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Abstract

Objective: Diabetic kidney disease (DKD) is still a significant cause of morbidity in patients with diabetes. In this study, we
examined the potential effects of continuous erythropoietin receptor activator (CERA) on oxidative stress, inflammation,
and the renin-angiotensin system in a rat model of DKD induced by streptozocin.

Materials and Methods: A single intraperitoneal injection of streptozocin (65 mg/kg) was used in male Sprague Dawley
rats to induce diabetes. The rats were randomly divided into 4 groups (n=8/group): diabetic (group D), CERA (group CR),
CERA-treated diabetic group (group D+CR), and the control group (group C). The oxidative stress biomarkers, renal function
parameters, messenger-ribonucleic acid expression of renin-angiotensin system parameters, and kidney histology were
investigated.

Results: Creatinine clearance was found to be increased and the urinary albumin-to-creatinine ratio decreased in group
D+CR compared with that of group D. Serum malondialdehyde levels were significantly lower, and glutathione and glu-
tathione peroxidase levels were significantly higher in group D+CR than those of group D. Serum interleukin-1f, tumor
necrosis factor-a, and interferon-y levels were significantly lower; and monocyte chemoaatractant protein 1 levels were
significantly higher in group D+CR than those in group D.

Conclusion: CERA can protect against DKD, in part, and is related to the suppression of the renal oxidative and inflamma-
tory response.
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INTRODUCTION

Diabetic kidney disease (DKD) is still a significant cause
of morbidity in patients with diabetes, ultimately lead-
ing to end-stage renal disease (1). The increasing num-
ber of patients affected by DKD parallels the dramatic
rise in the prevalence of diabetes, and DKD is consid-
ered to be a medical disaster worldwide (2). Develop-
ment of DKD is associated with metabolic and hemo-
dynamic changes that lead to glomerular hypertrophy,
glomerulosclerosis, tubulointerstitial inflammation,
and fibrosis. Activation of the renin-angiotensin system
(RAS), oxidative stress, and proinflammatory cytokines
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increase in the course of diabetes and contribute to the
appearance and improvement of DKD (3). The RAS plays
a critical role in the evolution of DKD; therefore, the
pharmacological blockade of the RAS has been recent-
ly used for the preservation of renal function in patients
with DKD (4, 5). Oxidative stress and inflammation play a
significant role in the pathogenesis of diabetes-induced
renal injury. The mechanisms, such as dysfunction of
the antioxidant defense system and an increase in re-
active oxygen species (ROS) formation, are responsible
for the increase in oxidative stress in these patients (6).
The link between inflammation and the improvement of
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diabetic nephropathy includes complicated molecular systems
and processes (7).

The current therapeutic approach, unfortunately, only slows the
progression of the disease but is not able to prevent diabetic re-
nal insufficiency in clinical settings. Therefore, new therapeutic
approaches are needed to prevent the progressive loss of renal
function in patients with diabetes. Experimental data have point-
ed to oxidative stress, inflammation, growth factors, and cyto-
kines as the targets of potential therapeutic interventions (8, 9).

Recent studies have shown that erythropoiesis-stimulating
agents (ESAs) have a protective effect on many nonerythroid
cells apart from the effects on erythroid progenitor cells. Re-
combinant human erythropoietin (epoetin) is one of the first
molecules used to stimulate erythropoiesis. More recently,
continuous erythropoietin receptor activator (CERA) has been
developed. CERA has a considerably longer half-life, different
receptor-linking features and pharmacology from other eryth-
ropoietic agents, and also slows clearance rate (10). Recent ex-
perimental data demonstrated that CERA has healing effects on
diabetic renalinjury (9, 11).

In this study, we aimed to explore the potential effects of CERA
on inflammation, oxidative stress, and the RAS in a rat DKD
model induced by streptozocin.

MATERIALS AND METHODS

Ethics

The Animal Ethics Review Committee of Yeditepe University
School of Medicine approved this study (Approval Date: July 04,
2020; Approval Number: 2015-87), and the experiments were
executed in compliance with the international guidelines on the
ethical use of animals.

Animals and Experimental Design
In the study, we used male Sprague Dawley rats (n=32), weigh-
ing ~240-260 g (10-weeks-old), fed ad libitum, and housed in
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controlled conditions at a temperature of 22°C+1°C with a 12-
hour light/dark cycle. We utilized separate metabolic cages for
collection of 24-hour urine.

After an overnight fast, we gave the rats a single-dose strepto-
zocin (Sigma Aldrich Co.; St Louis, MO, USA) intraperitoneally.
We measured blood glucose levels after 48 hours using the Opti-
mum Exceed test strip glucometer (Abbott Laboratories; Abbott
Park, Illinois, USA) and considered glucose levels above 300
mg/dL as diabetes.

We administered 1-8 U insulin (Levemir; Novo Nordisk, Bags-
vaerd, Denmark) to the diabetic rats for prevention of weight
loss and ketotic status every day. At the end of the 4" week after
the formation of diabetes, we divided the rats into 4 groups ran-
domly (n=8/group).

1. The control group (group C): nondiabetic rats without strep-
tozocin or any drug treatment

2. Diabetic group (group D): diabetic rats

3. CERA group (group CR): nondiabetic rats administered 50
pg/kg/biweekly CERA

4. CERA-treated diabetic group (Group D+CR): diabetic rats ad-
ministered 50 pg/kg/biweekly CERA.

At the end of 12 weeks after randomization, all the rats were
sacrificed by decapitation under anesthesia.

Renal Function Parameters

We used the immunoperoxidase assay to measure the urinary
albumin levels (GenWay Biotech; San Diego, CA, ABD). We mea-
sured the serum and urine creatinine levels according to the
manufacturer’s instructions using clinical assay kits (COBAS
Integra 400 Plus; Roche Diagnostic, Rotkreuz, Switzerland) and
calculated creatinine clearance (Ccr) applying the following for-
mula (12):

cor|

urinary Cr xurinary volume] v, [ 1000 ]

serum Cr body weightx1440
Oxidative Stress Parameters in Kidney

We homogenized the kidney samples in ice-cold 0.15 M KCl
(10% w/vol) before all analyses. We determined malondialde-
hyde (MDA) levels according to the methods of Ohkawa et al.
(13), and we used MDA to evaluate the degree of lipid peroxi-
dation. We measured the kidney glutathione (GSH) levels (14),
kidney superoxide dismutase (SOD) activities (15), and glutathi-
one peroxidase (GSH-Px) activities (16) according to the recent
studies using related procedures. We used bicinchoninic acid to
determine the protein levels (17).

Serum Cytokines
We measured interleukin (IL)-1pB, IL-4, interferon (IFN)-y, mono-
cyte chemoattractant protein (MCP)-1, and tumor necrosis fac-
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tor (TNF)-a levels in serum using the rat cytokine kit (BMS826FF,
E-Bioscience, Belgium).

Real-Time Polymerase Chain Reaction for Renin Receptor,
Renin, Angiotensin Type 1 Receptor, and Angiotensin

We applied the method described previously for real-time
polymerase chain reaction (RT-PCR) evaluations (18). We put
25 mg of the kidney tissue containing both cortex and medulla
sections into ribonucleic acid (RNA) later (QIAGEN, Germany).
Total RNA was isolated using the Roche High Pure RNA Iso-
lation kit (Roche Diagnostics; Switzerland). Isolations were
performed according to the manufacturer’s instructions. The
tissues were homogenized using magnetic pellet motor pes-
tle (Sigma; USA). Supernatants containing nucleic acids were
taken into 1.5 mL microcentrifuge tubes containing 200 pL of
100% ethanol. Samples were then moved into the spin col-
umns and centrifuged at 13,000x g for 2 minutes. After wash-
ing, they were quantified in the NanoDrop spectrophotometer
(Thermo Scientific; USA) before complementary deoxyribonu-
cleic acid (cDNA) synthesis.

For single-strand cDNA synthesis, Transcriptor High Fidelity
cDNA Synthesis Kit (Roche; Switzerland) was used according
to the manufacturer’s instructions. The quality of samples was
evaluated using NanoDrop Spectrophotometer (Thermo Scien-
tific; USA).

RT-PCR was performed using TagMan Master Kit (Roche; Swit-
zerland). Primers used in RT-PCR were angiotensin, angiotensin
receptor 1a, renin, and renin receptor, and B-actin as internal
control and were acquired from Roche as Realtime Ready Prim-
ers with an optimized annealing temperature of 60°C. Roche
Light Cycler 480 was used to acquire the results with following
PCR conditions: 10 minutes at 95°C, 95°C for 10 s, 60°C for 30
s, 72°C for 1 s for 45 cycles, and 40°C for 30 s. All samples were
evaluated in triplets, and the results were analyzed on the Light
Cycler 480 Analysis Program v5.0 by 2-ddCP relative quantifica-
tion.

Kidney Histology and Morphometry

The dissected kidneys were fixed overnight with 4% formalde-
hyde in phosphate buffered saline (pH 7.2), processed, embed-
ded in paraffin according to standard protocols, and sectioned
at 4 um. The slides were stained with hematoxylin and eosin
and Massone Trichrome using standard histologic procedures.
Glomerular sclerosis, interstitial fibrosis, and tubulointerstitial
damage were evaluated in a blinded fashion by an experienced
pathologist. Glomerular sclerosis was graded semiquantitative-
ly in 4 grades: 0=normal glomerulus, 1tsclerosis involving less
than 25% of the glomerular surface area, 2tsclerosis involving
25% to 50% of the glomerular surface area, and 3tsclerosis in-
volving more than 50% of the glomerular surface area. Tubu-
lointerstitial damage (tubulointerstitial inflammation, tubular
injury, and interstitial fibrosis) was also scored semiquanti-
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tatively as described previously: 0=normal interstitium and
tubules; 1+minimal injury (<25% of tissue section affected);
2+mild injury (25%-<50% of tissue section affected); 3tmoder-
ate injury (50% to 75% of tissue section affected); and 4tsevere
injury (>75% of tissue section involved). Histomorphometric
analysis was performed on a Masson’s trichrome stained slide
at 100x magnification. For each case, 10 microscopic fields were
randomly selected. Interstitial fibrosis volume was quantified
using an Olympus BX 51 with a DP2-BSW Soft Imaging System
(Olympus Co.; Hamburg, Germany) and expressed as um? (18).

Statistical Analysis

For statistical data comparisons, IBM Statistical Package for So-
cial Sciences version 22 for Windows (IBM SPSS Corp.; Armonk,
NY, USA) was used. Analysis of variance and Bonferroni’s tests
were used to compare the means of continuous variables that
were normally distributed and had equal variances. The Welch
and Games-Howel tests were used to compare the means of
continuous variables that were normally distributed and did
not have equal variances. The Kruskal-Wallis and Mann-Whit-
ney U tests were used to compare the medians of non-normal-
ly distributed continuous variables. All the values are given as
meanzstandard error of mean. Values of p<0.05 (two-tailed)
were considered significant.

RESULTS

Assessment of Renal Functions and Hematological Param-
eters

The urinary albumin-to-creatinine ratio was significantly lower
(p=0.04) and Ccr was significantly higher (p=0.03) in group D+CR
than in group D. Furthermore, CERA had no significant effect
on platelet count, hemoglobin levels, and the kidney-to-body
weight ratio (Figure 1).

Assessment of Oxidative Stress Parameters in Kidney

There was a significant increase in the renal MDA levels in group
D compared with group C (p=0.00), which indicates an excess
lipid peroxidation in DKD. CERA protected the kidney from lip-
id peroxidation (p=0.00 for group D+CR vs. group D). Figure 2
depicts significantly decreased levels of kidney MDA and in-
creased levels of kidney GSH and kidney GSH-Px activity in
the treatment group (p=0.00, p=0.02, p=0.00, respectively, for
D+CR group vs. group D). A decrease was observed in the SOD
activities of the kidney tissue in the diabetic group, whereas
it increased in the CERA-treated diabetic rats. However, these
changes are not statistically significant.

Assessment of Inflammatory Cytokines in Serum

Serum IL-1f3, IFN-y, TNF-a, and IL-4 were significantly increased,
and MCP1 levels were reduced in diabetic rats compared with
those in control rats. CERA treatment decreased IL-1(3, IFN-y,
TNF-a, and IL-4 and increased MCP1 levels. These changes were
significant for MCP1 (p=0.04), IL-1p (p=0.00), TNF-a (p=0.01),
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Figure 1. a-e. Assessment of renal functions and hematological parameters. a) Creatinine clearance, b) albumin-to-creatinine ratio, c) kidney-to-body weight
ratio, d) hemoglobin levels, and e) platelet levels. Group C: control group; group D: diabetic group; group CR: continuous erythropoietin receptor activator
(CERA)-treated nondiabetic group; group D+CR: CERA-treated diabetic group. Data are meantstandard error of mean. *p<0.05 compared with group D

and INF-y (p=0.04) (Figure 3). The change in IL-4 levels had no
statistical significance.

Assessment of Renal Messenger-Ribonucleic Acid Expres-
sion Levels

CERA decreased the messenger-ribonucleic acid (mRNA) levels
of renin and renin receptor, but this decrease did not reach the
level of significance (Figure 4).

Immunofluorescence for Renin Receptor, Renin, Angioten-
sin Type 1 Receptor, and Angiotensin

CERA did not cause statistically significant changes in the semi-
quantitative scoring (Figure 5).

Histological and Morphometric Evaluation
Glomerular sclerosis: Assessed as “0” for all rats. Therefore, no
comparison was carried out between the groups.

267



268

Giinal et al. CERA for Diabetic Kidney Disease

Turk J Nephrol 2020; 29(4): 264-72

MDA (nmol/g)

1200 -

1000 -

800 -

600 -

400 -

200 A

Group C Group D Group CR Group D+CR

GSH (micmol/g)

Group C Group D Group CR Group D+CR

SOD (u/mg protein)

Group C Group D Group CR Group D+CR

GSH-Px

(nmol/min/mg protein)
700 -

600 -

500 -

400 -

300 A

200 A

100 4

Group C Group D Group CR Group D+CR

Figure 2. a-d. Oxidative stress parameters in the kidney tissue. a) malondialdehyde levels, b) superoxide dismutase levels, c) glutathione levels, d) glutathione
peroxidase levels. Group C: control group; group D: diabetic group; group CR: continuous erythropoietin receptor activator (CERA)-treated nondiabetic group;
group D+CR: CERA-treated diabetic group. Data are meanztstandard error of mean. *p<0.05 compared with group D

Tubulointerstitial damage: When the groups C and D were eval-
uated, there were statistically significant differences (p=0.00).
CERA (p=0.04) had ameliorating effects on tubulointerstitial
damage (Figure 6a).

Interstitial fibrosis volume: A significant difference was observed
between the control and diabetic groups (p=0.00), which indi-
cates that CERA (p=0.03) has a reducing effect on interstitial fi-
brosis (Figure 6b).

Quantitative and qualitative measurements of fibrosis volume
show the preventive effect of CERA on kidney fibrosis in diabet-
icrats.

DISCUSSION

The application dose of CERA varies in the literature. Generally,
once a week drug administration is preferred; however, there
are studies in which different application ranges are preferred.
Recently, studies on CERA have shown that a monthly thesis
dose administration (75-100 pg/kg) is effective and safe (19, 20).

From this point of view, in our research, we preferred to use a
dose of 50 pg/kg every 2 weeks, totaling 100 pg/kg.

For the first time, this study demonstrates the protective effect
of CERA against DKD development in an experimental rat mod-
el. Treatment with CERA significantly reduced albumin-to-cre-
atinine ration, and increased Ccr in diabetic rats. Furthermore,
this treatmentimproved 2 crucial pathways in the development
of DKD, oxidative stress, and inflammation. However, we found
that CERA had no significant effect on components of the RAS, a
major pathogenetic factor in the course of DKD.

ESAs arerecombinanthuman erythropoietin and related proteins,
such as darbepoetin-a, epoetin-a, epoetin-f, epoetin-5, and me-
thoxy-polyethylene glycol-epoetin-B. They are essential drugs for
the cure of anemia in patients with chronic kidney disease (21).
Besides their stimulating effect on the erythroid precursor cells,
they can stimulate different signaling pathways, such as mitogen
activated protein kinase, phosphoinositide 3-kinase, signal trans-
ducers and activators of transcription, and RAS, to enhance cel-
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Figure 3. a-e. Serum cytokines levels. a) Interleukin (IL)-4, b) interferon-y, c) tumor necrosis factor-a, d) monocyte chemoattractant protein 1, e) IL-13. Group C:
control group; group D: diabetic group; group CR: continuous erythropoietin receptor activator (CERA)-treated nondiabetic group; group D+CR: CERA-treated

lular differentiation or provide antiapoptotic and cytoprotective
properties on many nonerythroid cells by attaching to its receptor
(22, 23). Emerging evidence from experimental and clinical stud-
ies suggests that ESAs have a protective role in the progression of
DKD (9, 24). Loeffler et al. (25) showed that erythropoietin could
ameliorate podocyte damage and albuminuria in advanced dia-
betic nephropathy in mice. Numerous similar experimental and

clinical studies have shown that ESAs play a protective role in the
progression of DKD, but there are studies that argue otherwise.
According to the results of a meta-analysis conducted by Covic et
al. (26), there is no evidence that ESA treatment affects the renal
function in patients with chronic kidney disease. According to
another meta-analysis by Elliott et al. (27), the use of ESA did not
show significant clinical renoprotective efficacy.
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Figure 4. Effects of continuous erythropoietin receptor activator (CERA) on
renal messenger-ribonucleic acid expression. Group D: diabetic group; group
CR: CERA-treated nondiabetic group; group D+CR: CERA-treated diabetic
group. Data are meanzstandard error of mean
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Figure 5. Semiquantitative immunfluorescence scores. Group C: control
group; group D: diabetic group; group CR: continuous erythropoietin recep-
tor activator (CERA)-treated nondiabetic group; group D+CR: CERA-treated
diabetic group. Data are meantstandard error of mean
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In this study, we found that CERA significantly attenuated re-
nal dysfunction and decreased albumin-to-creatinine ratio in
streptozocin-induced DKD. There was no statistically significant
difference in the platelet count or hemoglobin levels among the
study groups, leading us to suggest that the observed effect was
most likely because of the nonerythropoietic effect of CERA. We
interpreted that this discrepancy with the expected hematopoi-
etic effects may be related to the dose of CERA that we used in
the study.

Oxidative stress plays an important role in the increased risk
of DKD. The mechanisms responsible for enhanced oxidative
stress in patients with DKD include increased creation of ROS
and dysfunction of the antioxidant defense system (6, 28). In
our study, increased concentration of the main lipid peroxida-
tion product, malondialdehyde, in the kidney indicates an over-
production of ROS in diabetic rats. However, the dysfunction of
the antioxidant defense system decreases the activity of SOD,
GSH-Px, and GSH. Conversely, after CERA treatment, the activity
of GSH-Px and the GSH levels demonstrated a serious enhance-
ment accompanied by an apparent decrease in the MDA level.
Our outcomes are similar to those of Bartnicki et al. (24), who
showed that CERA increases the systemic oxidative stress in pa-
tients with chronic kidney disease predialysis.

Another study showed that epoetin beta averts the genera-
tion of ROS and also prevents high-glucose-induced renal cell
apoptosis in the diabetic kidney (29). A study of Serizawa et al.
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Figure 6. a-f. Histological and morphometric evaluation of the kidney tissue. a) Tubulointerstitial damage score, b) interstitial fibrosis volume. Histopatho-
logical examinations of renal tissue sections (magnification 100x); c) for Group C; d) for group D; €) for group CR; f) for group D+CR. Data are meantstandard
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(30) also provides the evidence that CERA prevented endothe-
lial dysfunction in chronic kidney disease model rats, possibly
through reduction of local oxidative stress and enhancement
of endothelial nitric oxide synthase phosphorylation in the ar-
teries. These results suggested that CERA treatment had anti-
oxidant activity and could improve the antioxidative defense
system of DKD.

Recent studies have reported that CERA has potent anti-inflam-
matory effects (31). Recently, Rodrigues et al. (31) noted that
CERA lowered the plasma levels of IL-183, IL-2, IL-6, IL-10, TNF-q,
and IFN-y in the cecal ligation and puncture model of sepsis-in-
duced acute kidney injury (AKI). Moreover, they demonstrat-
ed that pretreatment with CERA preserved Ccr and tubular
function as well as the expression of Aquaporin2 and Na-K-Cl
cotransporter2. Furthermore, CERA sustained plasma lactate
at normal levels in addition to conserving the plasma levels
of transaminases and lactate dehydrogenase. They concluded
that CERA protects against sepsis-induced AKI, and this protec-
tive effect is, in part, attributable to the suppression of the in-
flammatory response.

Furthermore, in the model of acute cyclosporine A-mediat-
ed renal injury, low-dose CERA treatment was linked with an-
ti-inflammatory effects and protection of pancreatic islet cell
viability (32). We demonstrated that CERA treatment decreas-
es the serum levels of inflammatory cytokines and increases
the serum levels of MCP-1 on the experimental DKD model.
Our results also showed that the inflammatory response that
emerged from hyperglycemia in the diabetic kidney might be
markedly suppressed by CERA treatment.

On the basis of the understanding of the crucial role of the RAS
in pathogenesis of DKD (3, 4), in this study, we aimed to investi-
gate the components of RAS in detail. We evaluated the mRNA
expression of angiotensin, angiotensin type 1 receptor, renin,
and renin receptor in the kidney. Moreover, we performed im-
munostaining of the kidney sections with antirenin, antirenin
receptor, antiangiotensin, and antiangiotensin type 1 receptor
antibodies to demonstrate the immunofluorescence score of
RAS components. Using both the methods, we could not show
the effect of CERA on angiotensin, angiotensin type 1 receptor,
renin, and renin receptor. We could not interpret whether this
observation was an effect of all ESAs or specific to CERA. The
literature review showed no study that provided information,
even negative, on the effect of ESAs on the RAS system. Further
studies are needed to understand the interaction between ESAs
and the RAS system.

By histomorphometric analysis, we illustrated that CERA im-
proves renal interstitial fibrosis. Recently, Lu et al. (33) reported
that epoetin beta inhibits cardiac fibrosis on an experimental di-
abetes model. Fischer et al. (34) reported the effects of CERA on
tubulointerstitial fibrosis as well as on the generation of the ma-
trix-producing myofibroblasts. They found that the mechanisms

Giinal et al. CERA for Diabetic Kidney Disease

in which CERA acts as an antifibrotic agent/drug seem to be mul-
tifaceted: first, CERA inhibits the generation of matrix-producing
myofibroblasts, and second, CERA increases the ability for tissue
repair. Finally, they concluded that the finding could explain
many of these CERA effects and that CERA inhibits the renal ex-
pression of the cytokine TGF-f1. Although we showed renal fibro-
sis attenuation by CERA, the mechanism is unclear. It might be
speculated that interstitial fibrotic alterations are, in part, related
to the renal oxidative system and inflammation. Further studies
are needed to shed more light on this issue.

This study has several limitations. The small sample size and
lack of information about molecular mechanisms are an obvi-
ous limitation. This is an experimental study of DKD treatment
intherat, and it verifies the concept and could have implications
for further research. Despite these limitations, we demonstrat-
ed for the first time that administration of CERA may improve
the renal function parameters, oxidative stress, and inflamma-
tion in streptozocin-induced DKD.

CONCLUSION

In summary, we found that CERA has a renoprotective effect on
DKD, demonstrated by the improvement in Ccr, reduced pro-
teinuria, intrarenal oxidative stress, inflammation, and intersti-
tial fibrosis.
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