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Abstract
Background: The risk of cardiovascular disease (CVD) in 
patients with chronic kidney disease (CKD) is estimated to be 
far greater than that in the general population. Adropin regulates 
endothelial function and may play a role in the pathogenesis 
of CVD. Angiotensin-converting enzyme inhibitor (ACEI) 
treatment was reported to have a protective effect on both renal 
and cardiovascular function. This study investigated whether 
adropin is associated with renal and cardiovascular outcomes 
after using ACEI treatment in CKD rats.  
Methods: In 2021, in Zagazig, Egypt, rats were assigned 
to: GI, control group (n=8); GII, CKD group (n=8), and GIII, 
CKD+captopril group (n=8), in which CKD rats received 100 
mg/Kg/day captopril orally. Adropin levels, renal function, 
blood pressure, and various CVD risk factors were measured. 
Renal, cardiac, and aortic tissues were examined histologically 
and immunohistochemically to detect the expression of vascular 
endothelial growth factor receptor-2 (VEGFR-2). To analyze 
data, ANOVA and Pearson’s correlation tests were used (SPSS 
version 18, P<0.05 is significant).
Results: Adropin was significantly lower in GII than in GI 
and GIII (P<0.001). Adropin in GII and GIII was negatively 
correlated with atherogenic index (P=0.019 and P=0.001, 
respectively), atherogenic co-efficient (P=0.012 and P=0.013, 
respectively), troponin I (P=0.021 and P=0.043, respectively), 
and nitric oxide (P=0.025 and P=0.038, respectively). VEGFR-2 
expression decreased in GII and was elevated in GIII (P<0.001).
Conclusion: Adropin levels were significantly correlated with 
most CVD risk factors in CKD and captopril-treated CKD rats, 
indicating a role for adropin in the pathogenesis of CVD in CKD. 
It also refers to its implication in the ameliorative effect of ACEI 
treatment, possibly by affecting VEGFR-2 and nitric oxide release.
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What’s Known

• The risk of cardiovascular disease 
(CVD) in patients with chronic kidney 
disease (CKD) is estimated to be far 
greater than that in the general population. 
• CKD is now considered an 
independent risk factor for CVD. Adropin 
has recently been demonstrated to 
regulate endothelial function and may play 
a role in the pathogenesis of CVD.

What’s New

• Adropin levels are significantly 
correlated with most cardiovascular risk 
factors associated with CKD. 
• It may be implicated in the ameliorative 
effect of angiotensin-converting enzyme 
inhibitors, possibly by affecting vascular 
endothelial growth factor receptor-2 and 
nitric oxide release.
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Introduction

The relationship between chronic kidney disease (CKD) and 
the risk of cardiovascular disease (CVD) is well-known; a high 
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percentage of patients with stage 4 to 5 CKD 
suffer from cardiovascular complications.1 
Moreover, CVD is the cause of death in 40%-50% 
of patients with stage 4 or 5 CKD, compared with 
only 26% of controls.2 CVD risk is not restricted 
to the advanced stages of CKD, as patients in 
the earlier stages of CKD also have a high risk of 
subsequent coronary heart disease. Therefore, 
CKD is now considered an independent CVD 
risk factor, equivalent to coronary artery disorder 
in terms of the risk of all-cause mortality.2

The strong association between CKD and 
CVD is partly explained by traditional risk factors 
such as hypertension, metabolic disorders, and 
inflammation, which are all associated with 
progressive renal disease.1 However, increasing 
evidence indicates a strong connection between 
proteinuria and CVD, both in patients with CKD 
and in the general population. Albuminuria is 
considered an index of the risk of cardiovascular 
or renal disorders.1

Adropin is a polypeptide hormone that 
regulates metabolism and energy homeostasis. 
It was identified in the liver, kidney, heart, small 
intestine, body fluids, and central nervous 
system.3 Recent data have indicated that 
adropin deficiency is associated with insulin 
resistance, atherogenesis, and poor cell-to-cell 
communication. Serum adropin has recently been 
used as a marker of endothelial dysfunction.3 
Adropin levels were significantly correlated with 
the risk of coronary atherosclerosis in patients with 
diabetes and have been suggested as a potential 
predictor of coronary artery disorder.3 Moreover, 
a relationship between adropin, kidney disease, 
and CVD was previously suggested. Lower 
levels of adropin were detected in hemodialysis 
patients, while another study considered low 
adropin levels to be an independent risk factor 
for CKD in diabetic patients with heart failure.3

The renin-angiotensin system (RAS) 
synthesizes angiotensin II (Ang II). Physiologically, 
Ang II plays a vital role in maintaining vascular 
tone, extracellular volume, and cardiac function. 
However, increased Ang II levels in CKD are 
associated with hypertension, renal injury, and 
risk of CVD.4 Prolonged Ang II infusion over 1-2 
weeks caused hypertension, increased reactive 
oxygen species output, increased preglomerular 
vascular resistance, and a decreased glomerular 
filtration rate as well as albuminuria, natriuresis, 
and glomerulosclerosis.5

Additionally, many studies have demonstrated 
a beneficial effect of angiotensin-converting 
enzyme inhibitor (ACEI) treatment in reducing 
renal tissue damage and CVD risk. ACEI treatment 
was found superior to other antihypertensive 
medications in preventing renal and cardiovascular 

death in stage 3-5 CKD patients.6 RAS blockade 
is supposed to exert benefits beyond lowering 
arterial blood pressure (ABP), which may include 
improvements in insulin resistance, inflammatory 
status, oxidative stress, and vascular function.6

The association between adropin and 
cardiovascular risk in CKD patients and its 
possible mechanisms needs further investigation. 
ACEI treatment is implicated in the management 
of both CVD and CKD, as previously mentioned. 
However, further investigation is needed to 
study the effect of ACEI treatment on adropin 
levels in CKD and whether adropin is associated 
with ACEI-induced effects on renal and cardiac 
function in CKD patients. 

Therefore, this study aimed to examine the 
correlation of adropin levels with renal function 
and various risk factors for CVD, including 
hypertension, insulin resistance, proinflammatory 
markers, proteinuria, lipid profile, atherogenic 
index of plasma (AIP), atherogenic coefficient 
(AC), cardiac troponin I (cTnI), as well as oxidative 
radicals and D-dimer in an experimental model 
of CKD. In addition, the association of adropin 
with the outcomes of RAS blockade using an 
ACE inhibitor is investigated.

Materials and Methods

Animals 
In total, 24 healthy adult male Wistar albino 

rats (182±20 g) were involved. The rats were 
provided by the Animal Center, College of 
Veterinary Medicine, Zagazig University, Egypt, 
and maintained throughout the study under 
hygienic conditions at the Animal House, College 
of Medicine, Zagazig University, Zagazig, Egypt. 
Rats were provided with free access to chow and 
water, kept at 21-23 °C on a 12-hour light/dark 
cycle and acclimated to animal house conditions 
for 2 weeks before experiments were begun.7 This 
study was conducted in 2021 and followed the 
ARRIVE guidelines.7 The Physiology Department 
Board and Institutional Animal Care and Use 
Committee of Zagazig University approved the 
study protocol (ref. ZU-IACUC/3/F/152/2021).

The rats were divided into three groups, GI-III 
(n=8 per group). In GI, the control group, rats were 
intraperitoneally injected with vehicle (0.2 mL of 
0.3 mol/L NaHCO3) once a week for 5 weeks. In 
GII, the CKD group, rats were intraperitoneally 
injected with folic acid (MEPACO-MEDIFOOD, 
Egypt) at a dose of 240 mg/Kg dissolved in 0.2 mL  
of 0.3 mol/L NaHCO3 once a week for 5 weeks.8 
The mortality rate in this group was 20%; dead 
rats were replaced during the experiment. In 
GIII, the CKD+captopril group, rats received 
folic acid as for GII, plus 100 mg/Kg captopril 
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(E.P.I.C.O, 10th of Ramadan, Egypt) in 5 mL tap 
water administered by oral gavage daily for 5 
weeks, beginning on day 1.9 The mortality rate in 
this group was 12.5%; dead rats were replaced 
during the experiment.

At the end of the 5th week, metabolic cages 
were used to collect urine samples for 24 
hours. Samples were measured for volume and 
centrifuged for 10 min at approximately 3000 
rpm to purify the sample. The supernatant was 
stored at -20 °C.

ABP was measured using a PowerLab 
system (AD Instruments, Sydney, Australia) 
according to the manufacturer’s instructions.10

Blood samples were withdrawn at the end of 
the 5-week experiment using the arterial blood 
pressure cannula after the ABP was measured. 
For each rat, approximately 3 mL of the 
withdrawn blood sample was collected in tubes 
containing 3.2% sodium citrate solution (0.1 mL:  
0.9 mL blood) and centrifuged for 10 min at 1258 
rpm. Plasma was used to measure the total 
cholesterol (TC), triglyceride (TG), high-density 
lipoprotein-cholesterol (HDL-C), and D-dimer 
levels. The remaining blood was used without 
anticoagulant to separate serum samples. 
The serum was isolated by allowing the blood 
samples to clot and then centrifuging at 3000 
rpm for 20 min. Samples were stored at -20 °C.

Chemical Analysis
Serum adropin levels were analyzed using a 

rat adropin ELISA kit (Catalog no. 201-11-3361; 
Shanghai Sunred Biological Technology Co., 
Ltd., Shanghai, China). 

Serum urea and creatinine and urine 
creatinine levels were measured using kits 
(Spinreact, Girona, Spain). Creatinine clearance 
was calculated using the following formula: 
(urine creatinine×V)/serum creatinine11 

Protein levels in the urine were assessed by 
measuring turbidimetry using a Microlab 300 
(Vital Scientific B.V., Dieren, Netherlands). 

Blood glucose levels were measured using a 
glucose enzymatic (GOD-PAP)-Liquizyme Rat 
Kit (Biotechnology, Egypt). Serum insulin levels 
were measured using a Rat ELISA kit (Catalog 
no. RAB0904; Merck, Darmstadt, Germany). 
The Homeostasis Model for Assessment of 
Insulin Resistance (HOMA-IR) was calculated 
using the following formula: 
insulin (μIU/mL)×glucose (mg/dL)/405.12 

C-reactive protein (CRP) levels were 
measured using a CRP kit (Monobind, Inc., Lake 
Forest, CA, USA). TC, TG, and HDL-C were 
measured using kits (BioSource Europe S.A., 
Nivelles, Belgium). AIP was calculated using the 
following formula: 

log TG/HDL-C13 
The atherogenic coefficient (AC) was 

calculated using the following formula: 
(TC-HDL-C)/HDL-C13 

Plasma cTnI and D-dimer levels were 
assessed using ELISA kits from Hangzhou 
Eastbiopharm Co., Ltd. (Hangzhou, China) and 
GenWay Biotech, Inc. (San Diego, CA, USA), 
respectively.

Serum nitric oxide (NOx) was determined 
using the Greiss reaction.14 Serum levels of tumor 
necrosis factor α (TNFα; catalog no. RAB0480), 
interleukin-6 (IL-6), superoxide dismutase (SOD; 
catalog no. 19160), and malondialdehyde (MDA; 
Catalog no. MAK085) were measured using kits 
obtained from Merck, Germany.

Histopathological Examinations
Kidneys, hearts, and aortas were harvested 

from the rats. Kidney and heart specimens 
were fixed in 10% formal saline for 48 hours.14-

18 Simultaneously, abdominal aorta specimens 
were fixed in Bouin’s solution for 48 hours. All 
the specimens were processed and embedded 
in paraffin blocks.19-22 Sections 6-µm thick were 
stained with hematoxylin and eosin (H&E), 
Masson’s trichrome, and immunohistochemical 
staining for vascular endothelial growth factor 
receptor-2 (VEGFR-2). 

Pathological changes in the kidney, heart, 
and aortic sections were scored as previously 
described. For kidney sections, the grades were 
as follows: Grade 0: no pathological changes; 
Grade 1: cloudy swelling with pale cytoplasm in 
the tubules; Grade 2: tubulointerstitial pathology 
(tubular damage with loss of brush borders, 
detached epithelial cells, tubular casts, tubular 
sclerosis, and thickness of tubular basement 
membrane); Grade 3: glomerulonephritis with 
mononuclear inflammatory interstitial infiltration, 
glomerular mesangial cell hypercellularity, 
thickening of the glomerular capillary and blood 
vessel walls, and tubular necrosis; Grade 4: 
end-stage kidney disease with sclerosis of the 
glomeruli, tubules, thickness of the blood vessel 
wall, and extensive interstitial infiltration.

For heart sections, the grades were as 
follows: Grade 0: no pathological changes; 
Grade 1: cloudy swelling with pale cytoplasm in 
cardiac cells; Grade 2: mild myocarditis with mild 
inflammatory infiltration between myocardial 
cells (1-10 inflammatory cells per 10 high-power 
fields, ×400); Grade 3: moderate or severe 
myocarditis with 11-50 or >50 inflammatory cells 
per 10 high-power fields, respectively; Grade 4: 
myocardial scarring and necrosis of myocytes 
with minimal vascularity and inflammation.

For aortic sections, the grades were as 



Serum Adropin and cardiovascular risk factor in experimental CKD

Iran J Med Sci 5

follows: Grade 0: no pathological changes; 
Grade 1: mild endothelial erosion and a few 
scattered red blood cells (RBCs); Grade 2: 
moderate endothelial erosion and adventitial 
hemorrhage; Grade 3: severe endothelial 
erosion and adventitial hemorrhage; Grade 
4: narrow vasa vasorum, inflammation, and 
atheromatous plaque.

Masson’s trichrome staining of collagen 
fibers was scored as follows: Grade 0: no stain 
(0%); Grade 1: mild staining (1-25%); Grade 2: 
moderate staining (26-50%); Grade 3: severe 
staining (>51%).

To detect the expression of VEGFR-2, 
5-µm thick sections were cut. Antigen retrieval 
was achieved with 10 mM sodium citrate, and 
immunohistochemistry was performed as 
previously described.23 Sections were graded 
as follows: Grade 0: negative (-ve); Grade 1: 
few positive cells (<25%), Grade 2: well-defined 
areas with positive cells (25-50%); and Grade 3: 
extensive areas with positive cells (>50%). 

The entire sections were examined, 
photographed, and scored at magnification 
×400 using a Leica DM500 light microscope 
(Leica Camera, Wetzlar, Germany) at the 
Anatomy Department, Faculty of Medicine, 
Zagazig University. The pathologist was blinded 
to the treatment.

Statistical Analysis
Data were normally distributed, so the 

parametric analysis was used, and values are 
expressed as mean±SD. Statistical analysis was 
performed using one-way analysis of variance 
(ANOVA), followed by post hoc analysis using 
the Least Significant Difference (LSD) test 
to compare means. Pearson’s correlation 
coefficient was used to assess correlations 
between parameters. Pearson’s Chi square test 
was used to confirm a statistically significant 
difference between the frequencies of grading 
between the groups. Significance was set at 
P<0.05. SPSS software version 18 (IBM Corp., 
Armonk, NY, USA) was used for the analysis. 

Results

Chemical Analysis
Serum adropin levels were significantly 

decreased in GII compared with GI (P<0.001) 
and significantly increased in GIII compared with 
GII (P=0.013). However, the levels in GIII were 
significantly higher than those in GI (P<0.001). 

Rats in GII had significantly increased serum 
creatinine, urea, and proteinuria, and significantly 
decreased creatinine clearance compared with 
those in GI. These parameters showed significant 
improvement in GIII compared with GII (table 1).  

Table 1: Biochemical parameters and blood pressure measured in the control group, chronic kidney disease group, and 
chronic kidney disease+captopril group
Parameter Control 

group 
Chronic kidney 
disease group

P valuea Chronic 
kidney disease 
+captopril group

P valuea P valueb

Serum adropin (ng/mL) 30.98±3.78 19.69±2.64 0.001* 23.66±2.15 0.001* 0.013*
Serum creatinine (mg/dL) 0.85±0.12 3.01±0.57 0.001* 2.3±0.7 0.001* 0.014*
Blood urea (mg/dL) 39.2±4.7 152.8±29.5 0.001* 73.1±12.6 0.002* 0.001*
Creatinine clearance (mL/min) 0.69±0.06 0.34±0.07 0.001* 0.52±0.061 0.001* 0.001*
Proteinuria (mg/dL) 5.03±0.8 12.6±1.3 0.001* 9.8±1.9 0.001* 0.001*
Glucose (mg/dL) 93.6±9.3 159.8±18.7 0.001* 141.9±9.8 0.001* 0.014*
Insulin (μIU/mL) 12.1±1 15.2±1.7 0.001* 13.6±1.1 0.033* 0.019*
HOMA-IR 2.8±0.24 6.03±1.2 0.001* 4.8±0.57 0.001* 0.004*
TC (mmol/L) 2.16±0.13 3.86±0.12 0.001* 2.9±0.38 0.001* 0.001*
TG (mmol/L) 0.52±0.1 0.86±0.08 0.001* 0.64±0.08 0.013* 0.001*
HDL-C (mmol/L) 1.4±0.4 0.63±0.13 0.001* 1.03±0.32 0.023* 0.014*
AIP -0.42±0.07 0.14±0.1 0.001* -0.19±0.1 0.002* 0.001*
AC 0.66±0.4 5.36±1.5 0.001* 2.07±1.04 0.016* 0.001*
cTnI (ng/dL) 0.06±0.017 0.15±0.05 0.001* 0.11±0.03 0.01* 0.036*
D-dimer (µg/mL) 0.09±0.016 0.23±0.039 0.001* 0.11±0.04 0.285 0.001*
NOx (µmol/L) 23.8±3.5 14±1.8 0.001* 18.8±1.9 0.001* 0.001*
TNF-α (pg/mL) 18.2±4.1 55.4±8.9 0.001* 34.3±6.9 0.001* 0.001*
IL-6 (pg/mL) 107.4±9.7 234.3±29.8 0.001* 151.4±13.2 0.001* 0.001*
CRP (mg/mL) 0.51±0.024 1.8±0.14 0.001* 0.79±0.08 0.001* 0.001*
MDA (µmol/L) 9.8±1.6 18.2±1.7 0.001* 12.1±1.9 0.014* 0.001*
SOD (IU/mL) 211.5±16.6 121.3±8.3 0.001* 170.3±11.6 0.001* 0.001*
SBP (mmHg) 99.4±11.2 141.9±20.3 0.001* 113.5±12.2 0.076 0.001*
DBP (mmHg) 60.6±9 102.3±14.6 0.001* 63.8±8.3 0.577 0.001*
Values are expressed as mean±SD. ANOVA test was used, followed by LSD test. aVersus control group; bVersus chronic 
kidney disease group; *Significant, level of significance P<0.05
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Serum adropin levels were inversely correlated 
with serum creatinine, blood urea, and 
proteinuria, and positively correlated with 
creatinine clearance in both GII and GIII  
(table 2).

There were significant increases in serum 
glucose, insulin, HOMA-IR, TC, and TG, and a 
significant decrease in HDL-C in GII compared 
with GI. These levels significantly improved 
after treatment with an ACEI in GIII (table 1). 
GII showed a significant negative correlation 
between serum adropin levels and levels of blood 
glucose, HOMA-IR, TC, and TG, and a positive 
correlation with insulin and HDL-C. The same 
results were recorded for GIII, except regarding 
insulin, where no significant correlation was 
observed (table 2).

AIP, AC, cTnI, and D-dimer levels were 
higher in GII than in GI. Their levels decreased 
significantly in GIII but remained significantly 
higher than those of the control group (table 1).  
There was a significant negative correlation 
between serum adropin levels and AIP, AC, 
cTnI, and D-dimer levels in GII. The same results 
were recorded for GIII, except for D-dimer levels, 
which showed no significant correlation (table 2).

Serum NOx levels were significantly reduced 
in the GII group compared with the control 
group. Levels were significantly elevated after 
treatment with captopril in GIII compared with 

GII; however, these did not return to baseline 
(table 1). There was a significant positive 
correlation between serum adropin and NOx 
levels in GII and GIII (table 2).

There was a significant increase in TNFα, 
IL-6, and CRP levels in GII compared with 
GI; these levels decreased significantly in 
GIII compared with GII (table 1). There was a 
significant negative correlation between serum 
adropin levels and serum TNFα and IL-6 levels 
in both GII and GIII, while CRP levels showed a 
significant negative correlation with adropin only 
in GII (table 2).

Concerning the oxidative stress markers, 
MDA was significantly increased, and SOD was 
significantly decreased, in GII compared with GI. 
In GIII, there was significantly reduced MDA and 
significantly elevated SOD compared with GII 
(table 1). Serum adropin levels were inversely 
correlated with MDA levels and positively 
correlated with SOD levels in GII and GIII (table 2).

There was a significant negative correlation 
between serum adropin levels and diastolic and 
systolic blood pressure in GII and GIII (table 2).  
Compared with GI, a significant increase in 
systolic and diastolic blood pressure was found 
in GII. There was a significant decrease in both 
levels in GIII compared with GII, and levels in 
GIII were not significantly different from levels in 
GI (table 1).

Table 2: Correlation between adropin levels and measured parameters in chronic kidney disease group and chronic kidney 
disease+captopril group
Parameter Chronic kidney disease group Chronic kidney disease+captopril group

r P value r P value
Serum creatinine (mg/dL) -0.884* 0.004 -0.753* 0.031
Blood urea (mg/dL) -0.737* 0.037 -0.847* 0.008
Creatinine clearance (mL/min)  0.716* 0.046 0.856* 0.004
Proteinuria (mg/dL) -0.713* 0.047 -0.713* 0.047
Glucose (mg/dL) -0.713* 0.047 -0. 815* 0.014
Insulin (μIU/mL) 0.822* 0.012 0.415 0.306
HOMA-IR -0.855* 0.007 -0.833* 0.01
TC (mmol/L) -0.806* 0.016 -0.823* 0.012
TG (mmol/L) -0.845* 0.008 -0.856* 0.007
HDL-C (mmol/L) 0.758* 0.02 0.846* 0.008
AIP -0.792* 0.019 -0.929* 0.001
AC -0.822* 0.012 -0.819* 0.013
cTnI (ng/dL) -0.787* 0.021 -0.722* 0.043
D-dimer (µg/mL) -0.816* 0.013 0.15 0.723
NOx (µmol/L) 0.772* 0.025 0.735* 0.038
TNF-α (pg/mL) -0.816* 0.014 -0.837* 0.01
IL-6 (pg/mL) -0.742* 0.035 -0.745* 0.034
CRP (mg/mL) -0. 814* 0.014 0.342 0.408
MDA (µmol/L) -0.831* 0.01 -0.783* 0.022
SOD (IU/mL) 0.779* 0.023 0.827* 0.011
SBP (mmHg) -0.861* 0.006 -0.882* 0.004
DBP (mmHg) -0.828* 0.011 -0.730* 0.04
r: Correlation with adropin; Pearson’s correlation coefficient was used to assess correlations. *Significant correlation, level of 
significance: P<0.05.
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Histopathological Analysis
H&E-stained sections of the renal cortex of 

GI animals represented typical characteristics 
(figure 1a). In contrast, examination of the left 
renal cortex of GII animals revealed glomerular 
collapse. Some glomeruli also showed 
glomerular sclerosis and a widening of the renal 
glomerular capsular space. There were multiple 
renal tubular injuries, such as flattening of the 
tubular epithelial lining, necrosis, sloughed 
cells in some tubular lumens, and loss of the 
brush border and vacuolization in the tubules. 
Some tubules were dilated and filled with a 
hyaline cast. Severe interstitial hemorrhage, 
inflammatory cellular infiltration, and congested 
blood vessels were observed (figure 1b). 
GIII kidneys showed normal glomeruli, and 

proximal and distal convoluted tubule cells were 
preserved to a certain degree. Some tubules 
showed sloughed epithelial cells, while others 
showed loss of the brush border and narrowing 
of the lumen lined with pale granular cytoplasm, 
indicating cloudy swelling of the kidney  
(figure 1c).

The cardiac muscle fibers from GI rats were 
normal (figure 1d), while those from GII animals 
showed inflammatory cellular infiltration of 
myocardial fibers with dilated vascular spaces 
containing RBCs, indicating myocarditis. (figure 1e).  
The cardiac sections from GIII animals showed 
typical features for most cardiac muscle fibers, 
with faint striations and central oval vesicular 
nuclei. However, pyknotic nuclei were still 
observed (figure 1f).

Figure 1: Representative photomicrographs of H&E-stained rat renal cortical tissues [a, b, c] for all studied groups showing a) 
GI: kidney has normal glomeruli (G) that contain a tuft of capillaries, Bowman’s space (thick arrow), normal proximal tubule (Pt) 
with intact brush border (thin arrow), and distal tubule (Dt). b) GII: there is glomerular sclerosis (GS); some tubules are dilated 
and filled with hyaline casts (C). Tubular epithelial cells showed flattening (bifid arrows), sloughed cells into the tubular lumen 
(zigzag arrows), and apical vacuolation (V). The interstitium reveals severe interstitial hemorrhage (H) and inflammatory cell 
infiltration (IF). There is congestion of blood vessels (BV). c) GIII: glomeruli (G), Bowman’s spaces (thick arrow), and proximal 
(Pt) and distal tubules (Dt) appeared typical. Some tubules showed detached epithelial cells (zigzag arrows), others showed 
loss of the brush border (curved arrow), and a narrow lumen lined by pale granular cytoplasm (*). Photomicrograph of H&E-
stained cardiac tissues [d, e, f] of all studied groups. d) GI: there are longitudinally arranged cardiac muscle fibers with faint 
striations (MS) and central oval vesicular nuclei (arrows). e) GII: there is inflammatory cellular infiltration (IF)of myocardial fibers 
(MS) with dilated vascular spaces (BV) containing RBCs indicating myocarditis. f) GIII: Myocardial fibers (MS) appear nearly 
normal. Photomicrographs of H&E-stained aortic tissues [g, h, i] for all studied groups. g) GI: the walls of the blood vessel have 
normal intima (I), media (M), and adventitia (Ad). h) GII showing severe intimal (I) and endothelial injury and erosions (*). There 
are many RBCs in the lumen with hemorrhage (H) in the adventitia (Ad) and normal Media (M). i) GIII: the blood vessels showed 
minute erosion (*) of the intima (I) normal media (M) and adventitia (Ad). Scale bar=50 μm, ×400. 
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The aortic tissue from GI rats was normal 
(figure 1g), while those from GII animals showed 
severe endothelial injury and erosion. There 
were many RBCs in the lumen, with hemorrhage 
in the adventitia. In contrast, the medium 
appeared normal (figure 1h). The aortic tissue 
from GIII animals showed minute erosion of the 
intima with a few scattered RBCs in the lumen 
and typical media and adventitia (figure 1i).

Scoring of H&E-stained kidney sections 
revealed that grades 3 and 4 were highly 
represented in GII in comparison to both GI and 
GII, while grades 0 and 1 were significantly more 
frequent in GIII than in GII (table 3). Scoring of 
H&E-stained heart sections revealed that grades 
3 and 4 were more common in GII than in GI and 
GIII, whereas grades 0 and 1 were significantly 
more frequent in GIII than in GII (table 4). 
Scoring of H&E-stained aorta sections revealed 
that grades 3 and 4 had a higher distribution in 
the aortic tissues of GII than in both GI and GIII, 
while grades 0 and 1 were significantly more 

frequent in GIII than in GII (table 5).
Masson’s trichrome staining showed fine 

collagen fibers within the renal cortex of animals 
of GI (figure 2a). In contrast, the kidneys of GII rats 
revealed a significant increase in collagen fiber 
distribution (figure 2b). GIII animals showed few 
collagen fibers within the renal cortex (figure 2c).  
Similar results were observed for hearts (figures 
2d, e, f) and aortas (figures 2g, h, i) from GI, GII, 
and GIII animals, respectively.

VEGFR-2 Immunohistochemistry 
Examination of VEGFR-2 immunohistochemical 

staining clarified the localization of positive cells 
in all experimental groups (as shown in figure 3).  
The staining was localized in the cytoplasm of 
the affected tissues. In the control groups, the 
renal cortex, heart, and aorta sections revealed 
moderate immunoreactions against VEGFR-
2. In contrast, GII showed few VEGFR-2 
immunopositive reactions. However, GIII sections 
were strongly VEGFR-2 immunopositive.

Table 3: Histopathological scoring of kidney section for H&E-stained slides
Grade GI (n=8) GII (n=8) GIII (n=8) Chi square test P value

N (%) N (%) N (%)
0: Normal 8 (100%) 0 (0%) 1 (12.50%) 9 0.0027*
1: Cloudy swelling 0 (0%) 0 0% 7 (87.50%)
2: Tubular-interstitial disease 0 (0%) 0 0% 0 (0%)
3: Glomerulonephritis 0 (0%) 1 (12.50%) 0 (0%)
4: End-stage kidney failure 0 (0%) 7 (87.50%) 0 (0%)
*Significant (P<0.05); GI: The control group; GII: The chronic kidney disease group; GIII: The chronic kidney disease+captopril 
group

Table 4: histopathological scoring of heart sections for H&E-stained slides
Grade GI (n=8) GII (n=8) GIII (n=8) Chi square 

test
P value

N (%) N (%) N (%)
0: Normal 8 (100%) - 6 (75%) 4 0.0455*
1: Cloudy swelling - - 2 (25%)
2: Mild myocarditis - - -
3: Moderate and severe myocarditis - 2 (25%) -
4: Myocardial scar - 6 (75%) -
*Significant (P<0.05); GI: The control group; GII: The chronic kidney disease group; GIII: The chronic kidney disease+captopril 
group

Table 5: Histopathological scoring of aorta sections for H&E-stained slides
Grade GI (n=8) GII (n=8) GIII (n=8) Chi square 

test
P value

N (%) N (%) N (%)
0: Normal 8 (100%) 0 (0%) 1 (12.5%) 4 0.0455*
1: Mild endothelial erosion, few 
scattered RBCs

0 (0%) 0 (0%) 6 (75%)

2: Moderate endothelial erosion, 
adventitial hemorrhage

0 (0%) 1 (12.5%) 1 (12.5%)

3: Severe endothelial erosion, 
adventitial hemorrhage

0 (0%) 1 (12.5%) 0 (0%)

4: Narrow vasa vasorum, 
inflammation, atheromatous plaque

0 (0%) 6 (75%) 0 (0%)

*Significant (P<0.05); GI: the control group; GII: the chronic kidney disease group; GIII: the chronic kidney disease+captopril 
group
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Masson’s trichrome staining scores of kidney 
and cardiac and aortic sections revealed a 
significantly higher incidence of grades 2 and 3 
in GII than in both GI and GIII. GIII had a higher 
frequency of Grades 0 and 1 than GII (table 6).

Scoring of VEGFR-2 expression in 

kidney, cardiac, and aortic sections revealed 
significantly higher grades 0 and 1 in GII than 
in GI, which showed significantly more grades 
1 and 2, while GIII had a significantly higher 
proportion of grades 2 and 3 than G1 and GII 
(table 6).

Figure 2: Different experimental groups showed Masson’s trichrome-stained renal cortex, cardiac, and aortic sections. Control 
groups (a, d, and g, respectively) show fine collagen fibers (arrows) within the renal cortex, cardiac, and aorta tissue. On the 
contrary, CKD groups (b, e, and h, respectively) revealed a significant increase in collagen fibers (arrows) within tissues. 
However, CKD+captopril groups (c, f, and I, respectively) showed few collagen fibers (arrows) within the renal cortex, heart, and 
aorta tissue. Masson’s trichrome, Scale bar=50 μm, ×400.

Table 6: Grading of Masson’s trichrome and VEGFR-2 staining of kidney, heart, and aortic sections
GI- 

Masson’s
GI-

VEGFR-2
GII

Masson’s
GII

VEGFR-2
GIII

Masson’s
GIII

VEGFR-2
Chi 
square 
test

P 
value 

n % n % N % n % N % n %
G0-K 8 100 0 0 0 0 3 37.5 3 37.5 0 0 11.733 0.01*
G1-K 0 0 6 75 1 12.5 5 62.5 5 62.5 0 0
G2-K 0 0 2 25 1 12.5 0 0 0 0 1 12.5
G3-K 0 0 0 0 6 75 0 0 0 0 7 87.5
G0-H 8 100 1 12.5 0 0 6 75 6 75 0 0 10.707 0.03*
G1-H 0 0 6 75 0 0 1 12.5 2 25 0 0
G2-H 0 0 1 12.5 3 37.5 1 12.5 0 0 2 25
G3-H 0 0 0 0 5 62.5 0 0 0 0 6 75
G0-A 8 100 0 0 0 0 2 25 2 25 0 0 24.736 0.001*
G1-A 0 0 5 62.5 1 12.5 6 75 6 75 1 12.5
G2-A 0 0 3 37.5 2 25 0 0 0 0 1 12.5
G3-A 0 0 0 0 5 62.5 0 0 0 0 6 75
*Significant (P<0.05); GI: the control group; GII: the chronic kidney disease group; GIII: the chronic kidney disease+captopril 
group; A: Aorta; H: Heart; K: Kidney; VEGFR-2: vascular endothelial growth factor receptor-2
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Figure 3: Representative photomicrographs of immunohistochemical analysis with VEGFR-2 antibodies of rat renal cortical 
tissues [a, b, c] in all studied groups. (a) GI showing moderate expression of VEGFR-2 (brown cytoplasmic stain (arrows) in 
Glomerular capillaries wall (G) with, Tubular basement membrane (T). Positive endothelial cells in the lining of the blood vessels 
(BV), (b) GII showing mild positive expression of VEGFR-2 in Glomerular capillaries wall (G), Tubular basement membrane (T), 
and negative endothelial cells in the lining of the blood vessels (BV). (c) GIII revealed marked expression of VEGFR-2 in the 
Glomerular capillaries wall (G), Tubular basement membrane (T), and positive endothelial cells in the lining of the blood vessels 
(BV). Representative photomicrographs of immunohistochemical analysis with VEGFR-2 antibodies of rat heart tissues [d, e, f] 
of 5 weeks studied groups. (d) GI showing moderate positive expression of VEGFR-2 in the vascular spaces endothelial lining 
(E) within the muscle (MS) longitudinal section. (e) GII showing mild expression of VEGF within the endothelial lining (E) of the 
vascular spaces within the longitudinal section of muscle cells revealing areas of muscle necrosis (MN). (f) GIII showing the 
marked expression of VEGR-2 in the endothelial lining of the vascular spaces (E), and muscle cells (MS) in the longitudinal 
section. Representative photomicrographs of immunohistochemical analysis with VEGFR-2 antibodies of rat aortic tissues. (g) 
GI showing moderate expression of VEGFR-2 in the endothelium of intima (I), media (M), and adventitia (Ad). (h) GII showing 
mild expression of VEGFR-2 with positive brown staining (Arrow) of the endothelium (PE) and also in the intima (I), media (M), 
and adventitia (Ad). Adventitia reveals also positive vasa vasorum lining (PV). (i) GIII showing marked expression of VEGFR-2 
with (brown cytoplasmic stain (arrows) in the endothelium (PE) of intima (I), normal media (M), and adventitia (Ad). VEGFR-2, 
Scale bar=50 μm, ×400.

Table 7: Diagnostic performance of Masson’s trichrome and VEGFR-2 staining of kidney, heart, and aortic sections
Masson’s 
trichrome 
Kidney

Masson’s 
trichrome 
Heart

Masson’s 
trichrome 
Aorta

VEGFR-2 
Kidney

VEGFR-2 
Heart

VEGFR-2 
Aorta

Sensitivity 100% 100% 100% 100% 100% 100%
Specificity 81.82% 94.12% 81.82% 100% 89.19% 78.12%
Positive predictive value 77.78% 87.50% 77.78% 100% 79% 50%
Negative predictive value 100% 100% 100% 100% 100% 100%
Positive likelihood ratio 5.50 17.00 5.50 100% 9.25 4.75
Negative likelihood ratio 0.0 0.0 0.0 100 % 0.0 0.0
Accuracy 92% 94.12% 89% 100% 92.31% 82.50%
VEGFR-2: Vascular endothelial growth factor receptor-2
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Both Masson’s trichrome and VEGFR-2 
staining of kidney, cardiac, and aortic sections 
showed high sensitivity (100%) in all tissues 
(table 7). VEGFR-2 staining showed the highest 
specificity and accuracy for kidney lesions 
(100%).

Discussion

This study revealed an association between 
serum adropin and cardiovascular risk factors 
in CKD rats, which potentiates the claims of 
its possible involvement in the pathogenesis 
of both CVD and CKD. Treatment of CKD rats 
with ACEI was accompanied by a significant 
increase in adropin level that was correlated 
with most renal and cardiovascular parameters, 
a finding that refers to a role for adropin in ACEI-
induced effects. 

Adropin levels decreased in GII compared 
with the control group, and these levels were 
negatively correlated with creatinine, urea, 
proteinuria, glucose, HOMA-IR, TC, TG, TNFα, 
IL-6, AI, AC, cTnI, D-dimer, and MDA, in addition 
to a direct correlation between adropin levels 
and creatinine clearance, and serum levels of 
insulin, HDL-C and SOD. Similarly, adropin has 
previously been shown to cause a significant 
decrease in TNFα and IL-6 mRNA expression in 
the pancreatic tissue of diabetic rats.24 Moreover, 
adropin levels were inversely correlated with 
TNFα levels in women with polycystic ovarian 
syndrome,25 indicating an anti-inflammatory 
effect of adropin. A similar study revealed a 
possible complex association between adropin 
and the cardiovascular status of patients with 
CKD, as it demonstrated a significant direct 
correlation between adropin and cTnI and 
N-terminal pro-B-type natriuretic peptide.26

Administration of captopril in GIII alongside 
a high dose of folic acid reduced the adverse 
effects caused by the latter. Captopril improved 
renal function parameters; there was a significant 
decrease in serum urea and creatinine levels, as 
well as reduced proteinuria levels and increased 
creatinine clearance. Histopathological 
examination of the renal tissues showed normal 
glomeruli and proximal and distal convoluted 
tubules; H&E staining revealed a significantly 
higher proportion of grades 0 and 1 than in 
GII. Similar to our results, ACEI treatment was 
previously reported to improve renal tissue 
damage, decrease CVD risk, and prevent renal 
and cardiovascular death in stage 3-5 CKD 
patients, and its effect was even found superior 
to other antihypertensive medications.11

RAS blockade has a beneficial effect beyond 
lowering ABP, including improvements in insulin 

resistance, inflammation, oxidative stress, and 
vascular function.6 The metabolic parameters 
and the values of AIP, AC, cTnI, D-dimer, CRP, 
proinflammatory cytokines, oxidative stress 
radicals, and arterial blood pressure were 
significantly improved after captopril treatment in 
the present study. In addition to the improvement 
in the histopathological appraisal of cardiac and 
aortic tissues compared with that of GII, Masson’s 
trichrome staining showed fewer collagen 
fibers within the renal cortex, cardiac, and 
aortic tissues than GII. Captopril may improve 
hemodynamic status by upregulating NOx, as 
serum NOx levels were significantly elevated in 
GIII compared with GII. This NOx elevation may 
be due to the direct effect of captopril or through 
the increase in adropin levels recorded after 
captopril treatment. Vasodilation and control 
of myocardial oxygen consumption by NOx 
may significantly contribute to the therapeutic 
effect of ACEI in cardiac disorders, as ACEI can 
decrease kinin degradation and increase NOx 
formation.27

Adropin has also been shown to have anti-
inflammatory and regulatory effects on the 
endothelium and was recently used to control 
endothelial cell function by upregulating 
endothelial NOx synthase (eNOS) expression 
through the VEGFR2-PI3K/Akt and VEGFR2-
ERK1/2 pathways. Lower adropin levels have been 
shown to lead to endothelial dysfunction, which 
is a significant early event in atherogenesis and 
the onset of CVD.3 Similarly, low serum adropin 
levels have been presented as an independent 
predictor of coronary atherosclerosis. Through 
suppression of inflammation, cellular migration, 
and adhesion, adropin can inhibit atherosclerosis 
either by direct anti-inflammatory effect or by 
boosting endothelial NOx production,28 which 
remains to be determined. In the present study, 
the levels of adropin in the CKD group were 
directly correlated with NOx levels, which have 
a substantial role in generating and mediating 
complicated hemodynamic disorders associated 
with the progression of CKD.29 In the present 
study, GIII showed higher VEGFR-2 expression 
in renal, cardiac, and aortic tissues than GII. 
Activated VEGFR-2 can evoke endothelial 
cells to form NOx, primarily via the PKC-PI3K/
Akt pathway. VEGFR-2 mediated signals 
can enhance eNOS binding to its molecular 
chaperone heat shock protein 90 and boost 
endothelial NOx release. VEGFR-2 activation 
can also control blood pressure by increasing 
the permeability of blood vessels and relaxing 
vessel walls.30 In the present study, the CKD 
group showed higher systolic and diastolic 
blood pressures than the control group with a 
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negative correlation between adropin levels 
and systolic and diastolic ABP in both GII and 
GIII. Similarly, a previous study demonstrated 
reduced adropin levels in hypertensive patients 
with blood pressure values exceeding 180/110 
mmHg compared with normotensive controls.31

There is a strong association between CVD 
and CKD owing to their mutual traditional risk 
factors, such as disturbances in carbohydrate 
and lipid metabolism, inflammation, or increased 
oxidative radicals.3 Our results revealed 
significantly disturbed metabolic parameters 
in the CKD group, as there were significantly 
elevated glucose, insulin, HOMA-IR, TC, and 
TG levels with a considerable reduction in 
HDL-C compared with the control group. Many 
studies have suggested that patients with CKD 
have carbohydrate metabolism disturbances 
and hypothesized that insulin resistance might 
be responsible for high cardiovascular morbidity 
and mortality in patients with CKD.32 Impaired 
glucose oxidation, impaired suppression of 
endogenous glucose production, and abnormal 
insulin secretion influence glucose intolerance 
in CKD, and these carbohydrate metabolic 
disturbances may be due to the accumulation of 
nitrogenous uremic toxins.33

The malnutrition-inflammation complex 
syndrome developed in CKD patients may lead 
to a low body mass index, hypocholesterolemia, 
hypohomocysteinemia, and other manifestations 
of lipid metabolic dysfunction.34 The contribution 
of dyslipidemia to the risk of cardiovascular 
complications in patients with CKD was previously 
reported, and CKD-associated dyslipidemia 
was found highly atherogenic.35 Matching with 
our results, CKD patients are commonly found 
with elevated serum TG and low HDL-C levels, 
which are negatively correlated with the risk of 
atherosclerosis.35

Regarding inflammatory mediators and 
oxidative stress radicals, the present study 
showed a significant increase in TNFα, IL-6, 
CRP, and MDA levels, and a significant decline 
in the levels of SOD in GII compared with GI. 
These results are in accordance with previous 
studies that indicated inflammation is a crucial 
process in patients with CKD; therefore, CKD is 
considered a systemic inflammatory condition.36 
Pro-inflammatory processes in CKD patients 
may be due to various factors, including infection, 
insulin resistance, metabolic acidosis, oxidative 
stress, and reduced cytokine clearance.36

The AIP and AC are practical formulas for 
predicting the risk of CVD. AIP is based on two 
influential lipids: TG and HDL-C. In contrast, AC 
represents the ratio of non-HDL-C to HDL-C.19 
Both indices quantify blood lipid levels and are 

considered optimal indicators of dyslipidemia 
and the associated cardiovascular risk.37 The 
present study results revealed an increase in the 
AIP and AC, which were negatively correlated 
with adropin in the CKD group compared with 
the control group, indicating a high risk of CVD 
in this group. This finding is in accordance 
with earlier studies that reported a significant 
increase in AIP in chronic renal patients.29

Moreover, cTnI and D-dimer levels were 
higher in the CKD group than in the control group. 
Many experimental studies have demonstrated 
that cTnI is released due to irreversible cell 
death.38 However, other studies have shown 
that myocardial ischemia alone could result 
in cTnI release without evidence of necrosis, 
and reversible cell damage can increase its 
release by releasing membranous blebs; neither 
mechanism has been confirmed to date.37, 38 

Recent evidence identified D-dimer as a useful 
marker to predict cardiovascular complications 
and mortality.39

As explained above, biochemical analysis 
showed a high probability of CVD in GII due 
to multiple interactive risk factors. Masson’s 
trichrome staining scores of kidney, cardiac, and 
aortic sections revealed a significantly higher 
ratio of grades 2 and 3 in GII than in the control 
group. Histological analysis of the cardiac 
muscle indicated a higher ratio of grades 3 
and 4, including myocarditis and cardiac scars, 
respectively, in GII. In addition, GII aortic tissues 
showed pathological changes extending from 
moderate and severe endothelial erosion with 
adventitial hemorrhage to narrowing of the vasa 
vasorum and atheromatous plaque.

A possible mechanism may be the 
reduced endothelial synthesis of NOx in CKD. 
Appropriately functioning eNOS is essential for 
controlling arterial pressure, glucose, and lipid 
homeostasis.39 Inadequate NOx synthesis in the 
kidneys is crucial for generating and mediating 
the complicated hemodynamic disturbances 
associated with CKD progression.28 The present 
study indicated a significant decrease in serum 
NOx in GII. These results align with the reduced 
daily excretion of urinary nitrite/nitrate previously 
detected in patients with moderate to severe CKD 
compared with those with mild CKD and healthy 
controls.40 Lack of NOx may result from decreased 
arginine levels since the kidney is an important 
site for endogenous arginine synthesis.28

Our study focused on the correlation 
between adropin and different measured renal 
and cardiovascular parameters, but it lacks the 
investigation of different cellular and molecular 
pathways that explain our results. Studying the 
effect of in vivo adropin administration is also 
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needed to confirm the outcomes of the study, 
which was another limitation of our work.

Conclusion

In this study, adropin levels were significantly 
correlated with most of the risk factors analyzed. 
ACEI treatment in CKD rats was associated with 
a significant increase in adropin level that was 
correlated with most renal and cardiovascular 
parameters, indicating a role for adropin in the 
ameliorative effect of ACEI treatment probably 
by up-regulating VEGFR-2 in cardiac, renal, 
and aortic tissues and boosting endothelial 
NOx release. However, the exact mechanism 
of its function and regulation remains to be 
determined. Further clinical and experimental 
studies that go beyond correlative analyses will 
be required to define the exact role of adropin in 
the pathophysiology of CVD risk. 
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