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ABSTRACT

Hyperlipidemia induces kidney damage via lipid buildup, oxidative stress, and vascular
impairment; multi-targeted therapy may enhance renal protection.To assess the effects of atorvastatin,
valsartan, and BQ-123, individually or combined, on HFD-induced kidney injury in rats. Ten groups of
Wistar rats were given an HFD for six weeks. BQ-123 (1 mg/kg), atorvastatin (10 mg/kg), valsartan
(10 mg/kg), dual combinations, or triple therapy were among the treatments. Renal function markers,
lipid profile, oxidative stress parameters (MDA, GSH, SOD, CAT), and histopathology were assessed.
HFD significantly increased triglycerides, cholesterol, creatinine, BUN, proteinuria, kidney/body
weight ratio and proinflammatory level while reducing serum nitrite and antioxidant defenses.
Monotherapies partially improved these changes, dual therapies provided better outcomes, and the
triple combination nearly normalized biochemical, oxidative, and histological alterations. Combined
therapy with atorvastatin, valsartan, and BQ-123 offers synergistic renoprotection against HFD-
induced nephropathy by improving lipid metabolism, oxidative balance, and endothelial function.

Keywords: Hyperlipidemia, Nephropathy, Atorvastatin, Valsartan,
BQ-123, Oxidative stress, proinflammatory marker

INTRODUCTION hyperlipidemia'#, which are connected to glomerular
hypertrophy, albuminuria, edema, high blood
A major global health concern is chronic  pressure, reduced renal clearance rate, and
kidney disease (CKD). Its advancement is primarily ~ increased blood urea nitrogen (BUN) levels®S.
driven by hypertension, hyperglycemia, and
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Gilobally, obesity is becoming a more significant public
health issue’. HFDs are strongly implicated in obesity
and are known to alter glucose and lipid metabolismg,
induce metabolic disturbances®, and promote ectopic
lipid accumulation in various organs. In the kidney,
this lipid overload contributes to lipotoxicity', in
experimental models, hypercholesterolemia has
been demonstrated to accelerate the progression
of renal disease, ultimately resulting in structural
and functional impairment''. HFD encourages the
growth of foam cells and macrophage infiltration in
rats, which eventually results in glomerulosclerosis™.
There is strong evidence that fat buildup in renal
tissues hastens the course of chronic kidney
disease'®'. Increased NO is a result of endothelial
cells hypercholesterolemia'®, causing unsaturated
fatty acids and membrane lipid peroxidation'.
Atherogenic oxidized LDL (ox-LDL) contributes to
renal pathology by disrupting vasoactive mediators,
including transforming growth factor-g (TGF-B),
endothelin-1 (ET-1), angiotensin I, and NO™. In
uninephrectomized rats, hyperlipidemia was found to
accelerate glomerular and tubulointerstitial damage,
with oxidative stress and reactive oxygen species
(ROS) playing a central role in driving chronic
degenerative alterations’@.

Statins, widely used HMG-CoA reductase
inhibitors, are the cornerstone of cholesterol-
lowering therapy. Atorvastatin (ATO), a member
of this class, reduces cholesterol biosynthesis by
competitively inhibiting HMG-CoA reductase, a key
enzyme in the mevalonate pathway'®. Beyond lipid-
lowering, statins exert antioxidant, anti-inflammatory,
and anti-apoptotic effects?’. Their renoprotective
benefits have been demonstrated in several
models of progressive renal disease, with many
advantages observed independently of cholesterol
reduction?'. Importantly, ATO may also reduce renal
lipid accumulation, suggesting its potential utility in
obesity-related kidney disorders?.

Overactivation of Renin-angiotensin
aldosterone system (RAAS) in hyperlipidemia2
drives glomerular and mesangial alterations?*,
while Ang-Il worsens renal dysfunction through
albumin reabsorption 2 and endothelin induction.
Although RAAS inhibitors such as ACEIls and
ARBs are well established in clinical practice,
a considerable residual renal risk persists,

706

emphasizing the necessity for complementary
therapeutic strategies®®. Interestingly, ARBs may
also improve lipid metabolism. In Imai rats, ARBs
reduced hyperlipidemia associated with nephrotic
syndrome, likely by correcting proteinuria and
hypoalbuminemia, both of which impair lipoprotein
catabolism?’. Furthermore, ARBs have been
reported to directly lower plasma triglyceride levels®.
A potent vasoconstrictor, ET-1 primarily acts
through ETA and ETB receptors®. Patients with
nephropathy exhibit elevated ET-1 levels®, which
causes natriuresis by decreasing the reabsorption
of water and sodium?®'. The deleterious actions
of ET-1, primarily via ETA receptors, are strongly
implicated in CKD progression®. Preclinical research
has demonstrated that blocking ET receptors
improves circulating lipid profiles and reduces
atherosclerosis®. In animal studies, the selective
ETA receptor antagonist BQ-123 demonstrates
renoprotective effects®3% and has also been reported
to lower blood pressure and proteinuria in patients
with CKD?%. Combined therapeutic approaches
have shown promise in experimental nephropathy.
Prolonged ARB administration, alone or with a statin,
reduced proteinuria, hyperlipidemia, and renal injury
in Imai rats with spontaneous glomerulosclerosis,
supporting the benefits of AT1 receptor blockade
in proteinuric nephropathies®. Medium-term ETA
receptor antagonism has also been shown to
improve lipid profiles in CKD patients. Given the
mechanistic overlap between RAAS activation
and the endothelin system, their simultaneous
inhibition, alongside statin therapy, may represent
a rational and effective strategy for ameliorating
hyperlipidemia-induced renal damage?*.

MATERIALS AND METHODS

Drugs and Chemicals

We purchased valsartan (VAL), BQ-123,
and ATO from Sigma-Aldrich in St. Louis, Missouri,
USA. Merck Pvt. Ltd. (New Delhi, India) provided
all other analytical-grade chemicals and reagents
utilized in the investigation.

Animals

Wistar rats measuring 100—-150 g, of either
sex, were purchased from TMU, Moradabad (IAEC
approval number. DVCP/IAEC/2023/06). Rats were
kept under standard laboratory conditions with husk
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Biochemical estimation
Under light anesthesia, blood samples
were taken from rats that had fasted overnight via

bedding and free access to food and water. Twenty-
four-hour urine samples were collected in metabolic
cages in accordance with CCSEA guidelines.

Table 1: Experimental Design, Animal Care, and Treatments?®-42

Parameter Details

Animal Housing
Environmental Conditions
Diet & Water

Polypropylene cages with husk bedding

24 + 2 °C; 45-55% relative humidity; 12-h light/dark cycle

Standard pellet diet and water provided ad libitum; maintained as per
CCSEA guidelines

24-h urine collected using individual metabolic cages

Duration: 6 weeks (42 days). Initial body weight was recorded prior to
HFD administration. The HFD model was confirmed by assessing
changes in the serum lipid profile.

I: Normal control — standard diet, no treatment II: HFD only, Ill: HFD +
vehicle, IV: HFD + ATO (10 mg/kg, i.p.), V: HFD + VAL (10 mg/kg, i.p.),
VI: HFD + BQ-123 (1 mg/kg, i.p.), VII: HFD + ATO + VAL, VIII: HFD +
ATO + BQ-123, IX: HFD + VAL + BQ-123, X: HFD + ATO + VAL + BQ-

Urine Collection
Hyperlipidemia Induction

Experimental Groups

123 (triple therapy)

the retro-orbital plexus at the end of the treatment
period. Serum was separated from the collected
blood by centrifuging it for 10 to 20 minutes at 2000
rpm. This serum was then used for biochemical
tests. Before being sacrificed, each animal was kept
separately in metabolic cages so that pee could be
collected every 24 hours. Serum creatinine, BUN,
total protein, total cholesterol, triglycerides, and
nitrite levels-the latter of which was ascertained
by the Griess reaction—were among the major
biochemical indicators assessed“. All estimations
were performed using commercially available
diagnostic kits on a spectrophotometer, following
the manufacturer’s instructions.

The levels of tumor necrosis factor-
o(TNF-a) and interleukin-6 (IL-6) in the kidney
tissue were measured using a commercial ELISA
test kit, and the results were represented as pg/
mg protein*?44, Kidneys were excised, rinsed with
ice-cold saline, blotted, and stored at —70 °C.
Tissues were homogenized in Tris buffer, and
the supernatant was used to assess antioxidant
enzymes. Colorimetric test kits (Abcam, Cambridge,
UK) were used to detect oxidative stress markers,
such as GSH, SOD, and CAT, with absorbance
measured at 450 nm. Using the Ohkawa et al.
method, LPO was measured at 532 nm 45 46,

Renal Structural Alterations

The kidney-to-body weight ratio was used to assess
renal hypertrophy. The kidneys were dissected,
cleansed of adhering tissues, and weighed. Next,
using normal methodology, the relative kidney mass
was reported as a percentage of the total body
weight.

Statistical Analysis

Results are expressed as mean + SEM
(n = 6). Statistical comparisons were conducted
using one-way ANOVA with Newman-Keuls post
hoc test in GraphPad Prism 5.01. Differences were
considered significant at p < 0.05.

RESULTS AND DISCUSSION

Influence of Interventions on Body and Kidney
Weight in Hyperlipidemic Nephropathy Rats

Figure A shows that HFD rats had
significantly higher body weight than normal
controls, a trend also observed in the vehicle group.
Monotherapy with ATO, VAL, or BQ-123 reduced
body weight compared to HFD alone, though values
remained above control levels. Dual treatments
caused further reduction, while the triple combination
nearly restored body weight to normal.
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Figure B shows an increased kidney-to-body weight
ratio in HFD rats compared with normal controls.
Monotherapies partially reduced renal hypertrophy,

dual combinations improved it further, and the triple
therapy nearly restored the ratio to normal.

Fig. 1. Influence of ATO, VAL, BQ-123, and their combinations on
body weight (A) and kidney-to-body weight ratio (B) in HFD-fed rats

Effect of therapeutic treatment on lipid profile in
rat model of hyperlipidemic nephropathy

As shown in Figure A, serum triglyceride
levels were significantly elevated in HFD-fed rats
compared with normal controls (p < 0.05), with
a similar increase in the vehicle control group.
Individual treatments with ATO, VAL, or BQ-123
(HFD+ATO, HFD+VAL, HFD+BQ-123) partially
reduced triglycerides (p < 0.05 vs. HFD). Dual
combinations produced a greater reduction, while
the triple therapy (HFD+ATO+VAL+BQ-123) nearly
normalized triglyceride levels (p < 0.05 vs. HFD,
vehicle, and monotherapies).

Figure B shows elevated serum cholesterol
in HFD rats compared with normal controls,
confirming hyperlipidemia. Monotherapies
moderately reduced cholesterol, dual combinations
were more effective, and the triple therapy produced
the greatest reduction, approaching normal levels.

Effect of therapeutic treatment on biochemical
parameters in rat model of hyperlipidemic
nephropathy

As shown in Figure A, serum creatinine
was significantly elevated in HFD-fed rats compared
with normal controls (p < 0.05), indicating renal

Fig. 2. Impact of ATO, VAL, BQ-123, and their combinations on
serum triglyceride (A) and cholesterol (B) levels in HFD-treated rats
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impairment, with similar increases in the vehicle
group. Monotherapies with ATO, VAL, or BQ-123
partially reduced creatinine (p < 0.05 vs. HFD), while
combination therapies provided greater protection.
The triple therapy (HFD+ATO+VAL+BQ-123)
restored creatinine close to normal levels.

Figure B shows that BUN followed a similar
pattern. HFD rats had elevated BUN compared
with normal controlsMonotherapies moderately
lowered BUN, dual combinations produced a greater
reduction, and the triple therapy had the strongest

effect. Urinary protein excretion (Figure C) was
elevated in HFD and vehicle groups compared with
normal controls. Single treatments partially reduced
proteinuria, dual therapies improved it further, and
triple therapy nearly normalized protein excretion
(p < 0.05 vs. HFD). Serum nitrite levels (Figure D)
were reduced in HFD rats compared with controls,
indicating endothelial dysfunction. Monotherapies
partially restored nitrite, combination therapies
improved levels further, and the triple regimen
normalized them (p < 0.05 vs. HFD).

Fig. 3. Influence of ATO, VAL, BQ-123, and their combinations on serum creatinine
(A), BUN (B), urinary protein excretion (C), and serum nitrite levels (D) in rats subjected to HFD

Renal Antioxidant Response to Therapeutic
Interventions in Hyperlipidemic Rats

HFD feeding led to a marked increase
in renal lipid peroxidation compared with normal
controls, indicated by elevated MDA levels, indicating
heightened oxidative stress (p < 0.05). Alongside
this, there was a discernible drop in important
antioxidant defense indicators, such as GSH, CAT,
and SOD activity, indicating compromised redox
equilibrium in rats fed a high-fat diet. Decreased
lipid peroxidation (p < 0.05 vs. HFD) shown a
significant reduction in oxidative stress following

treatment with ATO, VAL, or the endothelin receptor
antagonist BQ-123, either alone or in combination.
As a result, antioxidant enzyme activity was restored;
combination treatments increased SOD, GSH, and
CAT levels more than monotherapies did. The most
noticeable benefit was seen by the triple combination
regimen (ATO + VAL + BQ-123), which almost
brought oxidative stress markers back to baseline.
to levels comparable with controls. These results
indicate that multi-targeted therapeutic strategies
exert synergistic protection against oxidative damage
in hyperlipidemic nephropathy (Figure 4).
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Fig. 4. Influence of ATO, VAL, BQ-123, and their combinations on renal oxidative
stress markers-MDA (A), SOD (B), GSH (C), and CAT (D)-in HFD-treated rats

Renal pro-inflammatory response to Therapeutic
Interventions in Hyperlipidemic Rats

As shown in Figure A & B, TNF & IL-6 level
was significantly elevated in HFD-fed rats compared
with normal controls (p < 0.05), indicating renal
impairment, with similar increases in the vehicle

group. Monotherapies with ATO, VAL, or BQ-123
partially reduced TNF (p < 0.05 vs. HFD), while
combination therapies provided greater protection.
The triple therapy (HFD+ATO+VAL+BQ-123)
restored creatinine close to normal levels
(Figure 5).

Fig. 5. Influence of ATO, VAL, BQ-123, and their combinations on
proinflammatory marker- TNFa level (A) and IL-6 level (B)
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Impact of Therapeutic Interventions on Renal
Histopathology in a Rat Model of Hyperlipidemic
Nephropathy

Normal kidneys (A) showed intact glomeruli
and tubules with no pathology. HFD (B) and vehicle
controls (C) exhibited glomerular atrophy, tubular
degeneration, casts, and interstitial infiltration.
Monotherapies (ATO D, VAL E, BQ-123 F) partially
improved histology, reducing glomerular atrophy
and restoring tubular structure, though some
interstitial infiltration remained. Dual-combination
therapies—atorvastatin plus VAL (G), ATO plus BQ-

123 (H), and VAL plus BQ-123 (l)-showed greater
preservation of renal tissue, with milder degenerative
changes compared to single-drug treatments. The
triple combination regimen (ATO + VAL + BQ-123)
achieved the most significant protective effect, nearly
restoring renal histoarchitecture to a state similar
to that of normal controls. These results suggest
that combination therapy-especially the triple-drug
regimen-offers enhanced protection against renal
damage caused by hyperlipidemia compared with
monotherapy (Figure 6).

Fig. 6. Representative kidney histology from control, HFD, and treatment groups:
(A) Normal; (B, C) HFD and vehicle; (D) ATO; (E) VAL; (F) BQ-123; (G)
ATO+VAL; (H) ATO+BQ-123; (I) VAL+BQ-123; (J) ATO+VAL+BQ-123

With a focus on renal function, oxidative
stress, and histopathological changes, the current
study methodically examined the therapeutic
potential of ATO, VAL, and the endothelin receptor
antagonist BQ-123 in a rat model of HFD-induced
hyperlipidemic nephropathy. The development
of nephropathy was confirmed by the successful
production of hyperlipidemia after six weeks of
prolonged HFD feeding, which was demonstrated
by significantly elevated serum triglyceride and
cholesterol levels. Renal dysfunction was also
demonstrated by elevated serum creatinine, BUN,
proteinuria, albuminuria, an elevated kidney-to-body
weight ratio, and decreased circulating nitrite levels*’.

Histopathological analysis demonstrated significant
renal tissue destruction, including glomerular
atrophy, tubular cast formation, degeneration of
proximal and distal tubules, and inflammatory cell
infiltration, indicating extensive nephrotoxicity, in
accordance with these biochemical disruptions*.
Improvements in serum lipid levels, decreases in
creatinine, BUN, and urine protein, restoration of
nitrite concentrations, and a moderate improvement
in renal histoarchitecture all indicated partial
protection from pharmacological intervention
with ATO, VAL, or BQ-123 alone. Nevertheless,
combination treatments demonstrated better
renoprotective effectiveness than monotherapies;
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combined regimens of atorvastatin plus VAL, ATO
plus BQ-123, or VAL plus BQ-123 showed higher
biochemical and histological recovery.

Most notably, the triple therapy comprising
ATO, VAL, and BQ-123 afforded the most robust
protection, nearly normalizing renal function
parameters, reversing kidney hypertrophy, restoring
systemic nitrite levels, and preserving renal tissue
architecture close to that of normal controls*®*'. The
observed benefits can be explained mechanistically
by the drugs’ complementary and synergistic
actions: ATO effectively reduces lipid burden and
attenuates lipid peroxidation; VAL counteracts
renin-angiotensin system activation to reduce
inflammation and hemodynamic stress; and BQ-123
inhibits endothelin-1, a powerful vasoconstrictor
with pro-inflammatory, proliferative, and profibrotic
properties, improving endothelial function and nitric
oxide bioavailability5254.

A breakdown of redox equilibrium was
also demonstrated by the examination of oxidative
stress, which showed that HFD eating dramatically
raised kidney MDA levels while decreasing important
antioxidant defenses like GSH, SOD, and CAT.
These anomalies were substantially rectified by
therapeutic interventions; the triple regimen reduced
MDA the most and restored GSH, SOD, and CAT
activity, thereby reducing ROS-mediated kidney
damage®. The triple combination of ATO, VAL, and
BQ-123 may be a promising therapeutic approach
for preventing or ameliorating renal injury associated
with dyslipidemia and oxidative stress. Taken
together, these findings offer compelling evidence
that multi-targeted pharmacological strategies
exert additive and synergistic effects in combating
hyperlipidemia-associated nephropathy5¢-5°.

Numerous cytokines, including interleukin
and tumor necrosis factor , are released in response
to cell damage. Furthermore, because of the burden
of body weight, hyperlipidemia can also resultin cell
damage®. Pro-inflammatory indicators, especially
IL-6 and TNFa, are thought to cause fibrosis and
damage kidney tissue’s structure and functionality.
Furthermore, compared to monotherapy, BQ-123,
VAL and ATO treatment reduced the release of pro-
inflammatory cytokines, which is further supported
by renal tissue histology. Our observations indicate
that the combination administration of ATO, VAL and

BQ-123 diminishes the infiltration of inflammatory
cells, lowers the proliferation of tubular epithelial
cells, and mitigates interstitial fibrosis of the tubules.

CONCLUSION

Most notably, the triple therapy comprising
ATO, VAL, and BQ-123 afforded the most robust
protection, nearly normalizing renal function
parameters, reversing kidney hypertrophy, restoring
systemic nitrite levels, and preserving renal tissue
architecture close to that of normal controls.
Mechanistically, the observed benefits may be
attributed to the complementary and synergistic
actions of the drugs: ATO effectively lowering lipid
burden and attenuating lipid peroxidation, VAL
counteracting renin-angiotensin system activation
to reduce hemodynamic stress and inflammation;
and BQ-123 antagonizing endothelin-1, a potent
vasoconstrictor with pro-inflammatory, proliferative,
and profibrotic properties, thereby enhancing
endothelial function and nitric oxide bioavailability
Furthermore, oxidative stress analysis demonstrated
that HFD feeding significantly elevated renal
malondialdehyde (MDA) levels and depleted key
antioxidant defenses, including GSH, SOD, and
CAT, confirming disrupted redox homeostasis.
Therapeutic interventions significantly reversed
these abnormalities, with the triple regimen
producing the most pronounced reduction in MDA
and restoration of GSH, SOD, and CAT activities,
thus mitigating ROS-mediated renal damage.
Collectively, these findings provide compelling
evidence that multi-targeted pharmacological
strategies exert additive and synergistic effects in
combating hyperlipidemia-associated nephropathy,
and highlight that the triple combination of ATO, VAL,
and BQ-123 may serve as a promising therapeutic
approach for preventing or ameliorating renal injury
associated with dyslipidemia and oxidative stress.
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