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Abstract. – OBJECTIVE: Hypercholester-
olemia (HC) is a devastating metabolic disor-
der that has a negative effect on the kidneys’ 
functional and structural modalities via oxidative 
stress and inflammation. The aim of this paper is 
to elaborate on the role of the flavonoid apigen-
in (Apg), considering its antioxidant, anti-inflam-
matory, and antiapoptotic capabilities, in alleviat-
ing hypercholesterolemic-induced kidney injury. 

MATERIALS AND METHODS: Twenty-four 
adult Wister male rats were allocated into four 
equal groups and treated for eight consecutive 
weeks: a control group, supplemented with a nor-
mal pellet diet (NPD); the Apg group, supplement-
ed with NPD and Apg (50 mg/Kg); the HC group, 
fed with NPD enriched with 4% cholesterol and 
2% sodium cholate; and the HC/Apg group, con-
comitantly rendered hypercholesterolemic and 
gavaged with Apg. At the end of the experiment, 
serum samples were collected to measure renal 
function parameters, lipid profile, MDA, and GPX-
1. Thereafter, the kidneys were processed for his-
tological study and homogenized to assess IL-
1β, IL-10, and the gene expression of kidney in-
jury molecule-1 (KIM-1), fibronectin 1 (Fn1), and 
NF-E2-related factor 2 (Nrf2) via RT-qPCR. 

RESULTS: HC disturbed the renal function, lip-
id profile, and serum redox balance. In addition, HC 
elicited a proinflammatory/anti-inflammatory imbal-
ance, upregulating KIM-1 and Fn1 and downregu-
lating the Nrf2 gene expression of the kidney tis-
sue. Moreover, HC induced marked histopatholog-
ical changes in the kidney cytoarchitecture. Effica-
ciously, upon concomitant Apg supplementation 
with a high-cholesterol diet, most functional, histo-
logical, and biomolecular impairments of the kidney 
were comparatively restored in the HC/Apg group. 

CONCLUSIONS: Apg mitigated HC-induced 
kidney injury via modulating the KIM-1, Fn1, and 
Nrf2 signaling pathways, a promising effect that 
may be useful as an adjunct to antihypercholes-
terolemic medications to treat the devastating 
renal complications of HC. 
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Introduction 

Cholesterol is an essential compound for the 
structural integrity of the cell membranes and 
plays a vital role as a precursor for steroid hor-
mones and bile acids. Elevated blood cholester-
ol level, known as HC, is a well-established risk 
factor for cardiovascular, cerebrovascular, and 
peripheral vascular diseases1. HC can be defined 
as LDL cholesterol greater than 190 mg/dL or 
greater than 160 mg/dL with one major risk factor 
or greater than 130 mg/dL with two major risk 
factors. These major risk factors include hyper-
tension, diabetes mellitus, smoking, age (male: 45 
years or older; female: 55 years or older), a pos-
itive family history of premature atherosclerosis 
(younger than 55 years in a male and younger 
than 65 years in a female) and low HDL choles-
terol levels (less than 40 mg/dl in male and less 
than 55 mg/dl in a female)2.

HC is mainly due to primary (genetic or fa-
milial) or secondary (acquired) causes. The clas-
sical genetic disorder is familial hypercholesterol-
emia due to mutations in the LDL receptor gene, 
resulting in LDL-C greater than 190 mg/dl in 
heterozygotes and greater than 450 mg/dl in ho-
mozygotes3. These genetic mutations of the LDL 
receptor gene account for 85% of familial causes. 
Other genetic causes of familial hypercholesterol-
emia include defective apolipoprotein B, resulting 
in a loss of ligands binding to the LDL receptor. 
Additionally, mutations in the proprotein conver-
tase subtilisin/kexin type 9 (PCSK9) gene lead to 
an increased affinity of PCSK9 for the LDL recep-
tor, which results in a more rapid clearance of the 
LDL receptor by targeting it to the lysosome for 
degradation in the liver, thus resulting in HC2-6.

All of the above genetic causes are transmit-
ted as autosomal dominant traits. Another rare 
genetic cause is autosomal recessive hypercholes-
terolemia due to a mutation in the LDL receptor 
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adaptor protein, resulting in defective endocyto-
sis of the LDL receptors. However, the most com-
mon cause is polygenic HC, which results from 
an interaction of unidentified genetic factors com-
pounded by a sedentary lifestyle and an increased 
intake of high saturated fats, trans-fatty acids, 
and cholesterol2-6. The acquired causes include 
diabetes mellitus, cholestatic liver diseases, hy-
pothyroidism, metabolic syndrome, obesity, and 
nephrotic syndrome. Moreover, some drugs, such 
as thiazide diuretics, cyclosporine, olanzapine, 
and smoking have been linked with an increased 
risk of hypercholesterolemia2.

In 2020, the World Health Organization 
(WHO) revealed the global prevalence of HC to 
be around 11.9%, accounting for 28.5 million 
adults aged ≥20 years. In Saudi Arabia, the data 
on the prevalence of hypercholesterolemia are 
scarce, and the local prevalence ranges widely 
from 8.5% to 54.9%7.

It was hypothesized that, if HC is not promptly 
treated, many general deleterious effects can be 
caused, including atherosclerosis, coronary heart 
disease, myocardial infarction, ischemic cardio-
myopathy, sudden cardiac death, ischemic stroke, 
microvascular disease, erectile dysfunction, and 
acute limb ischemia8.

Determinately, HC is highly prevalent in patients 
with chronic kidney disease (CKD), and the relation 
between both issues remains unclearly understood. 
Hypercholesterolemia is a major risk factor for 
CKD, owing to HC-induced renal atherosclerosis 
and OS. It was found that elevated LDL cholesterol 
is associated with increased systemic levels of oxi-
dized LDL (OxLDL), which is well-known to be in-
volved in endothelial cell dysfunction9,10. Moreover, 
several experimental studies11 have demonstrated 
that, in addition to its well-known proatherogenic 
effect on renal microvasculature, hypercholesterol-
emia may exacerbate the renal vascular responses to 
ischemia/reperfusion injury (I/R injury) with subse-
quent renal dysfunction. 

In a crosstalk manner, CKD results in a pro-
found dysregulation of several lipoprotein key 
enzymes that eventually contributes to increased 
LDL cholesterol, triglycerides, and triglycer-
ide-rich apolipoprotein B (apoB), together with de-
creased HDL cholesterol12. With the progression of 
CKD, oxidative/nitrative stress participates in re-
nal functional progression13-15. Oxidative/nitrative 
stress is an excess formation or insufficient remov-
al of highly reactive molecules, such as reactive 
oxygen and/or nitrogen species (ROS and RNS), 
including superoxide, hydrogen peroxide, hydrox-

yl radical, and peroxynitrite16. Enzymatic sources 
for ROS formation include the mitochondrial re-
spiratory chain, nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidases, xanthine oxidase, 
cyclooxygenases, uncoupled nitric oxide synthase 
(NOS), and peroxidases, while antioxidant en-
zymatic systems include superoxide dismutase 
(SOD), catalase, glutathione peroxidase, glutathi-
one reductase, and heme oxygenase (HO)17.

To date, extensive research has been conduct-
ed to combat HC. However, no effective and clini-
cally applicable preventive or curative compounds 
have been established. The major preventive em-
phasis strategy is directed primarily at exercise 
and changing lifestyles with strict diet regimens. 
In addition, several lipid-lowering drugs have 
been employed, such as statins (HMG-CoA re-
ductase inhibitors), Ezetimibe (inhibits intestinal 
absorption of cholesterol), and PCSK9 monoclo-
nal antibodies (increases LDL clearance from the 
circulation)18. Additionally, Gemcabene (enhances 
the clearance of VLDLs in plasma and the inhi-
bition of the production of cholesterol and TGs in 
the liver through its liver-directed downregulation 
of hepatic apoC-III)19. Inclisiran increases LDL-C 
receptor recycling and expression on the hepato-
cyte cell surface, thereby increasing LDL-C up-
take by hepatocytes and lowering LDL-C levels 
in the bloodstream20. Evinacumab inhibits angio-
poietin-like 3 (ANGPTL3), which is an inhibitor 
of lipoprotein and endothelial lipase that is respon-
sible for increasing the levels of triglycerides and 
other lipids21. Vupanorsen reduces the production 
of the ANGPTL3 protein, which ultimately leads 
to a reduction in LDL-C levels22. ARO-ANG3 also 
inhibits ANGPTL3 and is designed to reduce tri-
glycerides and decrease LDL-C in patients with 
mixed dyslipidemia23. Bempedoic acid inhibits 
ATP-citrate lyase, which is a component of the 
cholesterol synthesis pathway24.

However, the aforementioned synthetic drugs 
have several deleterious effects, and they are ex-
pensive and non-specific. One strategy that holds 
great promise in combating hypercholesterolemia 
is the use of flavonoid preparations derived from 
edible plants. These flavonoids are characterized 
by exhibiting high antioxidant activity, being well 
tolerated, cost-effective, of high therapeutic effi-
cacy, and with almost no side effects.

In this study, attention was directed to Api-
genin (Apg, one of the promising flavonoids). Apg 
(4′,5,7-trihydroxyflavone) is a natural product be-
longing to the flavone family and exists principal-
ly in vegetables (parsley, celery, and onions), fruits 
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(oranges), herbs (chamomile, thyme, oregano, and 
basil), and plant-based beverages25. Apg is used as 
an alternative regimen with antioxidant, anti-apop-
totic, and anti-inflammatory capabilities. Therefore, 
this study highlights and pays attention to the poten-
tially mitigating role of Apg in the experimentally 
induced hypercholesterolemia of male rats.

Materials and Methods

Chemicals 
All chemicals were purchased from Sigma-Al-

drich Co. (St Louis, MO, USA).
Cholesterol: White powder with purity >90% 

(CAS No: 57-88-5). 
Sodium cholate hydrate: (CAS No: 206986-87-

0): Dried powder with purity ≥97.0%.
Apigenin (Apg): Light yellow powder with pu-

rity >98% (CAS No: 520-46-5).  
Dimethyl Sulfoxide (DMSO): Derived in the 

form of a clear colorless liquid (CAS No: 76-86-5). 
Sodium pentobarbital: A vial of 2 ml solution 

(Virbac Animal Health, Milperra, NSW, Australia).

Study Setting
This study was conducted at Pharmacology 

Research Laboratory, Faculty of Pharmacy, King 
Abdulaziz University, Jeddah, Saudi Arabia, in 
April-June 2022.

Animals 
Adult male Wister rats (n=24, aged approxi-

mately 12-16 weeks and weighing 190-220 gm) 
were used in this study. The rats were obtained 
from the animal house of the Faculty of Pharmacy, 
King Abdulaziz University, Jeddah, Saudi Arabia. 
The rats were left to acclimatize without handling 
for one week prior to the start of the experiments. 
The animals were housed in well-ventilated cages 
at an ambient temperature of 23±2 C°, under the 
natural 12-hour day/night cycle with free access to 
a standard commercial rodent chaw and tap water 
ad libitum throughout the entire study period. 

Ethical Statement
The experimental protocol of this study was 

revised and approved by the local ethical guide-
lines established by the Research Ethics Com-
mittee, Faculty of Pharmacy, King Abdulaziz 
University, Jeddah, Saudi Arabia (Reference No; 
PH-1443-18). These institutional rules are in strict 
accordance with the international guiding princi-
ples for the care and use of laboratory animals.

Preparation of the Hypercholesterolemic 
Diet (HCD)

The rats were kept on two dietary regimens, 
a standard commercial normal pellet diet (NPD) 
(for the control group) (Ashirwad Industries, 
Chandigarh, India) and a hypercholesterolemic 
diet (HCD) (for the tested groups). The NPD 
consisted of 48.8% carbohydrates, 21% protein, 
and 3% fat and 27.2% others (calcium, phospho-
rus, fibers, and ash). On the other hand, the HCD 
was reconstituted by enriching the NPD with 
4% (weight/weight) cholesterol and 2% (weight/
weight) sodium cholate26. All ingredients of the 
HCD were thoroughly mixed with water and 
transformed into pellets and then oven-baked at 
65 °C overnight for proper drying to avoid fungal 
contamination. HCD was freshly prepared every 
3-4 days and stored at -20°C.

Experimental Groups
The rats were randomly allocated into four 

groups of six rats each:  
I (Control group): Rats were supplemented 

with a standard commercial normal pellet diet 
(NPD) of 48.8% carbohydrates, 21% protein, 
and 3% fat and 27.2% others (calcium, phos-
phorus, fibers, and ash) and were gavaged with 
0.5 ml DMSO by oral gavage, once daily for 
eight weeks.

II (Apg group): This group was supplemented 
with NPD and gavaged with Apg (50mg/Kg) 
dissolved in 0.5 ml DMSO by oral gavage, 
once daily for eight weeks27. 

III (HC group): In this group, the rats were fed 
orally with NPD enriched with 4% (weight/
weight) cholesterol and 2% (weight/weight) 
sodium cholate for eight weeks26. The develop-
ment of hypercholesterolemia was confirmed 
by measuring the serum cholesterol, and rats 
with cholesterol levels ≤ 250 mg/dl were in-
cluded in the study.

IV (HC/Apg group): The rats of this group were 
rendered hypercholesterolemic as in group III 
for eight weeks; during this time, they were 
concomitantly gavaged with Apg at the same 
dose as group II.
 

Experimental Protocol 
At the end of the experiment (after eight weeks), 

the rats were weighed and fasted overnight. The 
following day, blood samples were withdrawn 
from the retro-orbital venous sinuses. The blood 
samples were left to clot at room temperature in 
non-heparinized tubes. The collected blood sam-
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ples were centrifuged at (3000 rpm. for 15 min) to 
obtain the serum, which was stored at −20 °C until 
the time of biochemical analysis. Afterward, the 
rats were weighed and anesthetized using sodium 
pentobarbital (60 mg/kg) and sacrificed by cervi-
cal dislocation. Then, the abdomen was opened 
by a longitudinal incision, and the left kidney was 
excised, cleaned from the surrounding fat and 
connective tissue, and fixed for 48 hours in 10% 
neutral buffered formalin (NBF) to be processed 
later for histological study28. The right kidney was 
excised and homogenized in ice-cold 0.01 M Tris–
HCl buffer, pH 7.4, to obtain a 10% homogenate29.

Biochemical Analysis

Measurement of the renal function
Serum urea, creatinine, uric acid, sodium, and 

potassium were measured. Additionally, the an-
imals were kept for 24 hours in metabolic cages 
(starting at 08 pm and ending at 08 am the next 
day), and 24-hour urine samples were collected to 
measure the level of urinary creatinine. Finally, 
creatinine clearance was calculated to measure 
the glomerular filtration rate (GFR). 

Measurement of the serum lipid profile
Serum TC, TG, and HDL were analyzed using 

commercial kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China). Serum LDL was 
calculated according to the equation of30 [LDL = 
TC– (HDL + TGs/5]. 

Measurement of serum lipid peroxidation and 
antioxidant enzymes

Malondialdehyde (MDA, an indicator of lipid 
peroxidation) was determined spectrophotometri-
cally using a thiobarbituric acid reactive substanc-
es (TBARS) assay kit (Sigma-Aldrich, Chemical 
Comp., MO, USA). MDA was expressed as (nmol/
ml). In addition, the serum antioxidant enzyme, 
Glutathione peroxidase-1 (GPX-1), was measured 
spectrophotometrically using a commercial assay 
kit (Abcam, UK). GPX-1 was expressed as (U/ml). 

Measurement of the renal tissue pro-
inflammatory and anti-inflammatory cytokines 

In the kidney tissue homogenate, the pro-in-
flammatory cytokine (IL-1β) and the anti-inflam-
matory cytokine (IL-10) were measured using rat 
ELISA kits following the manufacturer’s instruc-
tions. IL-1β and IL-10 were expressed as pg/µg 
protein.

Gene Expression Via Real Time-Quantitative 
Polymerase Chain Reaction (RT-Qpcr)

In the kidney tissue homogenate, the gene expres-
sions of the kidney injury molecule-1 (KIM-1), fi-
bronectin 1 (Fn1), and NF-E2-related factor 2 (Nrf2) 
were assessed by RT-qPCR. Briefly, the total RNA 
was extracted from the homogenate using a standard 
TRIzol RNA isolation method (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA); then, 
cDNA was synthesized using a reverse transcription 
kit (Reverse Transcriptase Master Mix, Roche Di-
agnostics) according to the manufacturer’s instruc-
tions. RT-qPCR analysis was performed in a mix-
ture containing 5 μL cDNA, 10 μL Eva green mix 
(Jena Bioscience), and 0.6 μL primers (10 μM), with 
a PCR grade water up to 20 μL. The amplification 
was carried out using Real-time PCR (Strata gene 
Mx 3005 P-qPCR System). The amplification con-
ditions were 2 min at 50ºC, 10 min at 95ºC, and 40 
cycles of denaturation for 15 s and annealing/exten-
sion at 60ºC for 10 min. The relative gene expression 
of each target cDNA sample relative to the reference 
sample was calculated. The fold-change of each tar-
get gene expression was normalized to the Ct value 
of a reference gene of glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) using the comparative Ct 
method (2-ΔΔCT) method. The sequence of the primers 
of the target studied genes and that of GAPDH are 
shown in Table I.

Histological Study
The formalin-fixed kidneys were dehydrated in 

ascending grades of ethanol, cleared in xylene, and 
embedded in paraffin wax; then, serial sections of 
5 μm thick were cut using a microtome (Leica RM 
2125, Leica Biosystems Nussloch GmbH, Germany) 

Table I. Primer sequences of the studied genes for RT qPCR.

Gene Forward Reverse

KIM-1 5′-TGGCACTGTGACATCCTCAGA-3′ 5′-GCAACGGACATGCCAACATA-3′
Fn1 5′-CTCGCTTTGACTTCACCACCA-3′ 5′-TCTCCTTCCTCGCTCAGTTCGTACT-3′
Nrf2 5′-CTCTCTGGAGACGGCCATGACT-3′ 5′-CTGGGCTGGGGACAGTGGTAGT-3′
GAPDH 5’-TCAAGAAGGTGGTGAAGCAG-3’ 5’-AGGTGGAAGAATGGGAGTTG-3’
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and mounted on glass slides. Finally, some sections 
were stained with Hematoxylin and Eosin (H&E) 
stain “for a routine histological examination of the 
renal cortex”31. Finally, the stained H&E sections 
were examined under a light microscope.  

Statistical Analysis
In the present study, the data were analyzed us-

ing the statistical package for social sciences pro-
gram [SPSS v.23 (IBM, Armonk, NY, USA)] and 
the GraphPad prism (GraphPad 9 statistical Soft-
ware, Inc., San Diego, CA, USA). The data are ex-
pressed as mean±SD. The variables were checked 
for normality using Shapiro-Wilk test. The signif-
icance of differences between groups was deter-
mined by one-way analysis of variance (ANOVA) 
followed by post-hoc Tukey’s test. p-value ≤0.05 
was considered statistically significant.

Results

Effect of Apg on the Renal Function
Table II depicts a statistically significant in-

crease in the mean serum urea, uric acid, and 
creatinine together with a significant decrease in 

the creatinine clearance of the HC group com-
pared to that of the control and Apg groups. Upon 
concomitant Apg administration to the high-cho-
lesterol-fed rats in the HC/Apg group, the dete-
riorated renal function parameters were returned 
nearly to a level comparable to that of the control 
and Apg groups. 

Effect of Apg on the Lipid Profile 
Table III depicts a statistically significant in-

crease in the mean serum cholesterol, TG, and 
LDL, together with a significant decrease in se-
rum HDL in the HC group compared to that of 
the control and Apg groups. In the HC/Apg group, 
these lipid profile parameters were mitigated 
compared to those of the HC group.

Effect of Apg on Serum Lipid Peroxida-
tion and Antioxidant Enzymes

There was a statistically significant increase in 
the mean serum MDA and a decrease in serum 
GPX-1 in the HC group in comparison with the 
control and Apg groups. In the HC/Apg group, the 
mean serum MDA decreased, and serum GPX-1 
increased significantly upon concomitant supple-
mentation of Apg with HFD (Table IV). 

Table II. Renal function tests in all animal groups (Mean±SD).

Values are expressed as Mean±SD of 6 rats of each group. Statistical analysis was carried out using One-way ANOVA followed 
by Tukey’s test. Statistical significance was set at p-value<0.05. *Significant p-value when compared to the control group.  
#Significant p-value when compared to the HC group.

 Control Apg HC HC/Apg F-test p-value
 group group group group 

Urea (mg/dl) 13.85±0.948 15.70±3.77 76.00±8.50* 34.60±8.44*# 131.4 .000
BUN (mg/dl) 6.46±0.44 7.30±1.73 35.51±3.97* 15.80±3.63*# 135.7 .000
Creatinine (mg/dl) 0.58±0.20 0.56±0.23 2.49±0.57* 1.14±0.34*# 35.4 .000
Creatinine clearance  (ml/min) 1.18±0.25 1.15±0.20 0.41±0.14 0.76±0.15 20.5 .000

Table III. Serum lipid profile in all animal groups (Mean±SD).

Values are expressed as Mean±SD of 6 rats of each group. Statistical analysis was carried out using One-way ANOVA followed 
by Tukey’s test. Statistical significance was set at p-value <0.05. *Significant p-value when compared to the control group. 
#Significant p-value when compared to the HC group.

 Control Apg HC HC/Apg F-test p-value
 group group group group 

Cholesterol (mg/dl) 118.50±5.61 124.16±7.57 292.66±39.08* 193.83±23.6*# 35.1 .000
TG (mg/dl) 75.66±3.9 81.83±6.21 160.33±31.06* 84.50±11.72*# 33.2 .000
HDL (mg/dl) 46.83±3.76 47.33±4.63 23.50±5.64* 37.83±8.03*# 22.5 .000
LDL (mg/dl) 71.66±7.39 76.83±7.44 265.83±45.65* 156.00±30.95*# 33.4 .000
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Effect of Apg on Renal Tissue Pro-Inflam-
matory and Anti-Inflammatory Cytokines

There was a statistically significant increase in 
the mean renal tissue IL-1β and a decrease in IL-
10 in the HC group in comparison with the con-
trol and Apg groups. In the HC/Apg group, the 
mean renal tissue IL-1β decreased and serum IL-
10 increased significantly upon concomitant sup-
plementation of Apg with HFD (Table V). 

Effect of Apg on the Gene Expression of 
KIM-1, Fn1, and Nrf2 in the Renal Tissue

The results of the qRT-PCR demonstrated that the 
gene expression of KIM-1 and Fn1 increased signifi-
cantly by ~ 6-fold, and the expression of Nrf2 protein 
decreased by ~10-fold in the kidney tissue of the HC 
group compared with those of the control and Apg 
groups. The level of these three renal biomarkers was 
rescued upon Apg supplementation (Figures 1-3).  

Table IV. Serum Lipid peroxidation and antioxidant enzymes in all animal groups (Mean±SD).

Values are expressed as Mean±SD of 6 rats of each group. Statistical analysis was carried out using One-way ANOVA followed 
by Tukey’s test. Statistical significance was set at p-value <0.05. *Significant p-value when compared to the control group. 
#Significant p-value when compared to the HC group.

 Control Apg HC HC/Apg F-test p-value
 group group group group 

MDA (nmol/ml) 3.33±0.46 3.08±0.67 14.63±0.77* 70.78±1.13*# 273.3 .000
GPX-1 (U/L) 176.33±10.76 181.33±12.48 86.50±15.57* 175.50±10.78*# 79.4 .000

Table V. Renal tissue pro-inflammatory and anti-inflammatory cytokines in all animal groups (Mean±SD).

Values are expressed as Mean±SD of 6 rats of each group. Statistical analysis was carried out using One-way ANOVA followed 
by Tukey’s test. Statistical significance was set at p-value <0.05. *Significant p-value when compared to the control group. 
#Significant p-value when compared to the HC group.

 Control Apg HC HC/Apg F-test p-value
 group group group group 

IL-1β (pg/µg protein) 5.96±1.02 5.26±1.58 14.60±0.68* 7.85±0.39# 104.0 .000
IL-10 (pg/mg protein) 5.43±1.08 6.23±1.59 2.28±0.84* 13.98±1.81*# 76.8 .000

Figure 1. Gene expression of KIM-1 in the renal tissue in 
different animal groups (Mean±SD). Values are expressed 
as Mean±SD of 6 rats of each group. Statistical analysis was 
carried out using One-way ANOVA followed by Tukey’s 
test. Statistical significance was set at p-value <0.05. *Sig-
nificant p-value when compared to the control group. #Sig-
nificant p-value when compared to the HC group. 

Figure 2. Gene expression of Fn1 in renal tissue in dif-
ferent animal groups (Mean±SD). Values are expressed as 
Mean±SD of 6 rats of each group. Statistical analysis was 
carried out using One-way ANOVA followed by Tukey’s 
test. Statistical significance was set at p-value <0.05. *Sig-
nificant p-value when compared to the control group. #Sig-
nificant p-value when compared to the HC group. 
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Effect of Apg on the Histology of the 
Kidney Tissue

The H&E-stained section of the kidney of a con-
trol rat (group I) and Apg rat (group II) revealed a 
normal cytoarchitecture of both cortical and juxta-
medullary (JM) nephrons, having renal corpuscles 

encompassing normal Bowman’s capsule and glom-
eruli with well-organized juxtaglomerular appara-
tus. Additionally, both normal proximal convoluted 
tubules (PT) and distal convoluted tubules (DT) and 
renal microvasculature were observed (Figures 4-5). 

On the other hand, the H&E-stained section in 
the kidney of the HC rat (group III) displayed sub-
capsular congestion and hemorrhage of the renal 
capsules. Both cortical and JM nephrons exhibit-
ed wide Bowman’s spaces, dilated congested glo-
merular capillaries, and a slight expansion of the 
mesangial matrix. Moreover, dilatated congested 
microvasculature with focal areas of hemorrhage 
in the renal interstitium was observed. Addition-
ally, disorganized juxtaglomerular apparatus and 
dilated congested glomerular afferent and effer-
ent arterioles. The cells of PT and DT were lad-
en with many lipid vacuoles and appeared more 
acidophilic. The DT showed a dilated lumen with 
some cells having pyknotic nuclei, and other cells 
appeared shortened than the control rats (Figure 6).

The H&E-stained section in the kidney of HC/
Apg rat (group IV) showed apparently normal cy-
toarchitecture of both cortical and JM nephrons 
with an intact visceral layer of Bowman’s capsule 
and the glomerular basement membrane. More-
over, the renal microvasculature revealed mild 
congestion and minute areas of hemorrhage in the 
renal interstitium (Figure 7).

Figure 3. Gene expression of Nrf2 in renal tissue in dif-
ferent animal groups (Mean±SD). Values are expressed as 
Mean±SD of 6 rats of each group. Statistical analysis was 
carried out using One-way ANOVA followed by Tukey’s 
test. Statistical significance was set at p-value<0.05. *Signif-
icant p-value when compared to the control group. #Signifi-
cant p-value when compared to the HC group. 

Figure 4. A photomicrograph of the H&E-stained section of the kidney of a control rat. a, Normal appearance of the renal 
capsule (Cap) and cortical nephrons reveal conventional renal corpuscles and renal tubules. The cortical renal corpuscle (C) 
exhibits Bowman’s capsule (BC) with average Bowman’s space (BS) and the glomerulus (G), which is in intimate contact 
with the visceral layer of BC (white arrow). At the vascular pole of the glomerulus, there is a well-organized juxtaglomerular 
apparatus (interrupted arrow). The cortical renal tubules reveal proximal convoluted tubules (PT) lined by acidophilic tall cu-
boidal epithelium with a narrow lumen, and distal convoluted tubules (DT) lined by smaller cuboidal epithelium with a wide 
lumen. b, Normal juxtamedullary nephrons with a normal aspect of renal corpuscles and renal tubules. The corpuscle (C) has 
the same histological features as the cortical corpuscle, with a distinct visceral layer of Bowman’s capsule (white arrow). Also, 
the proximal convoluted tubules (PT) and distal convoluted tubules (DT) appear normal, besides the common arcuate artery 
(AA) and arcuate vein (AV). Scale bar =50 µm. H&E x400.
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Figure 5. A photomicrograph of the H&E-stained section of the kidney of an Apg-treated rat. a, The renal capsule (Cap) and 
cortical nephrons appear normal. The cortical renal corpuscle (C) exhibits common Bowman’s capsule (BC) with average 
Bowman’s space (BS) and the glomerulus (G), which is in intimate contact with the visceral layer of BC (white arrow). The 
cortical renal tubules reveal regular proximal convoluted tubules (PT) and distal convoluted tubules (DT). b, The juxtamed-
ullary nephron exhibits normal renal corpuscle (C) having the same histological appearance as the cortical nephrons with a 
definite visceral layer of Bowman’s capsule (white arrow). Also, PT and DT appear normal, besides the arcuate vein (AV) at 
the cortico-medullary junction. Scale bar =50µm. H&E x400.

Figure 6. A photomicrograph of the H&E-stained section in the kidney of an HC-treated rat. a, A renal capsule (Cap) with 
subcapsular hemorrhage and congestion (double arrows) are noticed. Also, interstitial vascular congestion with focal areas 
of hemorrhage (long arrows) is inspected. The cortical nephrons reveal nephropathy, whereas the cortical renal corpuscles 
(C*) display wide Bowman’s space (BS*), dilated congested glomerular capillaries (arrowheads), and a slight expansion of 
mesangial matrix (short arrows). The cells of some proximal convoluted tubules (PT*) are laden with large lipid vacuoles. The 
cells of other proximal convoluted tubules (PT**) appear more acidophilic. The distal convoluted tubules (DT*) reveal dilated 
lumen with some cells having pyknotic nuclei and other cells appear shortened than that of the control rats. b, The juxtamed-
ullary nephrons exhibit affected renal corpuscles (C*) that reveal dilated congested glomerular capillaries (arrowheads), and 
a slight expansion of mesangial matrix (short arrow). Also, disorganized juxtaglomerular apparatus (interrupted arrow). The 
cells of the distal convoluted tubules (DT*) are loaded with lipid vacuoles alongside dilated congested glomerular arteriole 
(GA). Some cells of the proximal convoluted tubules appear more acidophilic (PT**). Moreover, dilatation and congestion 
of the arcuate artery (AA*) with leukocytic infiltration (curved arrow) besides, focal areas of hemorrhage (long arrows) are 
noticed in the interstitium. Scale bar =50µm. H&E x400.
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Discussion

Hypercholesterolemia (HC) is a metabolic 
disorder that increases the risk of renal diseas-
es. The renal burden depends on the degree and 
duration of exposure to raised cholesterol lev-
els. In this study, the rats supplemented with a 
high-cholesterol diet (HC group) had oxidative 
stress (OS) that was intermingled with disturbed 
biomarkers of oxidant/antioxidant balance, 
whereby the serum MDA, a marker of lipid per-
oxidation product, increased, while the serum 
GPX-1 activity decreased in the HC rats. It was 
reported that HC caused the oxidative modifica-
tion of LDL, protein glycation, and glucose-au-
to-oxidation, thus leading to an excess produc-
tion of lipid peroxidation products, particularly 
MDA, which may cause an elevation of OS in 
hyperlipidemic subjects32,33. Equivalently, it was 
found that MDA increased in the renal tissue of 
hypercholesterolemic rats34. Additionally, HC is 
known to induce OS through the activation of 
xanthine oxidase, which combines with xanthine 
to generate reactive oxygen species (ROS)35,36. 
Moreover, Green et al37 have found that diet-in-
duced hypercholesterolemia increased ROS lev-
els, contributing secondarily to a decrease in the 
peroxidase activity of the enzymatic antioxidant 
glutathione in rats. 

Previous studies38-40 have shown that HC is an 
independent risk factor for the onset and progres-
sion of renal disease via the induction of OS in 
the kidneys. This effect of the HC diet added a 
pro-oxidant burden to the naturally occurring one 
in the kidneys due to its intertwined renal vas-
culature that often causes renal ischemia-reperfu-
sion injury (IRI) with the subsequent production 
of overwhelming ROS, which are common medi-
ators underlying various kidney diseases39. In line 
with this, patients with chronic kidney disease 
(CKD) often experience an imbalance between 
oxygen reactive species (ROS) production and 
antioxidant defenses, leading to cell and tissue 
damage40. Earlier studies41 have shown a positive 
correlation between the imbalance in pro-oxidant 
and antioxidant activities and renal dysfunction 
in humans. Strikingly, OS has been found even 
in the early stages of CKD, and it seems to in-
crease as CKD progresses and correlates signifi-
cantly and inversely with the level of glomerular 
filtration rate (GFR) as reflected by an increased 
systemic marker of OS plasma 8-isoprostane lev-
els42. Additionally, Witko-Sarsat et al43 found the 
same results using other markers of OS, including 
MDA and GPX. 

Therefore, the modulation of HC-induced re-
nal OS is a feasible approach to prevent and/or 
treat deleterious renal consequences. This mod-

Figure 7. A photomicrograph of the H&E- stained section in the kidney of HC/Apg-treated rat. a, The renal capsule (Cap) 
appears normal without vascular congestion, and the cortical nephrons display an improvement, whereas the renal corpuscles 
(C*) exhibit slight congestion (arrowhead) in the glomerular capillaries and a minimal proliferation of the mesangial matrix 
(short arrow). Moreover, some renal tubules (T*) are dilated while the majority of the tubules, proximal (PT) and distal 
convoluted tubules (DT), are conserved without deposition of fat vacuoles. b, The juxtamedullary nephrons illustrate some 
preserved renal corpuscles (C) with a slightly defined visceral layer of Bowman’s capsule with the glomerulus (white arrow), 
while few renal corpuscles (C*) exhibit slight congestion (arrowhead). However, most of the renal tubules, proximal (PT) and 
distal convoluted tubules (DT), are preserved. The arcuate artery (AA) and vein (AV) appear normal without congestion. Scale 
bar =50µm. H&E x400.
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ulation can be approached in at least three dif-
ferent ways. First, cholesterol-lowering therapies 
have indirect secondary antioxidant properties. 
Second, the induction of endogenous enzymatic 
antioxidant systems or the inhibition of the proo-
xidant enzymes may be feasible. The third novel 
approach is the application of antioxidant mole-
cules, particularly those of natural products such 
as flavonoids8.

In this regard, the third approach was chosen 
in this study, where the concomitant administra-
tion of the flavonoid Apigenin (Apg) alongside the 
high-cholesterol diet could successfully mitigate 
the oxidant/antioxidant imbalance and restore the 
MDA and GPX-1 to approximately their basal 
control levels. Many studies44,45 have reported the 
antioxidant activity of Apg. Recently, an in vitro 
study44 and another in vivo study45 have docu-
mented an efficacious antioxidant activity of Apg 
against renal tubular epithelial cell injury.

In this study, the obtained HC-induced redox 
imbalance may be beyond the histoarchitecture 
changes that were clearly contemplated under the 
light microscopic examination of the kidney tissue. 
Obviously, microscopic changes involving both 
glomeruli and renal tubules of the cortical and jux-
tamedullary nephrons were observed and pointed 
mostly to the development of glomerulosclero-
sis and segmental necrosis in the renal tissues of 
the HC group. Moreover, dilatation in glomerular 
capillaries and Bowman’s space were detected; 
in addition, many necrotic interstitial cells in the 
kidneys of the HC rats were observed. The afore-
mentioned renal histopathological changes were 
partially ameliorated in HC/Apg group. 

Redox imbalance and inflammation of the renal 
tissue was encountered in HC rats where a signif-
icant concomitant increase in pro-inflammatory 
markers (IL-1β) and a decrease in the anti-inflam-
matory markers (IL-10) in the renal tissue homog-
enate of the HC group was detected compared with 
those of the control one. Based on the histological 
evidence, the inflammation of the renal tissue in 
the HC group was evident and confirmed under 
a light microscope, where mononuclear cell in-
filtration in the renal cortices was contemplated. 
Inflammatory cells, which are locally activated in 
the renal microenvironment or migrate from hema-
topoietic organs, further produce ROS. Thus, the 
crosstalk between OS and inflammation represents 
a key aggravating factor for the initiation and pro-
gression of acute kidney diseases, including dia-
betic nephropathy, hypertension-associated kidney 
disease, and toxic-induced nephropathy39.

Pathologically, HC represents an inconve-
nience mechanism that drives the associated re-
nal injury. The high-cholesterol diet frequently 
known as the western diet (WD), which is char-
acterized by highly processed foods with high fat 
content, is one of the major contributors to the 
increased incidence of CKD46. Population-based 
studies47 have determined that high cholesterol is 
a strong independent risk factor for end-stage re-
nal disease (ESRD), even after adjusting for other 
major risk factors associated with this condition. 

Comparatively, the HC/Apg group of rats ex-
hibited a significant drop in IL-1β and a rise in 
IL-10 in the renal tissue homogenate, a distinctive 
finding that implies the anti-inflammatory capabil-
ity of Apg. In previous studies48,49, Apg has shown 
several valuable bioactive properties, such as anti-
oxidant and anti-inflammatory activities. Apg has 
been repeatedly reported to attenuate the nephro-
toxicity caused by several toxic agents via its anti-
oxidant and anti-inflammatory attributes44,50,51.

In this work, in conjunction with the renal tissue 
inflammation, a derangement of the lipid profile was 
encountered in HC rats where there was a significant 
increase in serum cholesterol and triglyceride, and 
LDL, together with a decrease in HDL. This HC-as-
sociated dyslipidemia worsened the renal function 
biomarkers with a rise in serum urea, BUN, and 
creatinine aligned with decreased GFR as employed 
by decreased creatinine clearance. These findings 
might point to the possibility of the development of 
CKD following a chronic high-cholesterol diet.  

As part of a vicious circle, all patients with 
CKD experience a secondary form of dyslip-
idemia characterized by increased serum tri-
glycerides with elevated VLDL, small dense LDL 
particles, and low HDL cholesterol. All these 
particles are characterized by triglyceride-rich 
apolipoprotein B (apoB)-containing complex li-
poproteins, which have a significant atherogenic 
potential52. CKD results in the profound dysregu-
lation of several key enzymes and metabolic path-
ways that eventually contributes to dyslipidemia. 
With the progression of CKD, these metabolic de-
rangements may be further worsened and partici-
pate in atherogenic diathesis and possibly further 
progression of renal dysfunction14.

Previous animal studies53-55 have shown a posi-
tive correlation between the presence of an athero-
genic lipid profile and the onset of glomeruloscle-
rosis and endothelial dysfunction. In this respect, 
disrupted lipid profile, kidney function, and struc-
ture were employed in diet-induced hypercholes-
terolemia in both rat models55,56 and mice mod-
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els57,58. Consistent with the experimental models, 
dyslipidemia in humans is usually associated with 
the development and progression of renal dysfunc-
tion59. Among human studies relating dyslipidemia 
to the renal outcome, one study59 found that a high-
er total cholesterol and a lower HDL cholesterol 
were significantly associated with an increased risk 
of developing renal dysfunction. 

In this study, Apg significantly restored the 
distorted lipid profile upon its concomitant sup-
plementation with 4% cholesterol and 2% sodium 
cholate. Inconsistent with these results, Apg reg-
ulated cholesterol metabolism in vivo and antilip-
idemic effect60,61. Moreover, Apg improved lipid 
metabolism in vitro62. These collective results 
shifted the attention gradually in recent years to 
Apg as a novel antilipidemic natural plant flavo-
noid with a high efficacy and few adverse effects 
rather than the available antilipidemic drugs.

Profound dyslipidemia in the HC group could 
explain the accumulation of fat droplets in the re-
nal tubules upon the light microscopic examination 
of the kidney tissue. This finding was in line with 
a previous work in which HC caused the accumu-
lation of fat droplets in the tubular cells of rats63. 
The accumulation of fat droplets in tubular cells 
initiated lipotoxicity that determinately affects the 
cell metabolism with the overproduction of OS 
and increased cell apoptosis64. Szeto et al65 have 
shown that excess fat droplets in the kidney lead 
to mitochondrial damage in all renal cell types, 
with 50% cell loss, reduced size, and loss of cristae 
membranes that contain the protein complexes of 
the electron transport chain; thus, a loss of ATP 
production was employed. Another drawback of 
excess fat droplets in the kidney is an increased in-
flammatory cell infiltration in the histological anal-
ysis of the kidney tissue63. Indistinguishably, this 
drawback was strikingly achieved in this study. 

The disclosed HC-induced lipid accumula-
tion in the kidney tissue was associated with an 
increased expression of the immune-related bio-
markers genes, viz., kidney injury molecule-1 
(KIM-1) and fibronectin 1 (Fn1), in the renal tis-
sue of the HC group. Biologically, KIM-1 is a type 
1 transmembrane protein that serves as a urinary 
marker in acute renal tubular injury66. In a human 
study67, high urinary KIM-1 levels and an exten-
sive expression of this protein were detected in bi-
opsies from the proximal tubule of patients with 
acute tubular necrosis. In a somewhat analogous 
manner to KIM-1, fibronectin 1 (Fn1) is an extra-
cellular matrix protein that is linked to some renal 
diseases characterized by proteinuria, hematuria, 

and considerable fibronectin deposits in the mesan-
gium and subendothelial space, subsequently lead-
ing to end-stage renal failure68. Upregulated Fn1 
gene has been identified in several human diseases, 
including renal carcinoma. In previous studies69,70, 
Fn1 mRNA expression was significantly higher in 
renal cell carcinoma (RCC) compared to that in 
normal renal tissue, indicating its possible role in 
renal carcinogenesis and its progression. Recently, 
it has been intriguing to speculate that the ubiqui-
tous expression of Fn1 is an unfortunate common 
histological endpoint of progressive CKD71. 

Another critical gene that was unfortunate-
ly downregulated in the kidney tissue of the HC 
group was the transcription factor Nrf2. This factor 
normally serves to protect the cells from harmful 
oxidative stress, playing an integrative role in in-
ducing the expression of genes encoding enzymes 
involved in antioxidant (e.g., glutathione and NA-
DPH) production and the reduction in pro-oxidants 
(e.g., heme and quinonoids)39. It was determined 
that the loss of Nrf2 aggravates tissue damage and 
fibrosis in kidney disease models, such as auto-
immune nephritis72, diabetic nephropathy73, toxic 
injury74, and IRI75. Additionally, clinical trials in-
vestigating Nrf2-activating compounds in kidney 
disease patients are ongoing, and beneficial effects 
are being obtained39. Successfully, Apg modulated 
the HC-induced KIM-1, Fn1, and Nrf2 gene expres-
sion in the kidney tissue. 

Limitations
We acknowledge that this study has some 

limitations. Kidney function in rats could not be 
assessed via monitoring the passage of an extra-
cellular contrast agent in conjunction with MRI, 
which is a gold standard method that could enable 
us to better understand the relative contributions 
of HC to the detrimental renal functional out-
comes and subtle structural abnormalities, as it is 
not available in our lab.

Conclusions

The results reveal that Apg ameliorated HC-in-
duced renal injury by suppressing not only oxida-
tive stress and inflammation, but also it has a ben-
eficial role in modulating the HC-induced KIM-1, 
Fn1, and Nrf2 gene expression. Therefore, Apg is 
expected to emerge as a first-in-class innovative 
natural flavonoid strategy for preventing HC-in-
duced kidney injury and its future transfer to clin-
ical applications must be a paramount concern.
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