–11:00 a.m.) at human equivalent doses calculated
using the body weight/surface area normalization formula [26].

a) Vehicle, distilled water – control group
b) HAART (PI: Lopinavir (68.57mg/kg/day) boosted with ritonavir

(17.14mg/kg/day) (LPV/r) -Aluvia™ (AbbVie (Pty) Ltd. South
Africa). + NRTIs: Zidovudine, AZT (51.43mg/kg/day)/
Lamivudine, 3TC (25.71mg/kg/day) - COMBIVIR®
(GlaxoSmithKline South Africa (Pty) Ltd).

c) HAART + PPARα/γ agonist (Saroglitazar), Lipaglyn™ (0.40mg/kg/
day) (Zydus Discovery: A division of Cadila Healthcare Limited,
India).

d) Saroglitazar

Following completion of the feeding and treatment programs, each
of the eight groups was further randomly divided into two (n=8/
group). Eight rats were fasted overnight (only accessed water ad li-
bitum) and subjected to euthanasia by intraperitoneal (IP) injection of
160mg/kg of sodium pentobarbitone (Eutha-naze®, Bayer (Pty) Ltd.
South Africa), after which a thoracotomy was performed, the thoracic
aorta incised, and pooled blood collected for subsequent biochemical
analyses. The remaining animals (n=8/group) were euthanised for the
harvesting of aortic tissue to perform aortic ring isometric tension
studies and Western blot protein measurements. IP fat was also
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harvested and weighed (expressed as: Adiposity Index (AI)= IP fat/
TBM*100).

2.2. Biochemical analyses

Blood glucose levels were measured in millimoles/litre (mmol/L)
using a conventional glucometer (GlucoPlus™ Cipla MedPro (Pty) Ltd.
SouthAfrica) for fasted and non-fasted animals.

Fasting insulin levels (μIU/mL) were analyzed using RayBio® rat
insulin enzyme-linked immunosorbent assay kit (ELISA), (RayBiotech,
Norcross, USA) as per the manufacturer's protocol. Subsequently, the
homeostasis model assessment for insulin resistance (HOMA- IR), was
calculated using the formula: fasting serum insulin concentration (μIU/
L)*FBG (mg/dl)/405 [27]. HOMA-IR is a validated method of assessing
insulin resistance and β cell function in Wistar rats [28].

2.2.1. Markers of lipid peroxidation
Conjugated dienes (CD) concentrations (μmol/L) were calculated at

absorbance of 234 nm following cyclohexane dilution as previously
described [29,30]. Thiobarbituric acid reactive substances (TBARS)
concentrations (μmol/L) were determined with spectrophotometry at
an absorbance of 532 nm after addition of thiobarbituric acid reagent
(Sigma-Aldrich, USA) to a mixture of butylated hydroxytoluene (Fluka
Chemie-Switzerland), ethanol (Merck, SA) and orthophosphoric acid
(Sigma-Aldrich, USA) [31].

2.2.2. Lipid analysis
High-density lipoprotein cholesterol (HDLeC) and its subclasses

HDL2 and HDL3 (μmol/L) concentrations were analyzed as per a pre-
viously published protocol [32]. Serum total cholesterol (TC) and tri-
glyceride (TG) concentrations (mmol/L) were assessed using enzymatic
colorimetric kits (LabAssay™ Cholesterol (catalogue number
294–65801), LabAssay™ TG (catalogue number 290–63701), using a
SPECTRA-max Plus 384 spectrophotometer with SoftMax Pro 4.8 mi-
croplate data acquisition and analysis software (Molecular Devices
Corporation, Labotec Industrial Technologies, South Africa).

See supplementary methods (supplementary material 1) for a more
detailed description of the biochemical analyses.

2.3. Western blot analyses

Standard Western blot techniques were employed, as described
previously [33], to measure proteins of interest, i.e. (i) proteins in-
volved in vascular homeostasis, cytoprotection and inflammatory/
stress response: - adenosine monophosphate activated protein kinase
(AMPK), inhibitor of kappa B alpha (IκBα), protein kinase B (PKB/Akt);
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α), and mitogen-activated protein kinases (MAPK), JNK, Erk1/2
and p38 MAPK (ii) vascular tone regulatory protein: endothelial nitric
oxide synthase (eNOS); iii) apoptosis: cleaved poly (ADP-ribose) poly-
merase (PARP) and caspase 3; (iv) endothelial oxidative stress nicoti-
namide adenine dinucleotide phosphate (NADPH) subunit, p22-phox.
(see Table, supplementary material 2, demonstrating Western blot
protocol/antibodies).

2.4. Aortic ring isometric tension studies

Isolated aortic ring isometric tension output was recorded on
LabChart® 7 data acquisition and analysis software (Dunedin, New
Zealand) as per previously published protocols [33,34]. Measurement
of vasorelaxation following acetylcholine stimulation is considered the
gold standard technique for the evaluation of endothelium-dependent
vasodilation [35] (see Figure, supplementary material 3, illustrating
aortic ring isometric tension protocol).

2.5. Statistical analyses

Values are expressed as mean ± standard error of the mean (SEM);
for multiple group comparisons, one-way analysis of variance (ANOVA)
was used (GraphPad Prism® Plus Version 6.0) followed by Bonferroni's
post-hoc test, p < .05 was considered statistically significant. Vascular
reactivity data were analyzed by two-way ANOVA and Bonferroni's
post-hoc test. The EC50 (the drug concentration inducing 50% of the
maximal response), was determined by nonlinear regression model
analysis following the log X (dose) vs. response transformation of the
percentage relaxation or tension.

3. Results

3.1. Biometric measurements and biochemical analyses

Before onset of HAART, HCD induced higher TBM compared to
control diet (week 10, Table 1). Following treatment, the HCD-fed an-
imals continued to register higher TBM compared to their chow-fed
counterparts. However, no additional changes in TBM were ascribed to
the various treatments (Table 1). Similarly, the AI was significantly
higher in HCD compared to chow-fed animals. Interestingly, Sar-
oglitazar co-treatment with HAART significantly reduced the AI in both
chow-fed and HCD-fed animals vs. HAART only-treated groups. Al-
though no significant differences were observed in the mean random
blood glucose (RBG) and fasting blood glucose (FBG) levels among the
experimental groups, of importance to note is that when Saroglitazar
was administered in obese animals on HAART, the mean fasting serum
insulin and CD significantly decreased compared to the HAART only-
treated counterparts. Mean HOMA-IR followed similar trends. Sar-
oglitazar monotherapy significantly reduced fasting insulin and HOMA-
IR in the HCD animals compared to the lean ones (Table 1).

No significant changes were observed in serum TC and LDL-C levels.
However, TG and HDL-3 levels were significantly higher in untreated
obese animals compared to their lean control counterparts. Both
Saroglitazar and HAART-treated obese animals had lower HDL-3 levels
compared to the obese controls. Similarly, Saroglitazar-treated obese
animals registered lower TBARS levels compared to both untreated lean
and obese controls (Table 1).

3.2. Aortic ring isometric tension studies

3.2.1. Phenylephrine-induced aortic contraction
The maximal mean tension (Emax) following phenylephrine admin-

istration was significantly higher in the lean animals treated with
Saroglitazar compared to untreated and HAART-exposed lean animals.
No significant differences were observed in the mean log EC50

Table 2
Phenylephrine-induced maximal aortic contraction (Emax) and Log EC50.

Experimental group n/group Phenylephrine-induced contraction

Mean ± SEM
Emax Tension (g)

Mean ± SEM
(Log EC50)

Lean Control 9 2.1 ± 0.1 0.84 ± 0.75
HCD Control 8 2.2 ± 0.2 0.83 ± 0.60
Lean HAART 9 2.0 ± 0.2 0.96 ± 0.71
HCD HAART 9 2.3 ± 0.2 0.52 ± 0.38
Lean HAART + Saro 8 2.2 ± 0.2 0.68 ± 0.49
HCD HAART+Saro 8 2.1 ± 0.2 0.84 ± 0.45
Lean Saro 8 2.5 ± 0.2⁎⁎ 0.92 ± 0.83
HCD Saro 8 2.3 ± 0.2 0.80 ± 0.31

⁎⁎p < .01; lean Saro (Saroglitazar) group vs. lean control group and lean highly
active antiretroviral therapy (HAART) group. HCD – high-calorie diet, Emax –
maximum tension. Statistical analyses: 2-way ANOVA with Bonferroni post-hoc
test.
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(Table 2).

3.2.2. Acetylcholine-induced aortic relaxation
The curves (Fig. 1A) represent mean percentage relaxation of the

aortic rings (per group) from phenylephrine Emax to the maximum re-
laxation (Rmax) achieved following cumulative doses of acetylcholine.
L-nitroarginine methyl ester (L-NAME) administration attenuated
acetylcholine-mediated relaxation in both lean and HCD groups

Fig. 1. Acetylcholine-induced aortic relaxation curves. A: Acetylcholine dose-induced aortic response for all the experimental groups, including demonstration of NO
synthase involvement with L-NAME pre-treatment. B: Acetylcholine dose-induced aortic response showing groups with significant differences in the Rmax.

***p < .001 (HCD HAART + Saroglitazar vs. HCD HAART); **p < .01 (HCD control vs. HCD HAART); *p < .05 (HCD control vs. lean control). C-F: Nonlinear
regression (curve fit) of log transformed acetylcholine-induced aortic relaxation, EC50. C: HCD control vs. HCD HAART, ap=0.003; D: HCD+HAART vs. HCD
HAART+Saroglitazar, bp=0.002; E: HCD control vs. HCD+ Saroglitazar, cp=0.03; F: HCD HAART+Saroglitazar vs. HCD Saroglitazar, dp= 0.024. n=8–9/
group. L-NAME - L-nitroarginine methyl ester, HCD – high-calorie diet, HAART – highly active antiretroviral therapy, Saro – Saroglitazar. Statistical analyses: 2-way
ANOVA with Bonferroni post-hoc test.

F. Kamau, et al. Vascular Pharmacology 121 (2019) 106577

5



(Fig. 1A). HAART exposure in obese animals induced a significant re-
duction in Rmax compared to the untreated obese animals. Interestingly,
co-treatment of obese animals with HAART+Saroglitazar significantly
improved the Rmax compared to obese HAART-treated animals. Un-
treated obese animals recorded a significantly higher Rmax compared to
the standard rat chow-fed animals (Fig. 1B).

The EC50 for the obese animals treated with HAART was

significantly higher compared to that of non-treated obese animals
(Fig. 1C). However, following co-treatment of the obese animals with
HAART and Saroglitazar, the EC50 was significantly improved com-
pared to HAART only-treated obese animals (Fig. 1D). Similarly, Sar-
oglitazar monotherapy induced a poorer response compared to un-
treated and HAART+Saroglitazar obese groups (Fig. 1E and Fig. 1F,
respectively).

Fig. 2. Western blot measurements of aortic eNOS and PKB/Akt expression and phosphorylation. A: total eNOS expression; B: phosphorylated (phospho)-eNOS
measurements; C: phospho-eNOS: total eNOS ratio. D: Total PKB/Akt expression; E: phospho-PKB/Akt; F: phospho-PKB/Akt: total PKB/Akt ratio. Standard control:
sample prepared from untreated rats for normalization. *p < .05; **p < .01; ***p < .001, n=3/group. Statistical analyses: 1-way ANOVA with Bonferroni post-
hoc test.

F. Kamau, et al. Vascular Pharmacology 121 (2019) 106577

6



3.3. Aortic tissue protein determination: western blot results

3.3.1. Endothelial nitric oxide synthase (eNOS)
No significant differences were observed in total eNOS expression

(Fig. 2A). However, HAART downregulated eNOS activity in both lean
and HCD animals as evidenced by lower phospho-eNOS levels and

phospho-eNOS: total eNOS ratios compared to their respective un-
treated counterparts. On the other hand, Saroglitazar monotherapy and
HAART+Saroglitazar upregulated the phosphorylation of eNOS com-
pared to HAART only treatment in both lean and obese animals (Fig. 2B
and C).

Fig. 2. (continued)
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3.3.2. PKB/Akt
Total PKB/Akt expression remained unaltered (Fig. 2D). However,

phospho-PKB/Akt levels were significantly higher in the untreated
obese animals compared to the lean control animals. HAART sig-
nificantly downregulated the phosphorylation of PKB/Akt in obese
animals compared to their untreated counterparts (Fig. 2E). Interest-
ingly, co-administration of Saroglitazar in HAART-treated lean and
obese animals, significantly upregulated the phosphorylation of PKB/
Akt compared to HAART only-treated counterparts. Unexpectedly,
Saroglitazar monotherapy downregulated phospho-PKB/Akt levels in
obese animals compared to the lean counterparts (Fig. 2E). Phospho:
total ratio of PKB/Akt followed similar trends (Fig. 2F).

3.3.3. PGC-1α and IκBα
PGC-1α expression levels were significantly higher in the lean ani-

mals treated with HAART+Saroglitazar compared to the lean animals
treated with HAART only. Similarly, Saroglitazar monotherapy sig-
nificantly upregulated PGC-1α levels in HCD animals compared to their
lean counterparts. No other significant differences were observed
(Fig. 3A). IκBα expression was only downregulated in lean animals
treated with Saroglitazar compared to the lean control animals
(Fig. 3B).

3.3.4. p22-phox
HAART exposure significantly upregulated the expression of aortic

Fig. 3. Western blot measurements of aortic PGC-1α, IκBα and p22-phox expression. A: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1α) expression. B: Inhibitor of kappa B alpha (IκBα) expression. C, D: Nicotinamide adenine dinucleotide phosphate subunit, p22-phox expression. *p < .05;
**p < .01; ***p < .001, ****p < .0001; n=3/group. Statistical analysis: 1-way ANOVA with Bonferroni post-hoc test.
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p22-phox in both lean and obese animals compared to their control
counterparts (Fig. 3C). Interestingly, the aortic p22-phox expression
was significantly downregulated in both lean and obese animals re-
ceiving HAART in combination with Saroglitazar compared to their
HAART-only treated counterparts (Fig. 3D).

No significant differences were observed in the aortic expression of
AMPK, cleaved caspase-3 and cleaved PARP. Similarly, aortic MAPKs
and PPARα/γ expression were unaltered (see supplementary results,
Figs. 1–5).

4. Discussion

In the present study, HCD-induced obese rats were treated for a
period of 6 weeks with a common PI-based HAART regimen and a dual
PPARα/γ agonist. Although we did not measure the plasma drug con-
centrations achieved, a previous study clearly demonstrated that
younger, male Sprague-Dawley rats when treated with even lower doses
of NRTI (AZT) and a PI, (indinavir) (monotherapy or in combination)
achieved efficacious steady-state concentrations comparable to those
measured in humans [13]. We further evaluated the role of these drugs
in the context of metabolic and vascular changes. Our findings clearly
demonstrate that HAART-exposed obese rats progressively manifested
with increased TBM, increased AI, insulin resistance and the develop-
ment of endothelial dysfunction. However, these characteristics were
attenuated following Saroglitazar co-treatment with HAART in obese
animals.

Current trends indicate that non-AIDS-related cardiometabolic
events are emerging as a major health burden in HIV-infected popula-
tions [36]. The pathophysiological mechanisms underlying these events
are still incompletely understood because specific organ disturbances
are multifactorial in aetiology. For example, HAART may in itself ex-
acerbate the chronic effects of HIV exposure which is now considered
an independent risk factor in the development of non-communicable
diseases such as obesity, CVD and T2DM [37]. In addition, increased
BMI and abdominal circumference are associated with increased risk of
CVD and T2DM in HIV patients receiving HAART [38]. This finding has
been replicated in a mouse model of high fat diet (58.0 kcal% fat)
treated with efavirenz, emtricitabine, and tenofovir for 12 weeks
(commenced simultaneously with the diet) where, the HAART regimen
not only led to increased fat mass, but also induced impaired glucose
tolerance, potentiated insulin resistance and was associated with in-
creased adipocyte inflammation [39]. In the present study, differences
in rat TBM and AI were only ascribed to consumption of obesogenic diet
but not with exposure to a combination of PIs and NRTIs. Therefore, the
six-weeks' HAART regimen did not additionally alter obesity status
compared to the untreated control counterparts. However, in a novel
finding, our study showed that following dual PPARα/γ agonist coad-
ministration with HAART, the AI was significantly reduced in both lean
and obese animals despite no notable significant differences in blood
glucose, TC, TGs, and LDL-C levels (Table 1).

Although Saroglitazar has previously been investigated in HIV-in-
fected patients receiving HAART [24], TBM changes were un-
documented. However, 12-weeks of Saroglitazar therapy in HIV-in-
fected patients with dyslipidemia increased the HDL-C levels and
reduced TGs, VLDL, and TC [24]. Our findings did not reveal changes in
the TC, TGs or LDL following HAART, with/without Saroglitazar ex-
posure, which may be due to an insufficient treatment duration.
However, in contrast to the findings of Deshpande et al., [24] on fasting
insulin levels (elevated fasting insulin and elevated HOMA-IR in Sar-
oglitazar-treated patients), our data showed that HAART induced an
increase in fasting insulin levels and HOMA-IR index and Saroglitazar
significantly reduced HOMA-IR and fasting insulin in obese rats treated
with HAART (Table 1).

Stimulation of PPARα/γ has been employed in obesity and T2DM
therapy to improve insulin resistance and thereby regulate the accom-
panying dyslipidemia and hyperglycemia. For example, the

thiazolidinedione, rosiglitazone (PPARγ agonist), has been shown to
improve lipid and glucose profiles in obese, insulin-resistant rats [40].
The PPARγ receptors are predominantly expressed in adipose tissue and
their stimulation has been implicated in gene regulation leading to
adipocyte differentiation and adipocytokine regulation [41]. Lipid ac-
tivated transcriptional factor PPARα (a potent lipoprotein/fatty acid
metabolism regulator), stimulation attenuates dyslipidemia and insulin
resistance [42]. Despite observing no alterations in the lipid profiles of
the HAART-treated obese animals in the current study, dual stimulation
of PPARα/γ improved insulin resistance, fasting insulin and CD
(Table 1). The HDL-2/3 levels were, however, reduced by Saroglitazar
in HAART-exposed obese animals. Although previous studies only re-
ported an increase in HDL-C without interrogating further the HDL
subclasses [24,42], the HCD in the present study increased the HDL-3
subtype with no significant changes in TC (Table 1). Further in-
vestigations to fully elucidate this implication ought to be conducted,
since cardioprotective antioxidant enzymes and sphingosine-1-phos-
phate are linked to HDL-3 subtype [43].

Our findings clearly demonstrate that endothelium-mediated va-
sorelaxation was impaired by HAART administration in obese animals
despite no changes in contractility (Table 2 and Fig. 1A, B). Similarly,
protective signaling proteins associated with endothelial homeostasis
were downregulated in HAART-exposed obese rats as evidenced by
downregulation of phosphorylated eNOS and PKB/Akt levels (Fig. 2).
Upregulation of phospho-PKB/Akt in untreated obese animals was also
associated with increased vasorelaxation compared to control animals.
PKB/Akt in the vascular tissue plays a critical role in the maintenance
of homeostasis and angiogenesis regulating many vascular processes
such as cell migration, glucose metabolism, protein synthesis, cell at-
tachment, survival and nitric oxide (NO) production [44]. Down-
regulation of phospho-eNOS in obese rat aortas receiving HAART may
explain impairment of aortic relaxation, since acetylcholine-induced
endothelium-dependent relaxation is mediated via muscarinic receptor
binding and concomitant production of NO that results in vascular
smooth muscle relaxation [45]. Other deleterious effects of impaired
eNOS signaling include, susceptibility to coagulation/thrombosis and
atherogenicity and thereby overall increased cardiovascular risk [46].

HAART exposure in obese animals was associated with increased
vascular oxidative stress as evidenced by upregulation of p22-phox
(Fig. 3C). Chronic antiretroviral therapy has previously been associated
with oxidative stress [47] but the link to endothelial dysfunction in
HAART remains unclear [13]. In addition to upregulation of aortic p22-
phox expression, obese animals treated with HAART also had elevated
levels of CD (Table 1) despite no changes in TBARS levels. All these
factors have previously been associated with poor endothelial function
and increased cardiovascular risk in HIV-infected patients [48].

The pro-atherogenic milieu in patients treated with PIs is char-
acterised by demonstrable increased carotid intima media thickness and
atherosclerosis associated with myocardial infarction [37]. NRTIs in-
duce mitochondrial dysregulation that ultimately leads to endothelial
cell and cardiac cell dysfunction as a result of mitochondrial poly-
merase-γ inhibition and increased oxidative stress [49]. These effects
are not only limited to endothelial/cardiac cells, but also affect other
organs such as the liver leading to hepatotoxicity [50].

The endothelium is key in regulation of vascular tone, inflamma-
tion, platelet function and hemostasis [51] and is highly susceptible to
the deleterious effects of various compounds either endogenously se-
creted or exogenously administered. For example, antiretroviral agents
increase susceptibility to endothelial damage and subsequent develop-
ment of CVD in HIV-infected patients [52]. Although previously it was
thought that endothelial dysfunction and increased cardiovascular risk
in HAART resulted from PI-induced dyslipidemia and atherosclerosis
[37], there is emerging evidence suggesting that these drugs may, in
fact, cause direct endothelial dysfunction in vivo [13]. In addition, di-
rect effects of NRTIs on cardiac mitochondrial bioenergetics have been
reported [53].
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In the present study, Saroglitazar demonstrated the potential to
ameliorate HAART-induced vascular dysfunction in obese rats. The
acetylcholine-induced endothelium-dependent vasorelaxation was im-
proved in combined therapy (Fig. 1), as well as upregulation of eNOS
and PKB/Akt signaling cascades in HCD despite unaltered aortic MAPK
and PPARα/γ expression (supplementary results Figs. 1–5). Similarly,
Saroglitazar downregulated the pro-oxidative stress marker of NADPH-
oxidase, p22-phox, as well as serum CD levels. Our findings support
previous studies that demonstrate that PPARα activation protects
T2DM myocardium against ischemia-reperfusion through phosphoino-
sitide 3-kinase/Akt and NO pathway [54]. We therefore postulate that
dual PPARα/γ-mediated correction of insulin resistance, upregulation
of protective aortic signaling pathways (PKB/Akt and eNOS), and
downregulation of pro-oxidative stress NADPH-oxidase activity (p22-
phox) in the aortas of HCD rats receiving HAART, may be a possible
mechanism underlying the functional amelioration of HAART-induced
vascular dysfunction in these animals.

5. Conclusion

In the present study, exposure of HCD-induced obese rats to HAART
resulted in aortic endothelial dysfunction, possibly as a result of the
development of insulin resistance, and direct impairment of aortic PKB/
Akt and eNOS signaling accompanied by upregulation of pro-oxidative
NADPH-oxidase activity. In a novel finding, we have shown that co-
treatment with a dual PPARα/γ agonist conferred protection against the
HAART-induced endothelial dysfunction through the abolishment of
insulin resistance, upregulation of the PKB/Akt and eNOS signaling
proteins, and downregulation of NADPH-oxidase activity. These results
point to a harmful pro-endothelial dysfunction role for HAART in the
presence of obesity, and a potential role for dual PPARα/γ stimulation
as a therapeutic option in mitigating the harmful effects of HAART. The
findings are relevant in view of the additional cardiovascular risk posed
by rising obesity rates in HIV-infected populations and increasing
global access to HAART.

5.1. Study limitations

Our animal model was devoid of HI-Viral antigens and proteins, and
future studies should incorporate humanized HI-Viral animal models
(e.g. transgenic mice) since these proteins are implicated in endothelial
damage. The aorta represents the conduit type of arterial vessels and
therefore further studies on the resistance type of arterial network are
recommended. Although outside the scope of the present study, bio-
markers of vascular dysfunction such as the expression of adhesion
molecules and endothelin-1, as well as pro-inflammatory cytokines,
were not investigated, these would have provided important additional
insights and strengthened the conclusions of the present study. Future
studies using in vitro endothelial cell models should be considered for
such investigations.
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