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ARTICLE INFO ABSTRACT

Keywords:
Renin-angiotensin system
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ACE2 activator

Diabetes

Ischemic renal injury

Aim: Depressor arm of the renin-angiotensin system (RAS) exerts reno-protective effects in chronic kidney
diseases like diabetic nephropathy. However, same is still elusive under AKI and hyperglycaemia comorbidity.
Hence, the present study delineates the role of angiotensin-II type 2 receptor (AT2R) and angiotensin-converting
enzyme 2 (ACE2) in AKI under normal and hyperglycaemia condition.

Methods: Non-diabetic (ND) and Streptozotocin-induced diabetes mellitus (DM) rats were subjected to ischemic
renal injury (IRI). Rats underwent IRI were treated with an AT2R agonist, C21 (0.3 mg/kg/day, i.p.) or ACE2
activator, Dize, (5mg/kg/day, p.o.) either alone or as combination therapy. Renal histopathology and im-
munohistochemistry, proximal tubular fraction isolation, ELISA, immunoblotting and qRT-PCR were performed
for subsequent analysis.

Key findings: Rats subjected to IRI displayed an increase in plasma ACE, AT1R, AT2R, Ang I, and reduction in
ACE2, Ang-(1-7) expressions, with augmented renal inflammation and apoptosis. These changes were more
prominent in diabetic rats with IRI. Co-administration of C21 and Dize augmented ACE2, Ang-(1-7), AT2R and
MasR expressions, and attenuated tubular injury in both DM and ND rats.

Conclusion: We demonstrated that pharmacological activation of AT2R and ACE2 protects DM and ND rats from

IRI by preventing oxidative stress, inflammation and apoptosis-mediated tubular damage.

1. Introduction

Clinically, acute kidney injury (AKI) is considered a catastrophic
condition with incidences allied with high morbidity and mortality
[1,2]. One of the major risk factors for AKI is diabetes mellitus (DM)
[3,4]. As compared to non-diabetics, diabetic patients remain on the
higher risk of AKI [5]. Adverse renal outcomes in DM and AKI in-
dividually are attributed mainly to the renin-angiotensin system (RAS)
driven activation of mitogen-active protein kinase (MAPK)-mediated
apoptosis, NF-xB mediated inflammation, and redox imbalance pro-
moting oxidative stress [6-8]. Therefore, RAS inhibition via angiotensin
II receptor blockers (ARB) or angiotensin-converting enzyme inhibitors
(ACEi) was thought to prevent AKIL. Surprisingly, it was observed that
when ARB and ACEi were used to treat AKI patients, they increased the
severity of AKI [8]. Hence, it highlights the need for new therapeutic
approaches for the treatment of AKI.

The RAS is comprised of two counter regulatory arms, the pressor

arm [angiotensin II (Ang-II)/angiotensin-converting enzyme (ACE)/
Ang II type 1 receptor (AT1R)] and the depressor arm (Ang-(1-7)/
ACE2/MasR), which induces vasoconstriction and vasodilation, re-
spectively, thereby helping in maintaining blood pressure and other
homeostasis [8]. Interestingly, the pressor arm of the RAS has been
explored in depth concerning the pathophysiology and pharma-
cotherapy of the renal complications including AKI. However, no study
has demonstrated the role of the depressor arm of RAS in the patho-
genesis of AKI-DM co-morbidity till date; hence the present study fo-
cuses the same.

The depressor arm of RAS sets a compensatory mechanism by sen-
sing the elevated cellular stress and pathological signalling, thus ben-
efits the renal system [9,10]. Tourniquet-induced remote kidney injury
mice demonstrated deregulation of ACE and ACE2 activity, which cause
kidney damage. Interestingly, restoring the ACE/ACE2 balance by up-
regulation of ACE2 prevented renal damage [11]. Lipopolysaccharide-
induced endotoxemia significantly decreased mRNA levels of ACE2 and

Abbreviations: ACFE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; AKI, acute kidney injury; Ang II, angiotensin II; Ang-(1-7), angio-
tensin-(1-7); AT2R, angiotensin II type 2 receptor; DM, diabetes mellitus; IRI, ischemic renal injury; ND, non-diabetic; RAS, renin-angiotensin system
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elevated Ang II, and inducible nitric oxide synthase levels in kidney,
whereas restoration of ACE2 levels maintained endothelial porosity,
glomerular filtration rate, and proximal tubular function, eventually
protects the kidney against AKI [12]. Ruiz-Ortega et al. demonstrated
overexpression of AT2R in renal tubular cells of Balb/c subjected to
folic acid-induced AKI and proposed the potential role of AT2R in
protecting the kidney damage [13]. Subsequently, overexpression of
AT2R and activation of ACE2 activity significantly improved the renal
function of mice in these models [11-13].

Therefore, in the present study, we hypothesised that the pharma-
cological activation of AT2R and ACE2 might protect rats from ischemic
renal injury (IRI). Since hyperglycaemia remains a major risk factor for
ischemic AKI, we also evaluated the protective effect of AT2R and ACE2
activation in diabetic rats with IRI.

2. Materials and methods
2.1. Materials

Streptozotocin and diminazene aceturate (Dize) were obtained from
Sigma (St. Louis, MO, USA). Glucose, blood urea nitrogen (BUN) and
creatinine kits were purchased from Accurex (Mumbai, India). ELISA
kits for ACE, ACE2, Ang-(1-7) and Ang II were obtained from Fn Test
(Wuhan, China). ACE, ACE2, AT1R, AT2R, and monocytes chemoat-
tractant protein (MCP-1) primary antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA), and the remaining primary
and secondary antibodies were purchased from Cell Signalling
Technology (Danvers, MA, USA).

2.2. Development of streptozotocin-induced type 1 diabetes

The animal experiments were performed at Central Animal Facility
(CAF), Birla Institute of Technology and Science Pilani (BITS-Pilani) as
per the protocol approved by the Institutional Animal Ethics Committee
(TAEC), BITS-Pilani (Protocol Approval No: IAEC/RES/21/08). Animal
studies are reported ensuing the ARRIVE guidelines [14]. The male
adult Wistar rats (200-220 g) were procured from the CAF of BITS-Pi-
lani and were maintained under standard environmental conditions,
with feed and water ad lib. Diabetes was induced by injecting a single
dose of streptozotocin [55mg/kg, ip., vehicle- sodium citrate buffer
(0.01 M, pH 4.4)] in male Wistar rats, as described previously [15]. ND
rats with same age group received only sodium citrate buffer (n = 40).
After 48 h of streptozotocin injection, rats showing plasma glucose le-
vels > 16 mmol/L were included in the study as DM rats (n = 40).

2.3. Ischemic renal injury in non-diabetic and diabetes mellitus rats

ND and DM rats were injected with saline (20 ml/kg, s.c.) to prevent
fluid loss during laparotomy. Rats were anaesthetised with pento-
barbital sodium (50 mg/kg, i.p.) and kept on a homoeothermic blanket
to maintain body temperature (37 °C). After the loss of pedal pain and
corneal reflexes, a half-inch incision was given on the left flank portion
of abdomen and kidney was pulled out of the abdomen by holding the
perirenal fat at the lower pole with blunt forceps. Followed by the
clamping of renal vascular pedicle with a surgical clamp to induce
ischemia [16]. After 45min, the clamps were released, and 48 h of
reperfusion was done. Then skeletal muscle and skin layers were su-
tured separately with absorbable and non-absorbable sutures, respec-
tively. After suturing, topical (Betadine™) antiseptic and parenteral
(Augmentin™, 324 mg/kg, ip.) antibiotics were given to prevent post-
surgical infection. Sham control animals were subjected to identical
operation without renal vascular pedicle clamping. After 48 h of re-
perfusion; the rats were again anaesthetised with pentobarbital sodium
(50 mg/kg, ip.). Blood samples were collected from vena cava with a
5ml syringe and plasma were separated (centrifugation) for
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biochemical parameters like plasma glucose (PGl), blood urea nitrogen
(BUN), plasma creatinine (PCr), and ELISA. Th left kidney (I/R kidney)
was then removed, washed and blotted dry, weighed and kept in
—80 °C. Further, the left kidney was taken for tubular fraction isolation,
western blot, ELISA, immunohistochemistry (IHC) and histological ex-
aminations.

2.4. Treatment regimens

Both ND and DM rats were subdivided into five groups each: (i) ND/
DM- serve as respective controls, (ii) ND—/DM-I/R- ND or DM rats
subjected to Ischemia-45 min/reperfusion-48 h (I/R), (iii) ND — /DM-I/
R + C21- ND-I/R or DM-I/R rats receiving compound 21 (C21)
(0.3 mg/kg/day, ip.) [17], (iv) ND—/DM-I/R + Dize- ND-I/R or DM-
I/R rats receiving diminazene aceturate (Dize) (5 mg/kg/day, p.o.) [9],
(v) ND-/DM-I/R + CD- ND-I/R or DM-I/R rats receiving C21
(0.3mg/kg/day, ip.) and Dize (5mg/kg/day, p.o.) combination
therapy (Fig. 1A-B). We kept six rats in each experimental group con-
sidering an effect size of 0.92, a of 0.05, and power of 0.95 for statis-
tical analysis.

2.5. Proximal tubules isolation from the whole kidney

Collected kidneys were placed in cold PBS (pH- 7.4), and tubular
fractions were isolated using the percoll gradient centrifugation method
with some modifications [18]. Briefly, the kidney was minced and di-
gested with collagenase type IV in PBS, with constant oxygenation until
a uniform suspension was formed. The suspension was filtered through
a nylon 250-um sieve and centrifuged at 100 g for 1 min. The pellets
were suspended and washed two times in ice-cold PBS. The pellet
suspension in PBS was mixed thoroughly with 40% Percoll and cen-
trifuged at 26,000 g for 30 min. Four distinct bands (B1-B4) were se-
parated. The B4 band, highly enriched proximal tubular fraction, was
carefully collected, suspended, and washed in ice-cold PBS. Thus, the
obtained tubular fraction was assessed under the light microscope and
used for further analysis.

2.6. Histopathology

Renal histology was examined by Hematoxylin and Eosin (H and E)
staining [19]. At least 4-5 sections (one microscopy slide) from each
kidney and a total of n = 6 kidneys from each group were observed; and
images of cortical tubules were captured at 400 X magnification by
using a Zeiss microscope (model: Vert.Al). 5-6 images from each
stained kidney microscopy slide were evaluated for tubular necrosis.
The histological findings were semi-quantitatively scored from 0 to 3 by
a blinded observer: 0, none; 1, < 25% of tubules affected; 2, 25-50% of
tubules affected; 3, > 50% of tubules affected. The average value of
tubular necrosis score for each kidney was considered for statistical
analysis (n = 6 kidneys/group).

2.7. Immunohistochemistry

IHC was performed as described previously [9]. Briefly, kidney
sections (5um) were taken from paraffin blocks and deparaffinized
with xylene, followed by antigen retrieval by heating in citrate buffer
(10 mmol/L). We have used rabbit/mouse monoclonal antibodies
against, ACE, ACE2, AT1R, and AT2R (Dilution: 1:200v/v) as primary
antibodies, and HRP-conjugated anti-rabbit/mouse IgG as a secondary
antibody. Followed by detection with diaminobenzidine (DAB) as a
chromogen. The slides were counterstained with hematoxylin, dehy-
drated with alcohol and xylene and mounted in DPX. At least 4-5
sections (one microscopy slide) from each kidney and a total of n = 6
kidneys from each group were observed; and images were captured at
400 x magnification by using Zeiss microscope (model: Vert.Al). 5-6
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Fig. 1. Schematic representation of the interventional study.

A) Schedule for the induction of diabetes mellitus by streptozotocin-injection and acute kidney injury (AKI) by ischemia/reperfusion (I/Rin), and pharmacological
intervention. B) Details of animal sub-grouping for an intervention study and further experimental design (n = 6 animals/group). ND- non-diabetic rats, DM-
diabetes mellitus rats, ND —/DM-I/R- ND or DM rats subjected to Ischemia-45 min/reperfusion-48 h (I/R), ND —/DM-I/R + C21- ND-I/R or DM-I/R rats receiving
compound 21 (0.3 mg/kg/day, i.p.) monotherapy, ND—/DM-I/R + Dize- ND-I/R or DM-I/R rats receiving Dize (5 mg/kg/day, p.o.) monotherapy, ND—/DM-1/
R + CD- ND-I/R or DM-I/R rats receiving compound 21 (0.3 mg/kg/day, i.p.) and Dize (5 mg/kg/day, p.o.) combination therapy.

images from each stained kidney microscopy slide were analysed using
ImageJ software (NIH, Bethesda, MD, USA) for calculating DAB-posi-
tive area.

2.8. Elisa

We homogenised isolated proximal tubular fraction in the re-
commended buffer solution, followed by total protein estimation by
Lowry's method. Protein equalised proximal tubular samples, and di-
luted plasma were assayed for ACE, ACE2, Ang IT and Ang-(1-7) protein
levels by using ELISA kits (n = 6 rats/group) [9].

2.9. Immunoblotting

Protein isolation and immunoblotting were performed as previously
described [9]. For immunoblotting, we have used rabbit/mouse/goat
monoclonal antibodies against, p-NF-«xB, c-Caspase-3, c-PARP1, Nrf2,
MCP-1 and B-actin [Dilution 1:1000 (v/v)] as primary antibody and
HRP conjugated anti-rabbit/mouse/goat IgG as secondary antibody
[Dilution 1:20000 (v/v)]. Proteins were detected by using the ECL
system and Hyperfilm, subsequently quantified by densitometric mea-
surements using ImageJ software. The exposures were in linear dy-
namic range. Data analysis was performed by using GraphPad Prism

software (San Diego, CA, USA), and results were expressed as fold
change over control.

2.10. Quantitative real-time polymerase chain reaction

RNA was isolated from proximal tubular fraction using commer-
cially available kits and qRT-PCR were performed using specific pri-
mers (Supplementary data, Table S1), designed and produced by
Eurofins, India. [9,15]. Isolated RNA was reverse transcribed. qRT-PCR
was done with LightCycler® 96 Real-Time PCR System using the Fas-
tStart Essential DNA Green Master and results were analysed by
LightCycler® Software (Roche, Germany). Enrichment of targeted
mRNA was normalized against 18s rRNA contents. Experiments were
carried out in triplicate for each sample and results are expressed as fold
changes over respective controls.

2.11. Statistical analysis

Experimental values are represented as mean + SD, and ‘n’ refers
to the number of samples studied. Statistical comparison between dif-
ferent groups was performed using one-way analysis of variance
(ANOVA) followed by Tukey's Multiple Comparison post hoc test. Data
were considered statistically significant if p < 0.05. GraphPad Prism
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Table 1

Plasma biochemical parameters. Nondiabetic (ND) and diabetes mellitus (DM)
(after 2 weeks of STZ-injection) rats were subjected to ischemic- 45 min and
reperfusion of 48h (I/R), followed by metabolic parameter measurement-
plasma glucose (PGl), blood urea nitrogen (BUN), plasma creatinine (PCr).

Parameters ND ND-I/R DM DM-I/R

PGl (mmol/L) 4.9 + 0.18 4.9 + 0.42 16.9 + 1.04° 17.3 + 1.29%"
BUN (mmol/L) 7.1 * 0.71 9.8 + 0.53" 7.3 * 0.49 13.8 = 0.66%"
PCr (mg/dL) 1.56 = 0.12 1.59 * 0.16 1.57 * 0.19 1.62 + 0.11

Note: Each data is represented as mean + SD (n = 6).
7 P < 0.05vs. ND.
P P < 0.05 vs. ND-I/R.
¢ P < 0.05 vs. DM.

software version 7.00 (San Diego, CA, USA) was used for all statistical
processing.

3. Results
3.1. Hyperglycaemia increases the severity of ischemic renal injury

To check the effect of hyperglycaemia on IRI, we subjected ND and
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DM rats to ischemia followed by reperfusion (I/R) and evaluated the
plasma biochemistry and extent of the oxidative stress markers in the
isolated proximal tubular fraction. We observed that IRI in ND and DM
rats significantly increased BUN levels when compared to respective
controls. Interestingly, DM-I/R exhibited augmented BUN levels in
comparison to ND-I/R rats. No change was observed in plasma creati-
nine levels among all the study groups (Table 1). Moreover, IRl in ND
and DM rats significantly increased renal tubular oxidative stress, as
demonstrated by augmented malondialdehyde (MDA) and GSH levels,
nitrate/nitrite (NO,/NOs) ratio, and catalase activity compared to re-
spective controls. Proximal tubules isolated from IR kidneys of DM rats
showed significantly higher oxidative stress as compared to ND rats
(Fig. 2A-D). Thus, our data indicated IRI hypersensitivity in diabetic
rats.

Next, we analysed the expression of proinflammatory cytokines and
apoptosis markers by western blot in I/R kidneys from ND and DM rats.
IRI augmented tubular inflammation as evinced by increased p-NF-«xB
and MCP-1 expressions, as well as caused proximal tubular cell apop-
tosis as demonstrated by increased c-PARP1 and c-Cas-3 expressions
when compared to respective controls (Fig. 2E-I). Interestingly, ex-
pressions of p-NF-xB, MCP-1, c-PARP1, and c-Cas-3 were significantly
higher in I/R kidneys of DM as compared to ND rats (Fig. 2E-I).
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Fig. 2. Evaluation of oxidative stress, inflammation and apoptosis in IRL.

A-D: Estimation of oxidative stress markers e.g. malondialdehyde (MDA) (A), GSH (B), NO,/NO; (Griess) (C), catalase activity (D) in kidneys of rats. (n = 6). E-I:
Immunoblots for protein expressions of inflammatory and apoptotic markers in the isolated renal proximal tubular fraction with B-actin as a loading control (E).
Immunoblots were quantified by densitometry analysis e.g. NF-xB(S-536) (F), c-Caspase-3 (G), ¢c-PARP1 (H), and MCP-1 (I). Data are represented as mean + SD from
three independent experiments. For statistical comparison, one-way ANOVA with Tukey's multiple comparison test was used where (*) p < 0.05 vs ND; (#)

p < 0.05vs DM; (@) p < 0.05 vs ND-I/R.
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Fig. 3. IRI modulates tubular necrosis, and systemic and proximal tubular specific ACE, ACE2, Ang II and Ang-(1-7) levels.

A-B: Representative H & E staining images of the cortical region of kidney transverse sections (original magnification 400 x and scale bar- 50 pm). At least 4-5 images
from each stained kidney section and a total of six different kidneys per group were observed by a blinded observer for tubular necrosis (arrow) (A). The tubular
necrosis was analysed semi-quantitatively and scored from O to 3 (B). C-J: Protein expression of ACE, ACE2, Ang II and Ang-(1-7) in plasma (C, E, G, I) and isolated
proximal tubules (D, F, H, J) was measured by ELISA (n = 6). Data are represented as mean + SD. For statistical comparison, one-way ANOVA with Tukey's multiple
comparison test was used where (*) p < 0.05 vs ND; (#) p < 0.05 vs DM; (@) p < 0.05 vs ND-I/R.

Furthermore, we also examined the histopathological alterations per-
suaded by unilateral renal ischemia in ND and DM rats by H and E
staining. Tubular necrosis was observed in the outer cortex of DM-I/R
rats and ND-I/R rats; however, DM-I/R rats showed extensive necrosis
compared to ND-I/R rats (Fig. 3A-B). These results further confirm the
higher susceptibility of diabetic kidney to I/R-induced AKI.

3.2. Ischemic renal injury alters systemic and tissue-specific renin-
angiotensin system components in non-diabetic and diabetes mellitus rats

We measured the Ang II, Ang-(1-7) ACE, and ACE2 levels in plasma
and proximal tubular fraction by ELISA kits (Fig. 3C-J). ND-I/R and
DM-I/R rats demonstrated increased Ang II and decreased Ang-(1-7)
levels in plasma and isolated tubules when compared to ND and DM
rats, correspondingly (Fig. 3C-F). Furthermore, IRI to ND and DM rats
increased ACE levels in plasma and isolated tubules, whereas decreased
ACE2 levels only in isolated tubules with no change in plasma ACE2
levels (Fig. 3G-J). Interestingly, like our previous observations, IRI
significantly altered the RAS components levels in the DM rats when

compared to ND rats. Furthermore, IHC revealed increased ACE with no
change in ACE2 expressions in I/R kidneys of ND as compared to
control rats, whereas I/R kidneys of DM rats demonstrated increased
ACE and reduced ACE2 tubular expression in comparison to DM and
ND-I/R rats (Fig. 4A-B, E-F). In contrast, renal expression of AT1R and
AT2R were significantly augmented in kidneys after IRI as compared to
respective controls (Fig. 4C-D, G-H). Moreover, DM-I/R rats' kidneys
exhibited increased tubular AT1R expression in comparison to ND-I/R
rats' kidneys (Fig. 4C and G). Together our data suggest that the IRI
altered the expression of the RAS depressor arm's components in both
DM and ND conditions.

3.3. AT2R and ACE2 activation improved renal functions, inhibited renal
oxidative stress and apoptosis in non-diabetic and diabetes mellitus rats upon
ischemic renal injury

Based on our previous results we urged to check the role of RAS
depressor arm's modulations on IRI, thus we treated ND-I/R and DM-1/
R rats with AT2R agonist (C21, 0.3 mg/kg/day, i.p.) and ACE2 activator
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A-D: Representative images of IHC staining for ACE, ACE2, AT1R and AT2R in the cortex of kidney (original magnification 400 X and scale bar 50 pm). At least 4-5
sections from each stained kidney microscopy slide and total six different kidney slides per group were observed under microscope and images were captured. E-H:
Semi-quantitative analysis of all the captured images using ImagelJ (colour deconvolution plugin was utilized for analysis) for calculating DAB-positive area (indicates
specific protein expressions). All Data are represented as mean + SD. One-way ANOVA with Tukey's multiple comparison test, where (*) p < 0.05 vs ND; (#)

p < 0.05vs DM; (@) p < 0.05 vs ND-I/R.

Table 2

Plasma metabolic parameters: At the end of the treatment period, we have performed plasma biochemistry by assaying plasma glucose (PGL), blood urea nitrogen

(BUN) levels in all the experimental groups.

Parameters ND ND-I/R ND-I/R + C21 ND-I/R + Dize ND-I/R+ CD DM DM-I/R DM-I/R + C21 DM-I/R + Dize DM-I/R + CD
PGL (mmol/L) 6.1 + 0.8 6.3 + 1.0 5.9 + 0.7 6.9 £ 0.9 6.6 £ 0.6 20.1 £ 1.7 193 = 1.2 19.8 £ 2.0 185 + 2.4 19.9 + 0.9
BUN (mmol/L) 6.8 = 0.3 9.2 = 05" 9.8 + 0.6 9.5 £ 0.5 7.6 + 0.4" 7.5 £ 0.8 13.3 + 0.4*° 121 * 0.5 11.8 £ 0.6 8.7 + 0.4¢

Note: Each data is represented as mean + SD (n = 6).
# P < 0.05vs. ND.
P p < 0.05 vs. ND-I/R.
¢ P < 0.05 vs. DM.
4 P < 0.05 vs.DM-I/R.

(Dize, 5 mg/kg/day, p.o.), either alone as monotherapy or together as
combination therapy. Plasma biochemistry revealed that, AT2R agonist
and ACE2 activator combination therapy scientifically lower the BUN
levels, whereas monotherapies had no effect on BUN levels in ND-I/R
and DM-I/R rats (Table 2). C21 and Dize monotherapies to ND-I/R rats
reduced MDA and increased Nrf2 expression, with no change in GSH

levels. In contrast, both monotherapies could only increase Nrf2 ex-
pression in DM-I/R rats and had no effect on MDA and GSH levels.
Interestingly, combination therapy significantly reduced MDA and in-
creased GSH and Nrf2 levels in both ND-I/R and DM-I/R rats
(Fig. 5A-D). Next, we checked the expression of apoptosis markers, c-
Cas-3 and c-PARP1 by western blot. We found that combination therapy
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Fig. 5. AT2R agonist and ACE2 activator protects ND and DM rats against oxidative stress and apoptosis.

A-B: Estimation of oxidative stress markers e.g. malondialdehyde (MDA) (A), GSH (B) in proximal tubular fraction of kidneys of rats (n = 6).

C-F: Representative

western blot images for Nrf2, c-PARP1, c-Cas-3, and B-actin (loading control) protein expressions in isolated proximal tubular fraction (C). Immunoblots were
quantified by densitometry analysis e.g. Nrf2 (D), c-PARP1 (E), and c-Cas-3 (F). Data are represented as mean + SD from three independent experiments. One-way
ANOVA with Tukey's multiple comparison test for statistical comparison. *) p < 0.05vs ND; (@) p < 0.05vs ND-I/R; (#)p < 0.05vs DM; ($) p < 0.05vs DM-I/

R; (&) p < 0.05 vs DM-I/R + C21.

significantly reduced c-Cas-3 and c-PARP1 levels in I/R kidneys of both
ND and DM rats (Fig. 5C, E-F).

3.4. AT2R and ACEZ activation inhibits renal inflammation and prevented
tubular damage in non-diabetic and diabetes mellitus rats upon ischemic
renal injury

Inflammation is hallmark for the IRI [20], thus we analysed the
alteration in the expressions of inflammatory molecules in the tubular
fraction of I/R kidneys after AT2R and ACE2 activation. We observed
that IRI increased protein expressions of p-NF-«B and MCP-1 in prox-
imal tubules of ND and DM rats signifying renal inflammation. C21 and
Dize monotherapies did not change the expression of p-NF-«B and MCP-
1; except Dize monotherapy reduced MCP-1 expression in DM-I/R rats.
In contrast, the combination therapy significantly inhibited p-NF-«xB
and MCP-1 expressions in the tubular fractions of both ND-I/R and DM-
I/R rats (Fig. 6A—C). Furthermore, we found a significant increase in

mRNA expressions of interleukin-6 (Il6), tumour necrosis factor-a
(Tnfa) and Mcp1 in the tubular fraction of ND and DM rats subjected to
IRI (Fig. 6D-F). C21 or Dize monotherapy did not change mRNA ex-
pressions of Tnfa and Mcpl in ND-I/R and DM-I/R rats, whereas re-
duced Il6 mRNA expression only in DM-I/R rats. In contrast, combi-
nation therapy significantly reduced /16 and Mcpl mRNA expressions in
ND-I/R and DM-I/R rats, while decreased Tnfa mRNA expression in ND-
I/R with no change in Tnfa mRNA expression in DM-I/R rats
(Fig. 6D-F).

Next, we performed histopathological evaluation of kidney cortex
by H and E staining. ND-I/R and DM-I/R rats exhibited significantly
increased tubular necrosis, which was not prevented by C21 and Dize
monotherapies. However, the combination therapy produced marked
reduction in tubular necrosis in ischemic ND and DM kidneys' (Fig. 7).
Therefore, our data suggest that simultaneous activation of AT2R and
ACE2 inhibits renal inflammation and tubular damage in ND and DM
rats upon IRIL
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Fig. 6. Effect of C21, Dize and their combination therapy on protein and mRNA expressions of inflammatory markers.

A-C: Representative western blot images for protein expressions of p-NF-«xB, MCP-1 and pB-actin (loading control in isolated proximal tubular fraction (A).
Immunoblots were quantified by densitometry analysis e.g. p-NF-xB (B), and MCP-1 (C). D-F: mRNA expression of Il6, Tnfa and Mcp1 was assessed by qRT-PCR in
isolated proximal tubules. 18s rRNA expression was used as internal control. Data are represented as mean + SD from three independent experiments. One-way
ANOVA with Tukey's multiple comparison test was used for statistical comparison. (*) p < 0.05vs ND; (@) p < 0.05vs ND-I/R; (1) p < 0.05 vs ND-I/R + C21; (")
p < 0.05 vs ND-I/R + Dize; (#) p < 0.05 vs DM; ($) p < 0.05 vs DM-I/R; (&) p < 0.05 vs DM-I/R + C21; (%) p < 0.05 vs DM-I/R + Dize.

3.5. AT2R and ACE2 activation restores the altered systemic and tissue-
specific RAS components in non-diabetic and diabetes mellitus rats upon
ischemic renal injury

According to our previous results, IRI altered the systemic and
tissue-specific RAS components in ND and DM rats. Therefore, next we
checked the effect of AT2R and ACE2 activator treatments on the same.
All three-treatment regimen increased tubular ACE2 levels in ND-I/R
and DM-I/R rats and reduced plasma ACE levels in DM-I/R rats, while
only combination therapy reduced plasma ACE level in ND-I/R rats
(Fig. 8A and F). None of the treatment regimens could alter the plasma
ACE2 and tubular ACE levels in ND-I/R and DM-I/R rats (Fig. 8B and
E). In plasma, Ang II and Ang-(1-7) levels remain unchanged after C21
monotherapy, while Ang-(1-7) levels significantly increased after Dize
monotherapy in ND-I/R and DM-I/R rats. Interestingly, combination
therapy significantly reduced Ang II levels and increased Ang-(1-7)
levels in plasma of ND-I/R and DM-I/R rats (Fig. 8C-D). In isolated
tubular fraction, all three-treatment regimen significantly reduced Ang
II and augmented Ang-(1-7) levels in ND-I/R and DM-I/R rats; except

C21 monotherapy did not change tubular Ang II and Ang-(1-7) levels in
ND-I/R rats (Fig. 8G-H). One of the consistent features is that combi-
nation therapy was better in normalizing the RAS components levels
when compared to respective monotherapies.

Next, we checked mRNA expressions of Atlr, At2r and Masr in a
tubular fraction using qRT-PCR. ND-I/R and DM-I/R rats exhibited in-
creased mRNA expressions of Atlr, At2r and Masr in a tubular fraction
when compared to respective controls. C21 or Dize monotherapy did
not change mRNA expressions of Atlr, At2r and Masr in ND-I/R and
DM-I/R rats. Interestingly, the combination therapy resulted in a fur-
ther increase in At2r and Masr mRNA expressions, with no change in
Atlr mRNA expressions in ND-I/R and DM-I/R rats (Fig. 81-K). There-
fore, our data suggest that the protective effects seen after the combi-
nation therapy might relates to the restoration of systemic and tissue-
specific RAS components in ND and DM rat upon IRI

4. Discussion

We hypothesised that the depressor arm of RAS plays a major role in
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Fig. 7. AT2R agonist and ACE2 activator prevented tubular necrosis associated with IRI.

Representative images for H and E staining of kidney sections (original magnification 400 x and scale bar- 50 um). At least 4-5 images from each stained kidney
section and a total of six different kidneys per group were observed by a blinded observer for tubular necrosis (Red arrow) (A). The tubular necrosis was analysed
semi-quantitatively and scored from O to 3 (B). Data are represented as mean + SD. One-way ANOVA with Tukey's multiple comparison test was applied for
statistical comparison. (*) p < 0.05 vs ND; (@) p < 0.05 vs ND-I/R; (#) p < 0.05vs DM; ($) p < 0.05 vs DM-I/R; (&) p < 0.05 vs DM-I/R + C21. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

IRT under both diabetic and non-diabetic conditions. Our result de-
monstrated augmented AT1R, ACE, and Ang-II expressions, as well as
AT2R and reduced ACE2 and Ang-(1-7) expression in proximal renal
tubules of DM and ND rats subjected to IRI. Interestingly, administra-
tion of AT2R agonist (C21) and ACE2 activator (Dize) per se marginally
ameliorated pathological changes associated with IRI including meta-
bolic perturbation, increased renal tubular cells oxidative stress,
apoptosis, and inflammation. However, their combination therapy sig-
nificantly normalized the alterations in RAS components, thereby at-
tenuated above-mentioned pathological consequences associated with
IRI in diabetic and non-diabetic rats.

The epidemiologic reports advocated that AKI is more lethal in
diabetic patients in comparison to non-diabetic individuals;, however,
responsible molecular mechanisms are still elusive [5]. In the present
study, two weeks after STZ-injection, DM rats were subjected to I/R to
induce AKI, we used this experimental animal model to mimic the pa-
thophysiology of comorbid diabetes and AKI in humans (Fig. 1). We
observed that IRI increased BUN levels and oxidative stress in DM rats
compared to ND rats (Table 1, Fig. 2). Existing literature has speculated
that critical pathogenic factors of AKI comprises compromised kidney

perfusion and altered the intrarenal hemodynamic balance, which lar-
gely attributed to systemic and intrarenal RAS activation [21]. In-
dividually, hyperglycaemia or IRI increased levels of Ang II; an octa-
peptide and the major effector of RAS pressor arm mediating
pathological effects via activation of AT1R [8,22]. Consistent with this,
we observed activation of the pressor arm of the RAS demonstrated by
increased Ang II, ACE and AT1R expression in a renal proximal tubular
fraction from kidneys of diabetic rats that underwent IRI (Figs. 3, 4).
On the other hand, the depressor arm components: AT2R, ACE2,
Ang-(1-7) are identified for their positive feedback mechanism by re-
cognising elevated cellular stress and activated pathological signalling
[9,10]. Male Wistar rats subjected to left nephrectomy and 45min
ischaemia on right kidney demonstrated reduced renal ACE2 mRNA
expression and Ang-(1-7) levels at 4 h reperfusion [10]. In subtotal
nephrectomised rats, Dize (ACE2 activator) augmented cortical and
medullary ACE2 activity and abridged cortical ACE activity [23]. Re-
cently, we have reported that Dize monotherapy (5 mg/kg/day) mar-
ginally attenuated diabetic renal fibrosis, whereas Dize in combination
with a neprilysin inhibitor thiorphan significantly attenuated the de-
velopment of diabetic nephropathy [24]. Further, C21 has
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Fig. 8. Effect of C21, Dize and their combination therapy on protein and mRNA expressions of RAS components.

A-H: Protein expression of ACE, ACE2, Ang Il and Ang-(1-7) in plasma (A-D) and isolated proximal tubules (D-J) was measured by ELISA (n = 6). [-K: mRNA
expressions of Atlr, At2r and Masr was assessed by qRT-PCR in isolated proximal tubules. 18s rRNA expression was used as internal control. Data are represented as
mean + SD from three independent experiments. One-way ANOVA with Tukey's multiple comparison test was applied for statistical comparison. (*) p < 0.05 vs
ND; (@)p < 0.05vsND-I/R; (1) p < 0.05vs ND-I/R + C21; (#) p < 0.05vs DM; ($) p < 0.05vs DM-I/R; (&) p < 0.05vs DM-I/R + C21; (%) p < 0.05vs DM-

I/R + Dize.

demonstrated to halt the development of diabetic nephropathy in mice
and rats [25,26]. Recently, we reported that C21 monotherapy at dose
0.3 mg/kg/day has partially improved renal functions, while C21 with
Telmisartan combination has markedly mitigated diabetic nephropathy
by attenuating apoptotic signalling [17].

In the present study, we observed reduced tubular ACE2 and Ang-
(1-7) expressions and a compensatory increase in AT2R expression in
DM-I/R rats when compared to DM and ND-I/R rats. Hence, we
speculated that modulating RAS depressor arm by ACE2 activator or
AT2R agonist might protect the kidney against IRI. On the basis of
abovementioned reports, we treated ND-I/R and DM-I/R rats with
AT2R agonist, C21 (0.3 mg/kg/day, ip.) or ACE2 activator, Dize (5 mg/
kg/day, p.o.) for five days. Our data suggest that the monotherapy using
either AT2R agonist or ACE2 activator in ND-I/R and DM-I/R rats had
only minor effect on tubular damage as evident from oxidative stress
parameters and histopathological evaluations. Hence, we plan to ad-
minister AT2R agonist and ACE2 activator together as a combination
therapy at same dose regimen in ND-I/R and DM-I/R rats. We found
that concomitant AT2R agonism and ACE2 activation significantly at-
tenuated oxidative stress associated with IRI in ND and DM rats (Fig. 5).

10

Further, IRI has been reported to activate antioxidant transcription
factor Nrf2 [27]. In this regard, we observed increased Nrf2 expression
in renal tubular fraction of ND-I/R and DM-I/R rats. Interestingly, C21
and Dize combination therapy to ND-I/R and DM-I/R rats further am-
plified proximal tubular Nrf2 expression (Fig. 5). Interestingly, si-
multaneous AT2R agonist and ACE2 activator administration have at-
tenuated proinflammatory cytokines Il6, Tnfa and Mcpl mRNA
expressions and preventing NF-«B signalling-mediated inflammation,
MCP-1-mediated leukocyte infiltration, and c-Cas-3 and cPARP-medi-
ated apoptosis in the proximal tubular fraction of ND-I/R and DM-I/R
rats (Figs. 5 and 6). Previous studies showed that C21 in combination
with telmisartan or losartan alleviated glomerular damage, extra-
cellular matrix accumulation, and increased glomerular nephrin ex-
pression in type 2 diabetic rats [17,28]. Similarly, we observed that
C21, AT2R agonist along with Dize, ACE2 activator was better in mi-
tigating morphological alterations (tubular necrosis) when compared to
monotherapies (Fig. 7). Moreover, ELISA results revealed the super-
iority of C21 and Dize combination therapy over respective mono-
therapies in normalizing systemic (plasma) and local (proximal tubules)
alteration in RAS components level [e.g. ACE, ACE2, Ang II and Ang-
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(1-7)] associated with IRI in ND and DM rats (Fig. 8). The combination
therapy further augmented mRNA expressions of renoprotective AT2R
and MasR in IRI subjected ND and DM rats (Fig. 8). In brief, these re-
sults provide us with articulate evidence that AT2R and ACE2 are in-
volved in the pathogenesis of ischemic AKI. In this study, elevated in-
flammatory, apoptotic and other pathogenic signalling can be
correlated with dysregulated RAS depressor arm (reduced Ang-(1-7)
and ACE2 levels) and severity of ischemic AKI. For the first time, we
stated that the novel combination of AT2R agonist and ACE2 activator
has significantly attenuated the IRI related kidney impairments in DM
and ND rats.

5. Conclusion

To the best of our knowledge, this is the first report to revealed that
suppression of the depressor arm of RAS precipitates ischemic AKI in
ND and DM rats. However, the severity of ischemic AKI was found to be
extensive in DM rats, which could be due to the presence of hy-
perglycaemia. The novel combination therapy of AT2R agonist and
ACE2 activator targeting protective axis of RAS, significantly assuaged
systemic and renal RAS alterations and prevented renal tubular damage
associated with IRI in ND and DM rats. Thus, we suggested that tar-
geting RAS depressor arm might serve as a novel therapeutic option
against AKI in diabetic and non-diabetic conditions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.1fs.2019.116796.
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SET domain with lysine methyltransferase 7/9 (Set7/9), a histone lysine methyltransferase (HMT),
recently suggested to exert a critical role among kidney disorders, whereas its role in diabetes associated
[RI co-morbidity remains complete elusive. The present study aimed to understand the role of SET7/9
and histone methylation in regulation of inflammatory signaling under IRI in diabetes mellitus and non-
diabetic rats. Our results demonstrated that IRI caused renal dysfunction via increased blood urea ni-

fejl/iWOYqS: |ini trogen (BUN) levels in ND and DM rats. The NF-kB mediated inflammatory cascade like increased p-NF-
I;icabeel?els Tenal Ijury kB, reduced IkBe. levels followed by enhanced leukocyte infiltration as shown by increased MCP-1 ex-
Histone methylation pressions. IRI results in increased histone H3 methylation at lysine 4 and 36 (H3K4Me2, H3K36Me2), and
Cyproheptadine decreased histone H3 methylation at lysine 9. Additionally, IRI increased the protein and mRNA
Kidney expression of H3K4Me2 specific histone methyltransferase-SET7/9 in DM and ND rats. The above-

mentioned results remain prominent in DM rats compared to ND rats followed by [RL Further, treatment
with a novel SET7/9 inhibitor; cyproheptadine, significantly improved renal functioning via reducing the
BUN levels in ND and DM rats. Hence, this study demonstrated the role of SET7/9 in mediating active
transcription via H3K4Me2, ultimately regulated the NFkB-mediated inflammatory cascade. Therefore,
SET7/9 can be explored as novel target for drug development against IRl under DM and ND conditions.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Acute kidney injury {(AKI) is a serious clinical condition which
imparts with high morbidity and mortality rates [1,2]. Ischemic
renal injury (IRI) is the most common cause of AKI [3]. A growing
body of experimental and clinical evidences has reported that the
diabetic kidney has increased susceptibility towards ischemic in-
sults [4—7]. Diabetes associated AKI co-morbidity results in adverse
renal outcomes like free radical stress, disturbed hemodynamics
triggered inflammatory and apoptotic signaling [8]. AKI is often
associated with elevated proinflammatory cytokines and chemo-
kines which leads to infiltration of leukocytes [9,10]. In AK]I,
inflammation is triggered by molecular signals delivered by
apoptotic cells, activated pattern recognition receptors, diversified
recruitment of immune cells [10]. However, the molecular mech-
anisms by which diabetes upsurges the jeopardy of IRI are unclear.
As aforementioned, genetic proclivity alone is inadequate to

* Corresponding author. Department of Pharmacy, Birla Institute of Technology
and Science, Pilani, Pilani Campus, Pilani, 333 031, Rajasthan, India.
E-mail address: anil.gaikwad@pilani.bits-pilani.ac.in (A.B. Gaikwad).

https://doi.org/10.1016/j.bbrc.2020.05.075
0006-291X/© 2020 Elsevier Inc. All rights reserved.

explain the complex pathogenesis of IRl and the rationale to
explore the epigenetic modifications came into the picture. Among
posttranslational histone modifications (PTHMSs), the role of his-
tone lysine methylation (H3KMe), mediated in the regulation of
pathogenic gene transcription in diabetic kidney diseases has been
studied extensively [11].

SET domain containing lysine methyltransferase 7/9 (SET7/9), a
histone methyltransferase (HMT) mediates active transcription
through H3K4Me [12]. In diabetic nephropathy, increased H3K4me
and SET7/9 leads to increased recruitment of MCP-1 and ECM-
associated gene promoters in diabetic renal fibrosis [11,13—15]. In
IR], increased TGF-B levels result in upregulation of H3K4Me and its
specific HMT-SET7/9, which was successfully suppressed by Apelin
treatment and further protect kidney from ischemic insult [16].
SET7/9 also attain a crucial role in inflammation and diabetes, as
evidenced by augmented NF-kB associated inflammatory gene ex-
pressions and SET7/9 recruitment in macrophages of diabetic mice.
TNF-g-induced recruitment of NF-kB p65 on inflammatory gene
promoters was effectively reduced by targeted silencing of SET7/9
with siRNA [17].

Cyproheptadine, a clinically approved antiallergy drug, has been



N. Sharma et al. / Biochemical and Biophysical Research Communications 528 (2020) 14—20 15

recently identified as a novel SET7/9 inhibitor [18]. Hang et al. has
suggested that cyproheptadine exerts anti-nociceptive effect in
cancer-induced bone pain via inhibiting SET7/9 and RANTES cyto-
kine expressions [19]. SET7/9 is crucial for the estrogen-dependent
transactivation of Estrogen Receptor (ER) target genes. Thus, Taki-
moto et al. has demonstrated that cyproheptadine effectively
reduced estrogen receptor-o expression and transcriptional activ-
ity, and suppressing estrogen-dependent cell growth, ultimately
helpful against breast cancer. However, the role of SET7/9 in
regulation of inflammation under diabetes-AKI comorbidity is
highly unclear. Hence, the current study aims to check the effect of
HMT-SET7/9 and its inhibitor-cyproheptadine on NF-kB mediated
inflammation, and histone H3 methylation against AKI in diabetic
mellitus (DM) and non-diabetic (ND) rats.

2. Materials and methods
2.1. Materials

Cyproheptadine was obtained from Tocris Bioscience (Bristol,
UK). Glucose, Blood urea nitrogen (BUN), creatinine kit was pur-
chased from Accurex (Mumbiai, India). Monocytes chemoattractant
protein (MCP-1) primary antibody was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA), and rest of the primary and sec-
ondary antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). All the other chemicals were procured from
Sigma Aldrich (St. Louis, MO, USA), unless otherwise mentioned.

2.2. Development of type 1 diabetic rat model

The male adult Wistar rats (200—220 g) were procured from the
Central Animal Facility (CAF) of Birla Institute of Technology and
Science Pilani (BITS-Pilani) in accordance with the protocol
approved by the Institutional Animal Ethics Committee (IAEC),
BITS-Pilani ((Protocol Approval No: IAEC/RES/21/08). Animals were
maintained under standard environmental conditions with feed
and water ad lib. Animal studies are reported ensuing the ARRIVE
guidelines [20]. For Type 1 diabetes induction, male Wistar rats
were injected with single dose of STZ [55 mg/kg, i.p., vehicle-
sodium citrate buffer (0.01 M, pH 4.4] [21]. Age-matched ND rats
received only sodium citrate buffer. After 48 h of STZ injection, rats
with plasma glucose levels >16 mmol/L were included in the study
as DM rats.

2.3. Ischemic renal injury protocol

IRI was performed as per the protocol described previously [4].
Briefly, rats were anesthetized with pentobarbital sodium (50 mg/
kg, i.p.), a half-inch incision was performed on the left flank portion
of abdomen. Then, left renal pedicle was identified and occluded
with a surgical clamp to induce ischemia [22]. After 45 min, the
clamp was released, skeletal muscle and skin layers of abdominal
incision were sutured discretely with absorbable and non-
absorbable sutures, respectively. Sham control animals under-
went identical operation without left renal pedicle clamping. After
48 h of reperfusion; the rats were re-anaesthetised with pento-
barbital sodium (50 mg/kg, i.p.) and blood samples were collected
from vena cava with a 5 mL syringe intended for plasma
biochemistry. Kidneys were then removed, cleaned and blotted dry,
and kept in —80 °C. The left kidney was utilised for further
experiments.

2.4. Drug treatment

The ND and DM rats were divided into four groups each: (a) ND/

DM-serve as respective controls, (b) ND-/DM-IRI- ND or DM rats
subjected to unilateral ischemia (IRI) after completion of two weeks
of diabetes induction, (¢) ND-/DM-IRI + Cp-LD- ND- IRI or DM- IRI
rats receiving cyproheptadine low dose (10 mg/kg/day, ip.), (d)
ND-/DM-IRI 4+ Cp-HD- ND- IRI or DM- IRI rats receiving cypro-
heptadine high dose (20 mg/kg/day, i.p.) [18,23]. The treatment was
given 30 min prior to IRI and after 24 h of reperfusion.

2.5. Proximal tubules isolation from the whole kidney

Isolation of proximal tubular fraction from whole kidney was
done using percoll gradient centrifugation method as described
earlier [4].

2.6. Immunoblotting

Protein isolation and immunoblotting were performed as pre-
viously described protocols [4,21].

2.7. Quantitative real-time polymerase chain reaction

RNA was isolated from proximal tubules by using commercially
available kit and qRT-PCR was performed using specific primers
which were designed and produced by Eurofins, India (Table 1) [11],
as per described protocol.

2.8. Statistical analysis

Experimental values are represented as mean + SD, and ‘n’ re-
fers to the number of studied samples. Statistical comparison be-
tween groups was performed using one-way analysis of variance
(ANOVA) pursued by Tukey’s Multiple Comparison post hoc test or
two-way ANOVA pursued by Tukey’s Multiple Comparison post hoc
test, using GraphPad Prism software version 8.0.2 (San Diego, CA,
USA. Data showing p < 0.05, was measured statistically significant.

3. Results

3.1. Alteration in the renal functional parameters of diabetic and
non-diabetic ischemic rats

STZ administration in rats result in the development of type 1
diabetes. We found that plasma glucose level of DM and DM-I/R
rats remain significantly higher compared to ND and ND-I/R rats
(Fig. 1 A). BUN levels were found to be elevated in ND-IRI and DM-
IRI rats as compared to their respective controls. However, DM-IRI
rats showed significant elevation in BUN levels than ND-IRI rats
(Fig. 1 B). PCr levels were found to be elevated in DM-IRI rats, but
not significantly increased compared to ND-IRI rats (Fig. 1 C).

Table 1
List of primers used for qRT-PCR.

Gene Name Primer sequences of qRT-PCR

Nfkb p65 Forward:5'-CATCACACGGAGGGCTTC-3
Reverse:5'-GAACGATAACCTITGCAGGC-3/

Tnfa Forward:5'-GATCGGTCCCAACAAGGAGG-3'
Reverse:5 -CTTGGTGGTTTGCTACGACG-3’

Mcp1 Forward 5'- GTCTCAGCCAGATGCAGTTA-3'
Reverse 5'- CCTTATTGGGGTCAGCACAG-3’

Set7/9 Forward 5 -AGGTTGACAGCAGGGATT-3'

Reverse 5 -CAGTTCGGAGAAGGGAGT-3/
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A-C: Representative scattered plots of plasma glucose (PGl) (A), blood urea nitrogen (BUN) (B), creatinine (PCr) (C). Data are represented as mean + SD (n = 6). For statistical
comparison, one-way ANOVA with Tukey's multiple comparison test was used where (*) p < 0.05 vs ND; (¥) p < 0.05 vs DM; (®) p < 0.05 vs ND-IRL

3.2. Hyperglycemia increases inflammatory cascade following
ischemic renal injury

Under the pathogenesis of AKI, the plethora of inflammatory
response has been elucidated as the primary mechanism of IRI[10].
In the present study, isolated proximal tubules from DM and ND
ischemic kidneys showed active NF-kB signaling demonstrated by
elevated protein expression of p-NF-kB (S536) and decreased IkBa
expression (negative regulator of NF-kB), when compared to their
respective controls (Fig. 2A—C). In comparison to ND-IRI rats, DM-
IRI rats showed significant higher and diminished expressions of
p-NF-kB (S536) and IkBe, respectively. In addition, we also
observed markedly increased mRNA levels of Nfkb p65 in DM-IRI
rats in comparison to ND-IRI rats (Fig. 2E). Further, we have
checked the protein (MCP-1) expression of down-stream inflam-
matory signaling molecules in ND and DM group of rats. We have
found marked elevation in MCP-1 protein expression in DM-IRI and
ND-IRI rats as compared to DM and ND rats (Fig. 2A, D). Although,
DM-IRI rats showed marked upregulation of MCP-1 protein
expression than ND-IRI rats (Fig. 2A, D). We checked the mRNA
expressions of Mcp1 and Tnfa, we found that DM-IRI and ND-IRI rats
showed elevated mRNA expressions of Mcp1 and Tnfa as compared
to DM and ND rats, respectively (Fig. 2F and G). Whereas DM-IRI
rats showed significant elevation in Mcp1 and Tnfa mRNA expres-
sions compared to ND-IRI rats. Therefore, in comparison to ND rats,
DM rats are more susceptible towards inflammatory response un-
der IRL

3.3. Hyperglycemia altered histone H3 dimethylation in isolated
proximal tubules of ischemic kidney

Epigenetic machinery exerts a substantial role in the patho-
genesis of AKI [24]. In the present study, we have checked the
expression of histone H3K4Me2, H3K9Me2 and H3K36Me2 in the
isolated proximal tubules. We found that permissive histone
methylation marks i.e. histone H3K4Me2 and H3K36Me2 were
significantly elevated in isolated proximal tubules of DM-IRI and
ND-IRI rats compared to respective controls (Fig. 3 A, B, D). How-
ever, diabetic rats underwent IRl showed marked elevation of his-
tone H3K4Me2 and H3K36Me2 expressions compared to non-

diabetic rats underwent IRI (Fig. 3 A, B, D). Further, H3K9Me2
expression (repressive histone methylation mark) were observed to
be decreased in ischemic DM and ND rats. Even though, DM-IRI rats
showed profound alterations in histone di-methylation at H3K9 as
compared to ischemic ND-IRI rats (Fig. 3 A, C).

3.4. Hyperglycemia upregulates the protein and mRNA expression
of H3K4 specific histone methyltransferase-SET7/9 in ischemic renal
injury

Histone methyltransferases (HMTs) play crucial role in chro-
matin remodeling and gene expression [24]. In our study, we found
that protein and mRNA expression of H3K4Me2-specific methyl-
transferase, SET7/9 was highly upregulated after ischemic insult in
DM and ND rats (Fig. 3A, E-F). Interestingly, DM-IRI rats showed
significant elevated protein and mRNA expressions of SET7/9 as
compared to ND-IRI rats (Fig. 3A, E-F).

3.5. Cyproheptadine shows improvement in renal biochemistry in
diabetic and non-diabetic rats upon ischemic renal injury

In this study, cyproheptadine treatment was administered using
low (10 mg/kg/day, i.p.) and high (20 mg/kg/day, i.p.) doses in DM-
IRI and ND-IRI rats. None of the therapy has any effect on plasma
glucose of DM-IRI compared to DM rats (Fig. 4A). Furthermore, in
ND group, we found that elevated BUN levels were significantly
attenuated by high dose of cyproheptadine (ND-IRI + Cp-HD)
compared to low dose of cyproheptadine (ND-IRI + Cp-LD) and ND-
IRI rats (Fig. 4B). In DM group, high dose of cyproheptadine has
markedly reduced the BUN levels compared to DM-IRI rats (Fig. 4B).
Among Cp-HD groups, DM-IRI rats showed lesser recovery as
compared to ND rats (10.85 + 2.36 vs. 7.158 + 1.53).

4. Discussion

Despite different molecular and epigenetic mechanisms partic-
ipated in the development of IRI are well demonstrated, the current
remediation is scarce to prevent IRI. Therefore, it is a desideratum
to focus on novel mechanisms which take part in the development
of IRI. Therefore, we focused on histone methylation, H3K4-Specific
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Fig. 2. Effect of hyperglycemia on protein and mRNA expressions of inflammatory markers following ischemic renal injury.

A-D: Immunoblots for protein expressions of inflammatory markers in the isolated renal proximal tubular fraction with B-actin as a loading control (A). Immunoblots were
quantified by densitometry analysis e.g. p-NF-kB(S-536) (B), [KBa (C), MCP-1 (D). E-G: mRNA expression of NF-«B, Mcp1 and Tnfa was assessed by qRT-PCR in isolated proximal
tubules. 18s rRNA expression was used as internal control. Data are represented as mean + SD from three independent experiments. For statistical comparison, one-way ANOVA
with Tukey's multiple comparison test was used where (*) p < 0.05 vs ND; (¥) p < 0.05 vs DM; (®) p < 0.05 vs ND-IRL

HMT i.e. SET7/9, involved the development of IRl under DM and ND
rats. We found increased BUN levels which confirmed the renal
functional impairment in IRI (Fig. 1). In our study, we also observed
the increased inflammatory NF-kB signaling and enhanced leuko-
cyte infiltration (Fig. 2) in ischemic ND and DM rats. Moreover, we
also observed the augmented mRNA expressions of critical in-
flammatory mediators such as Nf-kb, Mcpl as well as Tnfa in
ischemic ND and DM rats (Fig. 2). These results are more pro-
nounced in DM-IRI rats compared to ND-IRI rats. During IR, cyto-
kines and other pathological mediators remain strong
intermediaries of NF-kB. Particularly, ischemic insult persuades the
generation of TNF-a in NF-kB-dependent manner, which in turns
binds to TNF-a receptor to stimulate NF-kB activation. This induced
a positive feedback mechanism of NF-«kB regulation [25,26]. Thus,
this signaling cascade has a major contribution in the pathogenesis
of IRI[10,25]. Inflammation is also characterized by the recruitment
of leukocytes, which is shown by the increased expressions of MCP-
1 [27]. Apart from it, the presence of hyperglycemia also triggers
the inflammatory loop and progress the kidney damage [28].
Therefore, in our study, we can correlate that the increased protein
and mRNA expressions of NF-kB under the presence of hypergly-
cemia, could be involved in the renal ischemic damage by
increasing cytokines and leukocyte infiltration (Fig. 2).

Furthermore, to check the inflammation and histone methyl-
ation crosstalk, we examined H3K4Me2, H3K9Me2 and H3K36Me2
in proximal tubules of DM-IRI and ND-IRI rats. Increasing evidence
shows that histone H3 methylation is involved in the pathogenesis
of kidney diseases likes diabetic kidney disease and ischemic renal
damage. H3K4Me2 and H3K36Me?2 are correlated with gene acti-
vation, while H3K9Me2 can be associated with gene silencing and
transcriptional repression [29].

In diabetic kidney diseases, H3K4Me2 showed increased
enrichment at p65, TNF-¢ and collal gene [11,30]. H3K36Me2
showed higher levels at MCO-1 loci analyzed in the glomeruli from
db/dbH20 mice compared with db/+H20 mice [31]. Isolated
Glomeruli from diabetic nephropathy rats depicted the higher
levels of H3K9Me?2 at collal gene in Refs. [11]. In addition, VSMCs
derived from diabetic db/db mice, showed decreased occupancy of
H3K9Me2 at inflammatory gene promoters [32]. These facts
advocate that the enhancement of H3K4Me and suppressed
repressive H3K9Me mark can upregulate the expression of patho-
logical genes under diabetic kidney disorders. In our study,
H3K4Me2 and H3K36Me2 expression were found to be increased in
isolated proximal tubules, where H3K9Me2 expression was
reduced in proximal tubules of diabetic and non-diabetic animals
(Fig. 3). However, the abovementioned results were highly
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Fig. 3. Expression of H3K4Me2, H3K36Me2, H3K9Me2 and SET7/9 in isolated proximal tubules of ischemic Kidney obtained from diabetic and non-diabetic rats.

A-E: Western blot analysis of H3K4Me2, H3K9Me2, H3K36Me2 and SET7/9. (B, C, D, E) Quantitative analysis of H3K4Me2, H3K9Me2, H3K36Me2 and SET7/9. F: mRNA expression of
Set7/9. was assessed by qRT-PCR in isolated proximal tubules. 18s rRNA expression was used as internal control. Data are represented as mean + SD from three independent
experiments. For statistical comparison, one-way ANOVA with Tukey's multiple comparison test was used where (*) p < 0.05 vs ND; (¥*) p < 0.05 vs DM; (%) p < 0.05 vs ND-IRL
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Fig. 4. Cyproheptadine improves renal function associated with IRL
A-B: Representative scattered plots of plasma glucose (PGl) (A), blood urea nitrogen (BUN) (B). Data are represented as mean + SD (n = 6). For statistical comparison, two-way
ANOVA with Tukey's multiple comparison test was used where (*) p < 0.05 vs control; (*) p < 0.05 vs IRl; (%) p < 0.05 vs IRI-Cp-LD.

prominent in DM-IRI rats (Fig. 3). Next, we checked the protein culture study, silencing of SET7/9 gene with small interfering RNAs
expression of HMT-SET7/9 in proximal tubules of ND-IRI and DM- in monocytes markedly inhibited TNF-o induced inflammatory
IRI rats. SET7/9 is mostly involved in H3K4Me [33]. In a cell genes and H3K4Me2 on the TNF-o promoters [17]. Sasaki et al.
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showed that knockdown of SET7/9 expression with small inter-
fering RNA significantly attenuated renal fibrosis in unilateral ure-
teral obstruction (UUO) mice [34]. In addition, renal mesangial cells
showed enhanced H3K4me1/3 expression and SET7/9 occupancies
at the p21 promoter under diabetic condition [35]. These studies
highlighted that SET7/9 are potential therapeutic targets in pre-
venting IRl under DM as well as ND rats. In our study, we found that
renal ischemic insult caused increased protein and mRNA expres-
sions of SET7/9 in DM and ND rats. However, these results are more
significant in DM-IRI rats compared to ND rats.

In recent studies, researchers have demonstrated the connec-
tion of increased expression of SET7/9 expressions and increased
inflammatory cascade in diabetes and AKI conditions. It provides an
insight towards the use of SET7/9 inhibitor under these conditions.
Sinefungin, a SET7/9 inhibitor, ameliorated the renal fibrosis by
inhibiting TGF-b1 and H3K4me1 in both cell lines (NRK-52E and
NRK-49F cells) and UUO mice [34]. Recently, cyproheptadine, a
novel SET7/9 inhibitor has been reported to exert protective role
against breast cancer [18]. SET7/9 has claimed to methylated non-
histone proteins including estrogen receptor (ER) «. ER-o methyl-
ation activates the pathogenic transcriptional activities and pre-
cipitate carcinogenesis of breast cancer. Cyproheptadine, clinically
approved antiallergy drug, used as a SET7/9 inhibitor, which hin-
ders substrate-binding pocket of Set7/9 along with its enzymatic
activity via competing with the methyl group acceptor [18]. Hang
et al. demonstrated the cyproheptadine reduced cancer induced
bone pain via decreasing spinal SET7/9 and RANTES expression.
Administration of SET7/9 (0.2 pg) in mice significantly abolished
the anti-nociceptive effects of cyproheptadine, proved the selec-
tively of cyproheptadine for SET7/9 [19]. In our study, we used
cyproheptadine against IRI in DM and ND rats. We found that high
dose of cyproheptadine has effectively improved the renal func-
tions via reducing BUN levels in DM-IRI and ND-IRI rats (Fig. 4).

In conclusion, despite there is an association between inflam-
mation, histone methylation and SET7/9 under diabetic kidney
diseases, the underlying pathways are still not clear. This is the first
report presenting the role of SET7/9 in epigenetic regulating NF-«B
inflammatory signaling, directed via H3K4Me2 under IRI in DM and
ND condition. For the first time, cyproheptadine has effectively
prevent IRI in DM and ND condition, and provides a vast idea to
conduct pathological studies exploring HMT-SET7/9 which is a
novel and enticing target under the same.
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ARTICLE INFO ABSTRACT

Clinically, patients with diabetes mellitus (DM) are more susceptible to ischemic renal injury (IRI) than non-
diabetic (ND) patients. Besides, IRI predisposes distant organ dysfunctions including, neurological dysfunction,
in which the major contributor remains renin-angiotensin system (RAS). Interestingly, the role of depressor arm
of RAS on IRI-associated neurological sequalae remains unclear. Hence, this study aimed to delineate the role of
angiotensin II type 2 receptor (AT2R) and angiotensin-converting enzyme 2 (ACE2) under the same. ND and
Streptozotocin-induced DM rats with bilateral IRI were treated with AT2R agonist-Compound 21 (C21) (0.3 mg/
kg/day, i.p.) or ACE2 activator-Diminazene Aceturate (Dize), (5 mg/kg/day, p.o.) either alone or as combination
therapy. Effect of IRI on neurological functions were assessed by behavioural, biochemical, and histopatholo-
gical analysis. Immunohistochemistry, ELISA and qRT-PCR experiments were conducted for evaluation of the
molecular mechanisms. We found that in ND and DM rats, IRI causes increased hippocampal MDA and nitrite
levels, augmented inflammatory cytokines (granulocyte-colony stimulating factor, glial fibrillary acidic protein),
altered protein levels of Ang II, Ang-(1-7) and mRNA expressions of AtIr, At2r and Masr. Treatment with C21
and Dize effectively normalised above-mentioned pathological alterations. Moreover, the protective effect of
C21 and Dize combination therapy was better than respective monotherapies, and more likely, exerted via
augmentation of protein and mRNA levels of depressor arm components. Thus, AT2R agonist and ACE2 activator
therapy prevents the development of IRI-associated neurological dysfunction by attenuating oxidative stress and
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inflammation, upregulating depressor arm of RAS in brain under ND and DM conditions.

1. Introduction

Ischemic renal injury (IRI) remains the most common cause of acute
kidney injury (AKI) (Kumar, 2018). On the other hand, the clinical
settings are often multifaceted with patients having co-morbidities like
diabetes that make patients more susceptible for IRI (Monseu et al.,
2015). Besides, the diabetic patients suffering from AKI are at higher
risk of central nervous system dysfunctions than with chronic kidney
diseases like end stage renal disease (Baumgaertel et al., 2014; Wu
et al., 2014). Even though, AKI-associated neurological impairments are
well known, the pathogenesis of the same is poorly understood. Existing
reports suggest that IRI elevated hippocampal pyknotic neurons and
cerebral microglial cells, activates neurons due to stress responses, and
retarded motor activity (Liu et al., 2008; Palkovits et al., 2009). These
could be due to systemic inflammation which consequently increases
the blood-brain barrier permeability (Liu et al., 2008; Chou et al.,
2014).

In our recent review article, we have discussed the role of renin-

angiotensin system (RAS) activation, as an unavoidable pathogenic
signalling and contributes AKI (Sharma et al., 2019a). Clinically,
treatment with conventional RAS inhibitors i.e. angiotensin-converting
enzyme inhibitor (ACEi) and angiotensin II type 2 receptor blockers
(ARBs), produces vasodilation of the renal efferent arterioles, thereby
reduces glomerular filtration rate and deteriorates hypovolemic con-
dition of kidney which eventually worsens the extent of AKI (Mansfield
et al., 2016). Thus, recently, we tested the role of depressor arm of RAS
modulations in IRI under diabetes mellitus (DM) and non-diabetic (ND)
conditions (Sharma et al., 2019b). The diabetic unilateral-ischemic rats
exhibited upregulation of the pressor RAS and down-regulation of de-
pressor RAS components, leading to abrupt increase in inflammation,
cell apoptosis and oxidative stress, consequently severe tubular da-
mage. Upon treatment with angiotensin II type 2 receptor (AT2R)
agonist, Compound 21 (C21) and angiotensin-converting enzyme 2
(ACE2) activator, Diminazene aceturate (Dize), the depressor arm of
RAS get upregulated which depleted pathogenic markers of IRI and
improved tubular morphology in kidney tissue (Sharma et al., 2019b).
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Fig. 1. Schematic representation of the study design. A) Timeframe for the induction of diabetes mellitus via streptozotocin-injection and acute kidney injury
(AKD) by bilateral ischemia/reperfusion (bIRI), and pharmacological intervention. B) Experimental details of animal sub-grouping for an intervention study followed

by experimental design (n =

6 animals/group). ND-non-diabetic rats, DM-diabetes mellitus rats, ND-/DM-IRI- ND or DM rats subjected to Ischemia-30min/

reperfusion-24 h (IRI), ND-/DM-IRI + C21- ND-IRI or DM-IRI rats receiving compound 21 (0.3 mg/kg/day, i.p.) monotherapy, ND-/DM-IRI + Dize- ND-IRI or DM-
IRI rats receiving Dize (5 mg/kg/day, p.o.) monotherapy, ND-/DM-IRI + CD- ND-IRI or DM-IRI rats receiving compound 21 (0.3 mg/kg/day, i.p.) and Dize (5 mg/

kg/day, p.o.) combination therapy.

Prevailing body of preclinical and clinical evidences revealed that
most of the organs control their own local RAS that is compartmenta-
lized from the systemic circulation (Campbell, 2014). Recently, Cao
et al. has described that IRI resulted in the local activation of RAS not
only in kidney, but also in the brain tissue (Cao et al., 2017). The renal
and brain RAS are interlinked via reno-cerebral sympathetic reflex that
is activated by renal afferent sympathetic nerves, ultimately increases
cerebral pressor arm components like angiotensinogen (AGT) and an-
giotensin II (Ang II) levels, intensifies inflammation and oxidative
stress. Thus, there might be an upsurge of the brain RAS through
neuronal pathways (Cao et al., 2015, 2017). However, the role of de-
pressor arm of RAS in IRI-associated neurological dysfunction is still
unknown. Therefore, in the present study we used diabetic and non-
diabetic rats bilateral renal IRI model to test the hypothesis that IRI
could alter the AT2R and ACE2 levels of the brain local RAS that could
mediate cerebral inflammation and oxidative stress.

2. Materials and methods
2.1. Materials

Streptozotocin and Diminazene aceturate (Dize) were obtained from
Sigma (St. Louis, MO, USA). Glucose, creatinine and blood urea ni-
trogen (BUN) kits were obtained from Accurex (Mumbai, India). ELISA
kits for Kidney injury molecule-1 (Kim-1), ACE, ACE2, Ang-(1-7) and
Ang 1I were purchased from Fn Test (Wuhan, China); granulocyte-

colony stimulating factor (GCSF) and glial fibrillary acidic protein
(GFAP) ELISA kits were purchased from Elabsciences (China). TNF-a
primary antibody was procured from Santa Cruz Biotechnology (Dallas,
TX, USA), and secondary antibody was procured from Cell Signaling
Technology (Danvers, MA, USA).

2.2. Development of streptozotocin-induced type 1 diabetes

The animal experiments were carried out at Central Animal Facility
(CAF) of Birla Institute of Technology and Science Pilani (BITS-Pilani)
as per the protocol approved by the Institutional Animal Ethics
Committee (IAEC), BITS-Pilani (Protocol Approval No: IAEC/RES/23/
19/Rev-2/25/18). Reported animal studies are ensued the ARRIVE
guidelines (Kilkenny et al., 2010). The male adult Wistar rats
(200-220g) were acquired from the CAF of BITS-Pilani and maintained
under standard environmental conditions, with feed and water ad lib.

Diabetes mellites (DM) was induced by single dose of Streptozotocin
[55 mg/kg, i.p., vehicle-sodium citrate buffer (0.01 M, pH 4.4)] in male
Wistar rats (Sharma et al., 2019b). ND rats of same age group received
only vehicle. After 48 h of Streptozotocin-injection, rats having plasma
glucose levels > 16 mmol/L were involved in the study as DM rats.

2.3. Ischemia-reperfusion renal injury

ND and DM rats underwent bilateral ischemia reperfusion injury
(IRI) (Lima-Posada et al., 2019; Sharma et al., 2019b). Briefly, rats were
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given saline (20 ml/kg, s.c.) to prevent fluid loss during laparotomy.
Then, rats were anaesthetised with pentobarbital sodium (50 mg/kg,
ip.) and were kept on surgical platform in dorsal position and body
temperature (37°C) was maintained with homoeothermic blanket. The
flank incisions were made to expose both kidneys, followed by occlu-
sion of renal pedicles using non-traumatic clamps. After 20 min, the
clamps were removed and after observing renal blood flow, the skeletal
muscle and skin layers were sutured separately with absorbable and
non-absorbable sutures, respectively. To prevent post-surgical infec-
tion, rats were given topical application of (Betadine™) antiseptic and
parenteral (Augmentin™, 324 mg/kg, i.p.) antibiotics. Sham control
animals were subjected to identical operation and length of time of
surgery but without renal vascular pedicles clamping. After 24 h, blood
was collected from vena cava with a 5 ml syringe for plasma bio-
chemistry. The kidney and brain tissues were then removed, washed
and blotted dry, weighed and kept in —80 °C for further experi-
mentations. For histology, brain was harvested and separately fixed
with formalin to proceed it for hematoxylin and eosin and im-
munohistochemical staining.

2.4. Drug treatments

The ND and DM rats were divided into five groups each: (a) ND/
DM-serve as respective controls, (b) ND-/DM-IRI- ND or DM rats sub-
jected to bilateral ischemia (IRI) after completion of two weeks of
diabetes induction, (c) ND-/DM-IRI + C21- ND- IRI or DM- IRI rats
receiving compound 21 (C21) (0.3 mg/kg/day, ip.) (Pandey and
Gaikwad, 2017), (d) ND-/DM-IRI + Dize- ND- IRI or DM- IRI rats
receiving Dize (5 mg/kg/day, p.o.) (Goru et al., 2017), (e) ND-/DM-
IRI + CD- ND- IRI or DM- IRI rats receiving C21 (0.3 mg/kg/day, i.p.)
and Dize (5 mg/kg/day, p.o.) combination therapy. Both monotherapies
and combination therapy were administered two days prior to IRI and
continued to next day (24 h of reperfusion time) (Fig. 1).

2.5. Assessment of renal functions by plasma and urine biochemistry

After reperfusion time, blood samples were collected and plasma
was separated by centrifugation (5 min at 5000 g, 4 °C). These plasma
samples were used for estimation of BUN and creatinine (PCr) levels
using spectrometric kits. Urine sampled were collected using metabolic
cages and utilised for assessment of urinary kim-1 using ELISA kits.

2.6. Behavioural assessment: spontaneous locomotor activity

After 24 h of renal ischemia, behavioural assessment was performed
between 09:00 and 17:00 h using a digital actophotometer (INCO,
India). Briefly, each rat was placed inside a square closed chamber
(30 x 30 cm?® and spontaneous locomotor activity for a period of
10 min was recorded using infra-red light-sensitive photocells (Sharma
and Taliyan, 2016).

2.7. Hematoxylin and eosin staining

Brain histology was examined by Hematoxylin and Eosin (H and E)
staining (Liu et al., 2008). At least 4-5 sections (one microscopy slide)
from each brain and a total of n = 6 brain from each group were ob-
served; and images of CAl region of hippocampus were captured at
400 x magnification by using a Zeiss microscope (model: Vert.Al). 5-6
images from each stained brain microscopy slide were evaluated for
neuronal cells with a condensed, darkly stained cell body and nucleus
which were considered as pyknotic. Pyknotic cells were counting by a
blind observer and presented the damaged neuronal cells as the num-
bers of pyknotic cells per section. The average value of pyknotic cells
count for each slide was considered for statistical analysis.
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2.8. Immunohistochemistry

Immunohistochemistry (IHC) was performed as described pre-
viously (Sharma et al., 2019b). Briefly, brain sections (5 pm) were taken
from paraffin blocks and deparaffinized with xylene, followed by an-
tigen retrieval by heating in citrate buffer (10 mmol/L). Mouse primary
antibody incubation was performed against TNF-a (Dilution: 1:200 v/
v), followed by secondary antibody incubation with HRP-conjugated
anti-mouse IgG. For detection, diaminobenzidine (DAB) were used as a
chromogen. The slides were counterstained with hematoxylin, dehy-
drated with alcohol and xylene and mounted in DPX. At least 4-5
sections (one microscopy slide) from each brain and a total of n = 6
brain from each group were observed; and images were taken at
400 X magnification by using Zeiss microscope (model: Vert.Al). 5-6
images from each stained brain microscopy slide were analysed using
ImageJ software (NIH, Bethesda, MD, USA) for calculating DAB-posi-
tive area.

2.9. Isolation of proximal tubular fraction

Proximal tubules were isolated form the kidney tissue as described
previously (Sharma et al., 2019b). Briefly, the kidney was crushed and
digested with collagenase type IV in PBS, followed by constant oxyge-
nation until a uniform suspension was formed. The suspension was
filtered using nylon 250-um sieve followed by centrifugation at 100g for
1 min. After washing with ice-cold PBS, pellet suspension was mixed
thoroughly with 40% Percoll followed by centrifugation at 26,000 g for
30 min. Centrifugation tubes showed four distinct bands (B1-B4). The
B4 band, highly enriched proximal tubular fraction, was cautiously
collected, suspended, and washed in ice-cold PBS. Finally, the isolated
tubular fraction was examined under the light microscope and used for
further analysis.

2.10. Measurements of oxidative stress level in proximal tubules and
hippocampus

2.10.1. Sample homogenate preparation

For hippocampal homogenate, isolated brains were rinsed with ice-
cold isotonic saline (0.9% w/v NaCl). The hippocampus region of brains
was dissected and were homogenized using ice-cold 0.1 M phosphate
buffer (pH 7.4) in ten times (w/v) volume, followed by centrifugation at
10,000 g for 15 min (4 °C) (Sharma and Taliyan, 2016). For proximal
tubules, we directly taken the isolated proximal tubular fraction and
added 0.1 M phosphate buffer (pH 7.4) in ten times (w/v) volume.
Then, we centrifuged the samples at 10,000 g for 15 min. Finally, the
aliquots of supernatant were separated and further used for biochemical
estimations.

2.10.2. Protein determination

Protein content in the proximal tubules and hippocampal samples
were measured by the method of Lowry et al. (Classics Lowry et al.,
1951) using bovine serum albumin (1 mg/ml) as a standard.

2.10.3. Malondialdehyde (MDA) estimation

MDA is an end product of lipid peroxidation, was assessed using
proximal tubules and hippocampal homogenate as described by pre-
viously (Sharma et al., 2015). The absorbance of MDA was observed
after the reaction of MDA with thiobarbituric acid, at 532 nm. Then, the
concentration of MDA was assessed from a standard curve and stated as
nanomoles per milligram of protein.

2.10.4. Nitrite levels estimation

Nitrite, an indicator of nitric oxide production, was done as de-
scribed by Sharma S. et al., (Sharma et al., 2015). Briefly, nitrite levels
were determined by Griess reagent (0.1% N-(1-naphthyl) ethylenedia-
mine dihydrochloride, 1% sulfanilamide, and 2.5% phosphoric acid).
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Equal volumes of Griess reagent and tissue (proximal tubules/hippo-
campus) supernatant were mixed together and was incubated in the
dark light for 10 min (24 °C). Absorbance was taken at 540 nm and the
concentration of nitrite was assessed from a sodium nitrite standard
curve and expressed as micromoles per milligrams protein.

2.11. ELISA to determine RAS components levels in proximal tubules and
hippocampus

Isolated proximal tubular fraction and hippocampus tissues were
homogenized in the recommended buffer solution, followed by total
protein estimation. Protein equalised proximal tubular, hippocampal
samples, and diluted urine were assayed for AGT, ACE, ACE2, Ang II
and Ang-(1-7) protein levels by using ELISA kits (n = 6 rats/group)
(Goru et al., 2017).

2.12. Quantitative real-time polymerase chain reaction

RNA isolation from hippocampal tissue and qRT-PCR were per-
formed according to a previously described protocol (Malek and
Gaikwad, 2018; Sharma et al., 2019b). Briefly, RNA was isolated from
hippocampal tissue and reverse transcribed. qRT-PCR was conducted
on the LightCycler® 96 Real-Time PCR System using the FastStart Es-
sential DNA Green Master and results were analysed by LightCycler®
Software (Roche, Germany). mRNA levels were normalised against 18s
rRNA contents. All the primers were designed and produced by Euro-
fins, India (Supplementary data, Table S1). Experiments were carried
out in triplicate for each sample and results are expressed as fold
changes over respective controls.

2.13. Statistical analysis

Experimental values are represented as mean = S.D., and ‘n’ refers
to the number of samples studied. Statistical comparison between
groups was performed using one-way analysis of variance (ANOVA)
followed by Tukey's Multiple Comparison post hoc test or two-way
ANOVA followed by Tukey's Multiple Comparison post hoc test. Data
with P < 0.05, were considered statistically significant. GraphPad
Prism software version 8.0.2 (San Diego, CA, USA) was used for all
statistical processing. All the statistical analysis was performed ac-
cording to suggested experimental design and analysis in the field of
pharmacology (Curtis et al., 2015).

3. Results
3.1. Hyperglycaemia worsens renal functions under ischemic renal injury

DM rats had increased plasma glucose (Supplementary Fig. 1A) le-
vels compared to ND rats. Further, we found that IRI in ND and DM rats
significantly increased PCr (Supplementary Fig. 1B) and BUN
(Supplementary Fig. 1C) levels compared to respective controls. DM-IRI
rats showed significantly higher BUN and PCr levels compared to ND-
IRI rats (28.66 * 3.1vs.20.33 * 25,92.7 * 9.4vs.66.41 + 8.3).
Kim-1, a type 1 trans-membrane protein, having an immunoglobulin
and mucin domain, whose levels are said to be elevated under proximal
tubular damage upon ischemic renal injury (Han et al., 2008). In our
study, DM-IRI rats showed significantly increased urinary kim-1 protein
levels as compared to ND-IRI rats (16.52 * 1.5 vs. 9.34 * 2.3,
Supplementary Fig. 1D).

3.2. Hyperglycaemia impairs locomotor activity and aggravates brain
inflammatory mediators after ischemic renal injury

To determine whether the findings of an abrupt alterations in
kidney functional parameters was accompanied by impaired beha-
vioural parameter and distant organ (brain) cellular inflammation, we
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checked locomotor activity using actophotometer, and performed
ELISA for inflammatory molecules like GCSF and GFAP in plasma,
hippocampus and cerebral cortex tissue. IRI has severe effect on the
locomotor activity response in DM rats compared to ND rats
(Supplementary Fig. 1E). Further, after IRI, both DM-IRI and ND-IRI
had shown increase in plasma (Supplementary Fig. 1F) and hippo-
campal (Supplementary Fig. 1G) GCSF levels, compared to their re-
spective controls. However, in comparison to ND-IRI group, DM-IRI
group showed significant increase in GCSF levels in plasma and hip-
pocampus (548.6 =+ 34.2 vs. 441.1 * 50.2, 50.02 * 6.9 vs.
40.56 * 4.4; Supplementary Figs. 1F and G). GFAP, an indicator for
activated glial cells during brain inflammation, found to get elevated in
plasma (Supplementary Fig. 1H) as well as in cerebral cortex
(Supplementary Fig. 1I) of DM-IRI and ND-IRI rats. However, DM-IRI
rats has shown marked elevation in plasma and cerebral cortex GFAP
levels, as compared to ND-IRI rats (6.33 = 0.43 vs. 4.84 = 0.64,
332.4 * 20.8vs. 2524 * 21.7; Supplementary Figs. 1H and I).

3.3. AT2R and ACE2 activation accentuated renal functions in diabetic and
non-diabetic rats upon ischemic renal injury

We adjured to check the role of RAS depressor arms' regulations on
brain after IRI. We treated ND-IRI and DM-IRI rats with AT2R agonist
(€21, 0.3 mg/kg/day, ip.) and ACE2 activator (Dize, 5 mg/kg/day,
p.o.), either alone as monotherapy or together as combination therapy
(Fig. 1A and B). Plasma biochemical parameters revealed that none of
the therapies had any effect on increased plasma glucose levels in DM
group (Fig. 2A). ND-IRI and DM-IRI rats’ receiving C21 and Dize
combination therapy significantly reduced BUN levels, while both the
monotherapies had no effect on BUN levels when compared to re-
spective controls (Fig. 2B). On the other hand, both monotherapies and
combination therapy showed significant reduction in PCr levels when
compared to ND-IRI and DM-IRI rats. Interestingly, the combination
therapy exhibited lower levels of PCr compared to both monotherapies
in ND and DM conditions (Fig. 2C). Moreover, in ND-IRI rats, combi-
nation therapy has significantly reduced PCr levels compared to DM-IRI
rats (60.92 * 10.4 vs. 41.36 = 9.1).

In ND group, the increased urinary Kim-1 level was significantly
decreased by C21 and Dize monotherapies and combination therapy
(Fig. 2D). In DM group, only combination therapy had effect on de-
creasing urinary kim-1 levels compared to DM-IRI and both mono-
therapies (Fig. 2D). Moreover, ND-IRI + CD rats has significantly
lowered the urinary Kim-1 levels compared to DM-IRI + CD rats
(9.55 £ 1.9vs. 3.63 = 1.2).

3.4. AT2R and ACE2 activation improved cognitive functions and
diminished oxidative stress

As compared to ND-IRI rats, DM-IRI rats had a significant decrease
in locomotor activity (Fig. 3A). Interestingly, concomitant activation of
AT2R and ACE2 had improved the activity counts in ND-IRI and DM-IRI
rats, while ND-IRI rats showed marked recovery as compared to DM-IRI
rats (222.3 =+ 32.56 vs. 178.1 =+ 24.58). Neither of the mono-
therapies had improved the locomotor-cognitive function in ND-IRI and
DM-IRI rats (Fig. 3A). Further, we tested MDA and nitrite levels to
determine whether hyperglycaemia aggravated IRI-associated brain
functional abnormalities are linked with brain oxidative stress levels. In
proximal tubules, DM-IRI rats showed higher MDA (31.87 =+ 2.87 vs.
20.48 =+ 2.35) and nitrite (52.29 * 4.07 vs. 38.11 * 3.72) levels as
compared to ND-IRI rats (Fig. 3B and C). In ND group, C21 and Dize
monotherapies has reduced the MDA and nitrite levels compared to ND-
IRI rats. However, combination therapy significantly reduced the MDA
and nitrite levels compared to C21 and Dize monotherapies (Fig. 3B and
C). In DM group, €21 and Dize monotherapies had no effect on MDA
and nitrite levels, but combination therapy significantly lessened MDA
and nitrite levels compared to DM-IRI rats (Fig. 3B and C).
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In hippocampal tissue, DM-IRI rats showed significant elevation of
MDA (9.22 * 0.847 vs. 7.075 = 0.91) and nitrite (24.58 * 1.81 vs.
19.44 = 1.52) levels compared to ND-IRI rats (Fig. 3D and E). Neither
of the monotherapies lowered the hippocampal MDA and nitrite levels
(Fig. 3D and E). However, the combination therapy significantly atte-
nuated the MDA and nitrite levels as compared to ND-IRI and DM-IRI
rats (Fig. 3D and E).

3.5. AT2R and ACE2 activation suppressed pyknotic neurons in
hippocampal CA1 region of diabetic and non-diabetic rats after ischemic
renal injury

Light microscopic data of H&E-stained brain sections showed
healthy neurons in CAl region of hippocampus in ND and DM rats
(Fig. 4A). Healthy neurons seemed robust, spherical or slightly oval
nucleus with clear visible cytoplasm as indicated by green arrows.
However, the ND-IRI and DM-IRI groups showed disorganization and
cell loss in CAl region as indicated by red arrows (Fig. 4A and B). The
pyknotic cells count were more prominent with DM-IRI group in com-
parison to ND-IRI group (47.33 * 4.76 vs. 30.67 = 4.33, Fig. 4B).
The size of pyramidal cells was substantially shrunken with darkened
nuclei. Remarkably, there was a reduction in the pyknotic neurons and
apoptosis, and preservation of pyramidal cells following treatment with
C21 and Dize combination therapy compared to ND-IRI and DM-IRI
groups (Fig. 4A and B). In ND group, combination therapy significantly
reduced pyknotic cells count compared to DM group with combination
therapy (35.5 = 5.89 vs. 14.67 * 4.37, Fig. 4A and B). In contrast,
both monotherapies were unable to produce significant reduction in

pyknotic cells counts compared to ND-IRI and DM-IRI rats (Fig. 4A and
B).

3.6. AT2R and ACE2 activation curbed systemic and brain soluble
inflammatory mediator-GFAP in diabetic and non-diabetic rats upon
ischemic renal injury

Regarding GCSF, DM-IRI rats showed significant increase in its
plasma and hippocampal GCSF levels as compared to ND-IRI rats
(Fig. 5A and B). Neither monotherapies nor combination therapies have
observed to persuade a significant difference in the plasma and hip-
pocampal GCSF protein levels compared with ND-IRI and DM-IRI rats
(Fig. 5A and B). In plasma and cerebral cortex homogenate samples,
DM-IRI rats showed significant increase in GFAP protein levels com-
pared to ND-IRI rats (Fig. 5C and D). C21 and Dize monotherapies
showed no effect on GFAP protein levels compared to ND-IRI and DM-
IRI rats. In ND and DM studies, combination therapy significantly
lowers the GFAP levels as compared to IRI and monotherapies groups
(Fig. 5C and D). In combination therapy, DM-IRI rats showed less re-
duction GFAP levels compared to ND-IRI rats in plasma (4.966 *+ 0.52
vs. 3.66 =+ 0.35) and cerebral cortex (274.4 =+ 22.2 vs.
200.5 * 20.85, Fig. 5C and D) samples.

3.7. AT2R and ACE2 activation attenuated TNF-alpha expression in the
hippocampal CA1 region after ischemic renal injury

We observed that DM-IRI and ND-IRI rats presented marked eleva-
tion of TNF-a expressions in the CAl hippocampal region compared to



N. Sharma and A.B. Gaikwad

European Journal of Pharmacology 882 (2020) 173241

A)
s NDe DM
'§§400—'I‘%
%gsoo— " ;#
E%zoo— _I_* 3 -I-.k ;
9 %100— '; § s
- =<

0 T 1 I T T

B) C)
% — ND o Dl::I . ND e DM*
: f _ g : 3
S g s0- } 3 # 3 : % ‘i‘ s #
Nt ot * = 40 # # Y
4 & © s % g 1 & ¥
g 220 + 4 @ S * T I
g 2 I EPAE R
[-W = z

0 +I$ T T T T 0 T 1 ] 1 1

D) E

= 1p—% DDW DM 30—) Fibes 4
g ;g *-*? L] ° .:g *¥ %

(=9 R [ ]
SR SIS I - B MR L
5 2 T +i £ 4
(5] hon! ®
2 % 5% 17 i3 t

= o0 0

I/R+
I/R+CD-

Control -
I/R+C214
I/R+Dize -

IRIA

Control -
IRI+C214
IRI+Dize+
IRI+CD-

Fig. 3. Effect of AT2R and ACE2 activation on locomotor activity, and proximal tubular and hippocampal oxidative stress. A-B: Estimation of oxidative stress

markers e.g. malondialdehyde (MDA) (A), nitrite (B) levels in isolated proximal tubular fraction from rat kidneys (n =

6). C-D: Estimation of oxidative stress

markers; malondialdehyde (MDA) (A), nitrite (B) levels in hippocampal homogenate obtained from rat brain tissue (n = 6). Scattered plot (E) of locomotor activity

which was evaluated by the times breaking laser beam during the test. Data are represented as mean *+

S.D. from three independent experiments. Two-way ANOVA

with Tukey's multiple comparison test for statistical comparison. ® P < 0.05 vs control; ) P < 0.05 vs IR, ‘@ P < 0.05 vs IRI-C21; ® P < 0.05 vs IRI-Dize.

respective controls (Fig. 6A and B). Here, DM-IRI group showed higher
TNF-o expressions compared to ND-IRI group (67.17 * 7.36 vs.
51.67 =+ 5.68, Fig. 6B). In ND and DM studies, C21 and Dize combi-
nation treatment had significantly reduced the TNF-a expressions as
compared to IRI and monotherapies group. In combination therapy,
ND-IRI rats showed marked reduction in TNF-a expressions compared
to DM-IRI rats (47.67 = 8.75vs. 39.2 = 11.23, Fig. 6B).

3.8. AT2R and ACE2 activation modulated RAS components in the
proximal tubular cells of diabetic and non-diabetic rats upon ischemic renal

injury

We have checked the proximal tubular levels of pressor arm and
depressor arm of RAS. In Fig. 7, the ACE and Ang II levels of ND-IRI and
DM-IRI were significantly greater than their respective controls. The
DM-IRI rats showed significant increase in ACE and Ang II levels
compared to ND-IRI rats (14.64 + 1.86vs.8.86 = 1.1;86.75 = 7.56
vs. 56.62 * 6.8, Fig. 7A, C). C21 and Dize alone and in combination
did not reduced the ACE levels. However, combination therapy of C21
and Dize has markedly reduced the Ang Il levels as compared to in ND/
DM-IRI and monotherapies groups (Fig. 7C). Here, combination treat-
ment in DM-IRI rats showed comparatively lesser reduction of Ang II
levels as compared to ND-IRI rats (61.8 = 8.2 vs. 37.93 =+ 6.72).

Further, depressor arm components: ACE2 (Fig. 7B) and Ang-(1-7)
(Fig. 7D) levels were significantly reduced in proximal tubules of ND-
IRI and DM-IRI groups compared to their respective controls. ND-IRI
rats showed less significant reduction in ACE2 and Ang-(1-7) levels
compared to DM-IRI rats (1.95 =+ 0.51 vs. 1.022 =+ 0.34;
11.09 * 1.9vs.6.457 * 1.7, Fig. 7B and D). Among monotherapies,
only Dize treatment increased ACE2 (Fig. 7B) and Ang-(1-7) (Fig. 7D)
levels compared to ND-IRI and DM-IRI rats. Moreover, combination
therapy significantly increased ACE2 (Fig. 7B) and Ang-(1-7) levels
(Fig. 7D) compared to ND/DM-IRI and monotherapies groups.

In Fig. 7E, urinary AGT levels were significantly elevated in ND-IRI
and DM-IRI rats in comparison to ND and DM rats. Though, DM-IRI rats
showed higher urinary AGT levels compared to ND-IRI rats
(109.1 =+ 11.6vs. 82.35 * 7.45, Fig. 7E). Combination therapy has
significantly reduced urinary AGT levels compared to ND-IRI and DM-
IRI rats. However, combination treatment in DM-IRI rats showed
comparatively lesser reduction of urinary AGT levels than ND group of
combination therapy (85.77 * 10.4 vs. 65.87 = 7.05).
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3.9. AT2R and ACE2 activation improved hippocampal depressor arm and
suppressed pressor arm components of diabetic and non-diabetic rats upon
ischemic renal injury

In AKI, neurons get activated in stress-sensitive brain regions in-
cluding hippocampus (Palkovits et al., 2009). In ND-IRI and DM-IRI
rats, the hippocampal levels of Ang II (Fig. 8A) and Ang-(1-7) (Fig. 8B)
were significantly increased and decreased, respectively, as compared
to ND and DM rats. For hippocampal Ang II levels, DM-IRI rats showed
higher Ang II levels as compared to ND-IRI rats (20.08 = 1.5 vs.
15.49 =+ 1.3). After combination therapy, ND-IRI rats showed sig-
nificant reduction in Ang II levels compared to DM-IRI rats
(11.68 = 1.9 vs. 14.79 = 1.5). For hippocampal Ang-(1-7) levels,
ND-IRI rats showed lesser reduction in Ang-(1-7) levels as compared to
DM-IRI rats (15.59 = 3.1 vs. 9.52 * 2.2). Among monotherapies,
only Dize therapy has increased the Ang-(1-7) levels as compared to
ND-IRI and DM-IRI rats. The combination therapy with C21 and Dize
results in significant increased Ang-(1-7) levels as compared to ND/
DM-IRI and both monotherapies groups (Fig. 8A and B).

IRI has significantly increased the hippocampal Atlr mRNA ex-
pressions compared to ND and DM rats (Fig. 8C). DM-IRI rats showed
significant elevated Atlr mRNA expressions in comparison to ND-IRI
rats (3.07 = 0.39 vs. 2.11 * 0.34). Here, neither monotherapies nor
combination therapy normalised the AtIr mRNA expression compared
to ND-IRI and DM-IRI rats (Fig. 8C). On the other hand, the key re-
ceptors of depressor arm of RAS i.e. At2r, Masr mRNA expressions got

elevated in ND-IRI and DM-IRI rats compared to ND and DM rats
(Fig. 8D and E). Additionally, the combination treatment significantly
raised the At2r and Masr mRNA expressions as compared to ND-IRI and
DM-IRI rats (Fig. 8D and E). However, none of the monotherapies up-
regulated the At2r and Masr mRNA expressions.

4. Discussion

Alteration in RAS plays a major role in neurological sequalae under
diabetes and various kidney diseases (Cao et al., 2015; Padda et al.,
2015). Individually, diabetes and AKI episodes reported to cause neu-
rological dysfunction via disruption of blood brain barrier, activation of
inflammatory cascade, derangement of neurotransmitters and alterca-
tion in RAS arms (Liu et al., 2008; Lu et al., 2015; Cao et al., 2017). Cao
et al. have established the role of reno-cerebral RAS pathway under AKI
as well as CKD (Cao et al., 2015, 2017).

Recently, depressor arm of RAS has gained the popularity as an
important molecular target involved in various neurological dysfunc-
tions like ischemic stroke and cognitive impairment (Bennion et al.,
2017; Ahmed et al., 2019). However, its role in the pathophysiology of
AKI abides poorly understood. Therefore, in the present study, we in-
vestigated the role of depressor arm of RAS on the neurological dys-
function induced by AKI in non-diabetic and diabetic rats. We found
that IRI simultaneously activated the reno-cerebral RAS in ND and DM
rats. The damaged kidneys and brain showed marked elevated oxida-
tive stress levels and inflammatory cascade that impaired the cognitive
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behaviour of ND and DM rats. The alteration in reno-cerebral RAS leads
to activation of pressor arm that result in increased Ang II levels and
suppression of depressor arm causes depletion of Ang-(1-7) levels in
renal and hippocampal tissue. Interestingly, the above-mentioned out-
comes were significantly pronounced in DM-IRI rats compared to ND-
IRI rats.

Treatment with the combination of two major depressor arm mod-
ulators, C21 (0.3 mg/kg/day, i.p.) and Dize (5 mg/kg/day, p.o.), atte-
nuated the IRI induced increased in BUN, PCr and urinary KIM-1 levels
in ND and DM rats. Thus, suggesting the potential of AT2R agonist and
ACE2 activator in normalising the kidney functional parameters
(Fig. 2). Similar results were obtained in previous reports, where im-
proved BUN and PCr levels was observed in IRI and diabetic rats as a
result of Dize administration (Malek and Nematbakhsh, 2014; Goru
et al., 2017).

Both AKI and diabetes have been reportedly elevated the cerebral
oxidative damage (Kovalcikova et al., 2018; Etienne et al., 2019). In-
creased brain oxidative stress markers (MDA, nitrite levels) most pro-
minently found in hippocampal region of brain after IRI episode
(Kovalcikova et al., 2018). In this study, DM-IRI rats showed marked
increase in MDA and nitrite levels in isolated proximal tubular and
hippocampal homogenates compared to ND-IRI rats. Combination
therapy of C21 and Dize has significantly attenuated the increased MDA
and nitrite levels in ND-IRI rats. However, a similar suppression was not
observed in DM-IRI rats (Fig. 3).

Next, we performed behavioural assessment using actophotometer
in DM-IRI and ND-IRI rats. IRI has severely impaired locomotor activity

in DM rats compared to ND rats. Regarding the mechanism of altered
motor activity, increased uremia leads to change in monoamine meta-
bolism (specifically dopamine) and further altered motor activity
(Adachi et al., 2001; Verma et al., 2018). The connecting link of reno-
cerebral RAS axis remains the another possibility to alter motor activity
in IRI rats (Cao et al., 2017). Combination therapy of C21 and Dize has
improved the motor activity to a greater extent in ND rats compared to
DM rats (Fig. 3).

Histopathological evaluation by H and E staining revealed elevated
pyknotic neuronal cells in CAl of the hippocampus. The hippocampus
imparts a kin role in learning and memory as well as in anxiety and
depression (Hollands et al., 2016; Anacker and Hen, 2017). Selectively,
CAl region remains the highly vulnerable hippocampal part to degen-
erate in various pathological anomalies (Bordi et al., 2016; Lee et al.,
2017). Previous reports in Alzheimer's disease and diabetes showed the
existence of CAl pathology and inflammation along with hypoactivity
in actophotometer (Sharma et al., 2015; Wei et al., 2019). Therefore,
IRI induced damage to hippocampal CAl neurons could account for
hypoactivity of the rats. Whereas, concomitant therapy of C21 and Dize
showed significant alleviation of neuronal damage in these regions in
ND rats compared to DM rats (Fig. 4).

GCSF is a hematopoietic growth factor that regulates proliferation
and differentiation of neural stem cells. Studies has revealed its neuro-
protective role under Alzheimer disease and cerebral ischemia (Li et al.,
2015; Wu et al., 2017). In our study, IRI results in elevated circulating
and hippocampal GCSF levels in ND and DM rats. However, none of the
treatment has further enhanced the GCSF levels. In higher vertebrates,
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brain injury resulted from chemical insult, trauma, genetic disorders or
AKI, consequently elevated the reactive astrocytes which increased the
GFAP synthesis in cerebral cortex, hippocampus, GFAP considered as
inflammatory sign in brain tissue and is proved by protein levels and
immunostaining GFAP (Liu et al., 2008; Cao et al., 2017). Similarly, we
also observed the elevated GFAP protein levels in both plasma and
cerebral cortices of DM-IRI rats compared to ND-IRI rats. After com-
bination therapy, ND rats showed marked reduction in GFAP levels
compared to DM rats (Fig. 5).

Both clinical and laboratory reports evidenced that IRI results in an
upsurge of brain inflammation via over-expressing of pro-inflammatory
cytokines such as keratinocyte derived chemoattractant (KC), IL-1,
TNF-a, macrophage inflammatory protein (MIP)-1, and monocyte
chemoattractant protein-1 (MCP-1) (Lee et al., 2018). With respect to
these results, our study also showed increased TNF-a expression eval-
uated by immunostaining. In ND rats, combination therapy sig-
nificantly attenuated the TNF- a levels as compared to DM rats (Fig. 6).
These results are in streak with previous studies indicating the ability of
AT2R and ACE2 stimulation to reduce inflammatory cytokines pro-
duction and mediate neuro-protective role in cerebral stroke and Alz-
heimer's Disease (Min et al., 2014; Kamel et al., 2018).

Available literature established a mechanistic link between the
down regulation of RAS depressor arm [AT2R/ACE2/Ang-(1-7)/MasR
axis] and neurological dysfunction (Bennion et al., 2017; Kangussu
et al., 2017). In this regards, depressor arm modulators strongly proved
their neuro-protective role in vascular stroke, Alzheimer's disease, and
anxiety conditions by virtue of increasing AT2R, ACE2, Ang-(1-7) and

MasR expressions (Chen et al.,, 2014; Dai et al., 2015; Fuchtemeier
et al., 2015; Wang et al., 2016). In line with these findings, we first
examined the RAS components in the renal proximal tubules and urine
samples. In proximal tubules, IRI resulted in significant elevation of
ACE, Ang II levels and marked reduction of Ang-(1-7) and ACE2 levels
of DM rats compared to ND rats. However, combination treatment
significantly reduced the ACE, Ang II levels, and augmented the Ang-
(1-7), ACE2 levels in ND and DM rats. On the other hand, increased
urinary AGT levels were markedly reduced with concomitant AT2R and
ACE2 stimulation in ND and DM rats (Fig. 7). IRI reported to stimulate a
sympathetic reflex that interconnect the renal and cerebral RAS and
promotes free radical generation, eventually progression of renal injury
(Cao et al., 2017). Similarly, we observed the effect of IRI on hippo-
campal RAS, and found elevation in pressor arm and suppression of
depressor arm components in ND and DM rats. Combination therapy
has effectively normalised the Ang II levels, however; Ang-(1-7) protein
levels, At2r and MasR mRNA expressions were significantly upregu-
lated in ND and DM rats. Interestingly, we found that the aforesaid
results were more distinct in ND rats compared to DM rats (Fig. 8).
The current study is aimed to explore the neuroprotective benefits
of targeting the depressor arm of RAS against the acute responses of IRI.
Recent epidemiological and experimental data have provided sub-
stantial information that AKI imparts to the development and pro-
gression of chronic kidney diseases and its associated distant organ
dysfunction such as neurological dysfunction (Chawla et al., 2014;
Ferenbach and Bonventre, 2015; Shiao et al., 2015; Venkatachalam
et al., 2015; Basile et al., 2016). Though, it remains a notable query of
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the impact of depressor arm modulators (C21 and Dize) treatment on
longer-term neurological outcomes, which is the limitation of the pre-
sent study. Therefore, we expect that future studies are required in this
area where substantial changes would be detected at later time points
post-IRI and will determine the effects of C21 and Dize under such
pathological condition.

It has been proven difficult to target CNS with pharmacotherapy
because the blood brain barrier (BBB) prohibits several molecules and
restricts their activity centrally (Pardridge, 2005). Altogether, small
and lipophilic molecules having molecular mass less than 400-500 g/
mol crosses BBB (Ghose et al., 1999). However, BBB disruption occurs
following ischemic renal insult, which consequently increases the BBB
permeability (Nongnuch et al., 2014). Regarding the drug distribution
profile, C21 and Dize effectively circulates among kidney, heart, liver
and brain (Kuriakose and Uzonna, 2014; Namsolleck et al., 2014). In-
terestingly, intraperitoneal administration of C21 and Dize have al-
ready been reported for their neuroprotective role either directly, or by
the anti-inflammatory action (secondary neuroprotection) under stroke
and Alzheimer's disease (Joseph et al., 2014; Bennion et al., 2015;
Evans et al., 2020). As the current study is limited to the peripheral
treatment strategy for IRI-associated neurological dysfunction, future
studies focusing on the intracerebroventricular administration of C21
and Dize would provide crucial neurological data which would be more
direct to the brain.

5. Conclusion

To the best of our knowledge, this is the first study revealing that
down-regulation of depressor arm of RAS played a major role in IRI-
induced neurological dysfunction, which are significantly halted by
combination therapy of AT2R agonist and ACE2 activator. The

observed beneficial effects of C21 and Dize therapy is likely to be
mediated by increased ACE2/Ang-(1-7)/AT2R/MasR axis expressions,
which concurrently diminished brain soluble inflammatory mediator,
GFAP and other cytokines like, TNF-a. It also diminished brain oxida-
tive stress along with improved locomotor activity. Therefore, this
study strongly holds the potential of depressor arm activation as novel
therapeutic approaches to attenuate neurological sequalae associated
with IRI under diabetic and non-diabetic condition.
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This study explored the role of the depressor arm of renin-angiotensin system (RAS) on ischemic renal injury
(IRI)-associated cardio-hepatic sequalae under non-diabetic (ND) and diabetes mellitus (DM) conditions. Firstly,
rats were injected with Streptozotocin (55 mg/kg i.p.) to develop DM. ND and DM rats underwent Bilateral IRI
followed by 24 h of reperfusion. Further, ND and DM rats were subjected to AT2R agonist-Compound 21 (C21)
(0.3 mg/kg/day, ip.) or ACE2 activator- Diminazene Aceturate (Dize), (5 mg/kg/day, p.o.) per se or its com-

bination therapy. As results, IRI caused cardio-hepatic injuries via altered oxidant/anti-oxidant levels, elevated
inflammatory events, and altered protein expressions of ACE, ACE2, Ang II, Ang-(1-7) and urinary AGT. How-
ever, concomitant therapy of AT2R agonist and ACE2 activator exerts a protective effect in IRI-associated cardio-
hepatic dysfunction as evidenced by inhibited oxidative stress, downregulated inflammation, and enhanced
cardio-hepatic depressor arm of RAS under ND and DM conditions.

1. Introduction

Acute kidney injury (AKI) is one of the major challenging medical
conditions for which there is no defined therapy so far (Vanmassenhove
et al.,, 2017). Under clinical settings, the association of co-morbidities,
such as diabetes made patients more vulnerable to AKI (Monseu et al.,
2015). Among various factors, ischemic renal injury (IRI) remains the
most common cause of AKI. Moreover, AKl-induced multiorgan
dysfunction is of serious concern because it results in a higher mortality
rate (Lee et al., 2018). Due to the organ crosstalk, the renal injury may
cause damage to distant organs such as liver, heart, brain, lungs, in-
testines and bone marrow; however, the precise mechanism behind is
still elusive. Nevertheless, possible pathways proposed by the scientists
such as vascular inflammation, metabolic acidosis, electrolyte imbal-
ances triggered life-threatening arrhythmias, reactive oxygen species
(ROS), upregulation of systemic cytokines, neurohumoral factors, and
proapoptotic pathways (Bucsics and Krones, 2017; Lee et al., 2018;
Panicoa et al., 2019). Besides these known characteristic mechanisms,
there is another crucial factor with immediate impact on distant organs,
i.e., the renin-angiotensin system (RAS) (Bucsics and Krones, 2017;
Panicoa et al., 2019).

Recently, we have thoroughly reviewed the role of RAS controlling
several pathological signalling that contributes to AKI (Sharma et al.,
2019a). In clinical settings, treatment with pressor arm modulators, i.e.
angiotensin converting enzyme inhibitor (ACEi) and angiotensin II type
2 receptor blockers (ARBs) claimed to worsens the patients’ condition
via deteriorating glomerular filtration rate (Mansfield et al., 2016).
Hence, we established the role of depressor arm of RAS in IRI under
normal- and hyperglycaemia condition (Sharma et al., 2019b). Our
report explained that diabetic unilateral-ischemic rats presented up- and
downregulation of pressor RAS and depressor RAS, respectively, resul-
ted in a rapid upsurge of free radical generation, inflammation,
apoptotic markers along with severe histological alterations in the
proximal tubules. Further, treatment with depressor arm modulators;
Compound 21 (C21) and Diminazene aceturate (Dize), the depressor
arm components get over-expressed which suppressed the pathological
signalling in IRI and protected the proximal tubular morphological al-
terations (Sharma et al., 2019b). Remarkably, the clinical relevance
proposed that all the organs have their own local RAS, which remains
compartmentalised from the circulation (Campbell, 2014). Following a
similar approach, recent reports have demonstrated the activation of
local RAS in distant organs; heart and liver (Taskin and Guven, 2017;

Abbreviations: AKJ, acute kidney injury; ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; Ang II, angiotensin II; Ang-(1-7),
angiotensin-(1-7); AT2R, angiotensin II type 2 receptor; DM, diabetes mellitus; IRI, ischemic renal injury; ND, non-diabetic; RAS, renin-angiotensin system.
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Fig. 1. Experimental study design.

Panicoa et al., 2019). Nevertheless, the role of the depressor arm of RAS
in IRI-induced cardio-hepatic dysfunction remains elusive. Hence, in the
current study, we utilised a bilateral renal IRI model of diabetic and
nondiabetic rats to test the hypothesis that IRT could alter the
cardio-hepatic levels of AT2R and ACE2 which could arbitrate inflam-
mation and oxidative stress in the same.

2. Materials and methods

2.1. Chemicals

Glucose, plasma creatinine (PCr), blood urea nitrogen (BUN), Crea-
tine kinase-MB (CK-MB), Lactate dehydrogenase (LDH), Aspartate
aminotransferase (AST), alanine transaminase (ALT) kits obtained from
Accurex (Mumbai, India). Chemicals like Streptozotocin and Dimina-
zene aceturate (Dize) obtained from Sigma (St. Louis, MO, USA). ELISA
kits for Kidney injury molecule-1 (Kim-1), ACE, ACE2, Ang-(1-7), Ang
I, AGT and Myeloperoxidase (MPO) purchased from Elabsciences
(China). Primary antibody of tumour necrosis factor-alpha (TNF-a)
purchased from Santa Cruz Biotechnology (Dallas, TX, USA), and sec-
ondary antibody purchased from Cell Signaling Technology (Danvers,
MA, USA). Other chemicals used in the study were of analytical grade.
Drugs/chemical solutions were always prepared anew before use.

2.2. Amimal studies

The male adult Wistar rats (200220 g) acquisition and experi-
mentation were carried our at the Central Animal Facility (CAF) of Birla
Institute of Technology and Science Pilani (BITS-Pilani) as per the pro-
tocol approved by the Institutional Animal Ethics Committee (IAEC),
BITS-Pilani (Protocol Approval No: TAEC/RES/23/19/Rev-2/25/18).
Animals kept under standard environmental conditions, with feed and
water ad-lib. Reported animal studies adhered to ARRIVE guidelines
(Kilkenny et al., 2010). The study was performed following the protocol
for type 1 diabetes, as described previously (Sharma et al., 2019b).
Briefly, diabetes was induced by a single dose of Streptozotocin [55
mg/kg, i.p., vehicle- sodium citrate buffer (0.01 M, pH 4.4)] (Sharma
et al., 2019b) and ND rats were injected only with ice-cold sodium

citrate buffer. After 48 h of Streptozotocin-injection, rats having plasma
glucose levels >250 mg/dL included in the study as DM rats.

Further, bilateral IRI was performed on ND and DM rats as described
by Peng et, al. (Peng et al., 2015). Briefly, rats were anaesthetised with
pentobarbital sodium (50 mg/kg, ip.) and were kept on a surgical
platform in the dorsal position. Rats were administered with saline (20
mL/kg, s.c.) to prevent the fluid loss during laparotomy, and body
temperature (37°C) was maintained with a homoeothermic blanket.
Two flank incisions were made to expose both kidneys, and renal ped-
icles were occluded using non-traumatic clamps. After 20 min, the
clamps were removed and after observing renal blood flow (kidney
appearance), the skeletal muscle and skin layers were sutured separately
with absorbable and non-absorbable sutures, respectively. Topical
application of (Betadine™) antiseptic and parenteral (Augmentin™, 324
mg/kg, i.p.) antibiotics were given to rats to avoid post-surgery infec-
tion. Sham control animals were subjected to identical operation and
length of time of surgery but without renal vascular pedicles clamping.
After 24 h of reperfusion, animals were re-anesthetised with pentobar-
biral sodium (50 mg/kg, i.p.), and systolic blood pressure (SBP) was
measured using ADInstruments PowerLab system (Bella Vista, NSW,
Australia) (Malek and Gaikwad, 2018). A lethal dose of pentobarbital
sodium was administered to sacrifice rats; blood was collected from vena
cava with a 5 mL syringe for plasma biochemistry. The kidney, heart and
liver tissues were then removed, washed and blotted dry, weighed and
kept at —80 °C for further experimentations (Fig. 1).

2.3. Experimental design

Both ND and DM rats were divided into five groups each: 1) ND/DM-
serve as respective controls, 2) ND-/DM-IRI- ND or DM rats subjected to
bilateral IR1 after completion of two weeks of diabetes induction 3) ND-/
DM-IRI + C21- ND- IRI or DM- IRI rats treated with compound 21 (C21)
(0.3 mg/kg/day, ip.) (Pandey and Gaikwad, 2017a), 4) ND-/DM-IRI +
Dize- ND- IRI or DM- IRI rats treated with Dize (5 mg/kg/day, p.o.)
(Gorueral., 2017), 5) ND-/DM-IRI + CD- ND- IRI or DM- IRI rats treated
with C21 (0.3 mg/kg/day, i.p.) and Dize (5 mg/kg/day, p.o.) combina-
tion therapy. Both monotherapies and combination therapy were
administered two days before bilateral IRI and continual to next day (24
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h of reperfusion time) (Fig. 1).

2.4. Assessment of renal, cardiac and hepatic functions by plasma and
urine biochemistry

Biochemical estimations were conducted as described previously
(Sharma et al., 2019b). After reperfusion time, blood samples were
taken and plasma was separated by centrifugation (5 min at 5000 g, 4
°C). The plasma samples were used for estimation of kidney, heart and
liver-Specific functional parameters (BUN, PCr, CK-MB, LDH, AST, ALT)
using spectrometric kits. For urinary Kim-1 estimation, urine samples
were collected using metabolic cages, and urinary Kim-1 was assessed
using ELISA kits.

2.5. Measurements of oxidative stress level in heart and liver tissues
a) Sample homogenate preparation

For heart and liver homogenate, isolated tissues were rinsed with ice-
cold isotonic saline (0.9 % w/v NaCl) followed by dissection and
homogenised using ice-cold 0.1 M phosphate buffer (pH 7.4) in ten times
(w/v) volume. The homogenised samples were centrifugation at 10,000
g for 15 min at 4 °C (Sharma and Taliyan, 2016). Finally, the aliquots of
supernatant were prepared and further used for biochemical
estimations.

b) Protein determination

Protein content in the heart and liver samples were measured by the
method of Lowry et al. (Classics Lowry et al., 1951) using bovine serum
albumin (1 mg/mL) as a standard.

c) Malondialdehyde (MDA) estimation

MDA, an end product of lipid peroxidation, was assessed using heart
and liver homogenates, as described previously (Sharma er al., 2015).
The absorbance of MDA was observed after the reaction of MDA with
thiobarbituric acid, at 532 nm. Then, the concentration of MDA was
assessed from a standard curve and stated as nanomoles per milligram of
protein.

d) Reduced Glutathione (GSH) estimation

Reduced glutathione levels in the heart and liver were estimated
according to the method described by Pandey et al. (2017b). Briefly, the
assay mixture contains 1 mL of 4% sulfosalicylic acid and 1 mL of su-
pernatant allowed to cold-digested at 4 °C for 1 h. The samples were
centrifuged at 1200 g for 15 min, in 1 mL of collected supernatant, 2.7
mL of phosphate buffer and 0.2 mL of Ellman’s reagent were added.
Finally, the developed yellow colour of 5-thio-2-nitrobenzoate-SH was
measured immediately at 412 nm using a spectrophotometer.

e) Myeloperoxidase (MPO) Activity

MPO activity in heart and liver tissues of rats was measured as
described previously (Yang et al., 2017). Briefly, Aliquots of superna-
tants were analysed using o-dianisidine dihydrochloride, 0.0005 %
hydrogen peroxide and 0.1 mM H202, and incubated to 37 °C. MPO
activity was determined at 450 nm using a spectrophotometer, and was
further normalised to protein content and expressed as U/mg protein.

2.6. Haematoxylin and eosin staining
Liver and heart histology was examined by Hematoxylin and Eosin

(H and E) staining (Sharma et al., 2019b). Briefly, after formalin fixation
(10 %) and dehydration process, paraffin-embedded liver sections (5
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Table 1
Kidney functional parameters.

Groups PGL (mg/ BUN PCr (pmol/L) Urinary Kim-1
dL) (mmol/L) (ng/mL)
ND 101.2 + 7.22+1.2 34.48 + 6.6 0.23 +£0.2
13.1
ND-IRI 94.6 + 6.7 17.46 + 4.3 112.3 + 6.5* Z.59+2:1*
ND-IRI + 96.7 +7.2 17.29 + 3.4 101.2 +6.3 6.12 +0.9%
c21
ND-IRI + 98.7 £ 8.1 17.07 £ 3.9 99.89 £+ 5.7 6.06 + 1.2¢
Dize
ND-IRI+CD 99.3+7.5 12,51 + 62.36 £5.42 421 +£1.0%
%7@
DM 273.8 + 7.31 +1.6 3299 +6.4 0.43 +£0.2
24.3*
DM- IRI 290.1 + 23.32 = 131.23 = 15.47 + 2.27
30.3 4.57¢€ 9.47@
DM- IRI + 288.5 + 21.82 +4.3 120.97 + 7.4 1345+ 1.7
c21 34.7
DM- IRI + 282.4 + 20.98 + 4.7 115.30 £ 7.5 13.12 + 2.1
Dize 29.9
DM- IRI + 284.9 + 15.19 £3.6°  77.97 +7.9° 9.71 + 1.9°
cD 33

Note: Each data is represented as mean + SD (n — 6). ©” p < 0.05 vs ND; ‘@ p <
0.05 vs ND-IRT; * p < 0.05 vs DM; ¥ p < 0.05 vs.
DM-IRIL.

microns) were stained with H and E staining. At least 4-5 sections (one
microscopy slide) from each liver and heart and a total of n = 6 from
each group were observed and captured at an original magnification of
40x (liver) and 100x (heart) by using “Zeiss” microscope (model: Vert.
A1) and “Optika TCB5” microscope (Optika Research Microscope, Italy),
respectively.

2.7. Immunohistochemistry

In immunohistochemistry (IHC), the deparaffinisation of the
paraffin-embedded liver and heart sections (5 microns) was followed by
antigen retrieval by heating in citrate buffer (10 mmol/L). Mouse TNF-a
(Dilution: 1:200 v/v) primary antibody incubation was performed, fol-
lowed by secondary antibody incubation with HRP-conjugated anti-
mouse IgG. For detection, diaminobenzidine (DAB) was used as a
chromogen. The slides were counterstained with haematoxylin, dehy-
drated with alcohol and xylene and mounted in DPX. We observed
around 4-5 sections (one microscopy slide) from each liver/heart, and a
total of n = 6 from each group. Images were taken at 40x (liver) and
100x (heart) original magnification by using “Zeiss” microscope (model:
Vert.Al) and “Optika TCB5” microscope (Optika Research Microscope,
Italy), respectively. Then, DAB-positive area was calculated on 5-6
images from each stained liver/heart microscopy slide using ImageJ
software (NIH, Bethesda, MD, USA).

2.8. ELISA to determine RAS components levels in samples of plasma,
urine, heart and liver tissues

The heart and liver tissues were homogenised in the recommended
buffer solution, followed by total protein estimation. Heart and liver
samples normalised for protein content, and diluted plasma (dilution
factor = 3) was assayed for ACE, ACE2, Ang II and Ang-(1-7), whereas
AGT protein levels were measured using urine samples (dilution factor =
3) (n = 6 rats/group) (Goru et al., 2017).

2.9. Statistical analysis

Experimental values are represented as mean + SD, and ‘n’ refers to
the number of samples studied. Statistical comparison between groups
was performed by two-way ANOVA followed by Tukey's Multiple
Comparison post hoc test using GraphPad Prism software version 8.0.2



N. Sharma and A.B. Gaikwad Environmental Toxicology and Pharmacology 80 (2020) 103501

Table 2 0.05) plasma glucose levels compared to ND rats (Table 1). However,
Effect of AT2R and ACE2 activation on cardiac and liver-specific parameters. either IRI or AT2R/ACE2 activation did not decreased the level of
Groups SBP CK-MB(IU/ LDH(IU/L) ALT(IU/  AST (IU/ plasma glucose (Table 1). In ND and DM rats, IRI had significantly
(mmHg) L) L) L) elevated (P < 0.05) the BUN and PCr levels, where DM-IRI group showed
ND 105 L 47 3074 + 273.3 4+ 27.98 4+ 23.84 4+ significant elevation in BUN and PCr levels as compared to ND-IRI
38.2 33.1 2.4 5.8 group. Urinary Kim-1, a type 1 transmembrane protein, served as the
ND-IRI 104 +5.2  802.7 + 982.4 + 64.23 + 54.24 & biomarker of AKI was found to be profoundly elevated (P < 0.05) in DM-
w— — ??142 z ;g;; . 2'27;3 2 ;'09;2 N IRI rats compared to ND-IRI rats (Table 1). After the administration of
2 + o . . . . i 2 % = e
pifen e iy Py gis C21 and Dize, the combination therapy significantly reduced BUN (P <
ND-IRI + 106 + 6.9 724.7 + 743.1 + 48.53 + 47.96 + 005), PCr (P < 005) and urinary Kim-1 levels (P < 0.05) in IRI rats of
Dize 55.3 63.9 5.2 6.8 ND and DM groups.
ND-IRI + 107 £55 4619 + 4124 + 32.94 + 36.24 =
cD 34.8@ 4319 3.7¢ 4.2%
DM 105+ 4.7 3123+ 280.2 + 28.01 + 2413 + 3.2. Effect of AT2R and ACE2 activation on cardiac and hepatic
53.5 37.2 1.9 4.5 functional parameters
DM- IRI 106 £3.9 12208 = 1343.6 + 84.94 + 60. 65 +
93.7%@ 78.8 %@ 41 7@ 3.9%@ . ! q ionifi h . . q
DM-IRI 4 104 £3.8 10382+ 1047.9 + 70.29 + 55.87 4 After surgery, IRI showed no significant changes in SBP in ND an
c21 79.9 69.2 3.8 41 DM rats. Either alone or combination therapy had not exerted any
DM-IRI + 106 +45 1091.4 + 1098.7 + 67.38 + 56.12 + alteration in SBP of ND/DM-IRI rats (Table 2). Further, cardiac injury
Dize B2 87 af 46 markers CK—MB and LDH, and heparic dysfunction markers ALT and
D]:;IRI+ 109£6.1 zéiz + g%sa.fi ;Z’?Zi ;35'?6 + AST significantly elevated in ND, and DM rats that underwent IRI

- (Table 2). However, DM-IRI rats showed significant elevation (P < 0.05)
Note: Each dara is represented as mean £ SD (n =6). /' p < 0.05vs ND; @ p < in cardiac and hepatic injury markers compared to ND-IRI rats. Com-
0.05 vs ND-IRL; ) p < 0.05 vs DM; ¥/ p < 0.05 vs DM-IRL bination therapy of C21 and Dize markedly reduced (P < 0.05) the
plasma levels of CK—MB, LDH, ALT and AST compared to IRI groups of

(San Diego, CA, USA). Data with p < 0.05, were considered statistically ND and DM rats. However, monotherapies reduced the plasma levels of
significant. CK—MB, LDH, ALT and AST in ND/DM IRI rats, but not significantly.
3. Results

3.3. Effect of AT2R and ACE2 activation on oxidative/ antioxidant status
3.1. Effect of AT2R and ACEZ2 activation on kidney functional parameters
Oxidative stress is one of the major inflammation triggering factor
for the progression of AKI and its associated distant organ dysfunction

Under the hyperglycemic condition, DM rats showed increased (P <
(Kanagasundaram, 2015). In heart and liver tissue homogenates,
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Fig. 2. Effect of AT2R and ACE2 activation on heart and liver oxidative stress.

A-H: Estimation of oxidative stress markers, e.g. malondialdehyde (MDA) levels (A, E), Myeloperoxidase (MPO) activity (B, F), glutathione (GSH) levels (C, G),
catalase activity (D, H) in isolated heart and liver tissues (n = 6). Data are represented as mean + SD from three independent experiments. Two-way ANOVA with
Tukey’s multiple comparison test for statistical comparison. ©? p < 0.05 vs ND; “® p < 0.05 vs ND-IRI; ) p < 0.05 vs DM; ® p < 0.05 vs DM-IRL
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D) ND-IRI+Dize

C) ND-IRI+C21

Fig. 3. Effect of AT2R and ACE2 activation on histopathological findings in the heart.

The heart samples from each group were collected after reperfusion and were processed for histological examination by H and E staining. A-J: Representative images
of heart sections magnifying cardiac muscle fibres (original magnification 100x and scale bar- 50 pm). 4-5 images from each stained heart section and a total of six
different heart per group were observed by a blinded observer for healthy as well as disarrayed cardiac muscle fibres (Yellow arrow) (A).

oxidative stress was elevated significantly (P < 0.05) in ND/DM-IRI rats,
owing to an increase in MDA levels (Fig. 2 A, E). DM-IRI rats showed a
more significant increase in heart and liver MDA levels as compared to
ND-IRI rats (8.43 + 0.7 vs 5.42 + 0.5); (9.96 + 0.7 vs 8.71 + 0.5).
However, only combination therapy of C21 and Dize effectively reduced
MDA levels (P < 0.05) in ND/DM IRI rats (Fig. 2A-E). Both ND/DM-IRI
rats showed elevated MPO activity; the DM-IRI rats, however, showed
significant increased heart and liver MPO activity compared to ND-IRI
rats (35.31 + 2.4 vs 27.31 + 3.1), (74.48 + 6.1 vs 59.53 + 4.7)
(Fig. 2B, F). Treatment with combination therapy has effectively
depleted the heart and liver MPO activity in comparison to mono-
therapies and IRI groups under ND and DM conditions (Fig. 2B, F).

On the other hand, anti-oxidant defence mechanism was impaired by
IRI, demonstrated by reduced (P < 0.05) GSH levels and catalase activity
in heart and liver tissues of ND/DM IRI rats (Fig. 2C-D, G-H). DM-IRI
rats showed a significant reduction in heart and liver GSH levels in
comparison to ND-IRIrats (2.74 £ 0.4 vs 4.02 + 0.6); (4.55 £ 0.3vs 5.72
+ 0.9). Similarly, DM-IRI rats showed significant depletion in catalase
activity as compared to ND-IRI rats (1.40 £ 0.3 vs 2.03 £ 0.5); (4.01 &+
0.4 vs 5.23 + 0.7) (Fig. 2G-H). Interestingly, the combination therapy
effectively normalised the GSH and catalase activity in heart and liver
tissues. Moreover, both monotherapies showed no effect on IRI rats
under ND and DM conditions.

3.4. Histopathological findings

In the current study, histopathological changes in hepatic and

cardiac tissue samples obtained from all groups were evaluated using
microscopy. The cardiac histological architecture in tissue from ND and
DM rats appeared as regularly arranged cardiac myofibers having
several cardiac myocytes comprising mainly of single, ovoid and cen-
trally located nuclei (Fig. 3A, F). After IRI, histopathology revealed se-
vere myocardial degenerative changes, which were identified by
disarrayed cardiac muscle fibres (shown by the yellow arrow) (Fig. 3B,
G). Meanwhile, TRI rats with combination therapy exhibited mild
myocardial degenerative changes (Fig. 3E, J).

The hepatic histological architecture in tissue sections from ND and
DM rats showed normal, lobular structure with finely arranged hepatic
cords embracing large polyhedral cells with spherical vesicular nuclei.
Besides, Kupffer cells and hepatic sinusoids were located in-between the
radiating hepatic cords (Fig. 4A, F). After IR, ND/DM rat livers showed
sinusoidal dilatation and vacuolisation of hepatocytes along with
leukocyte infiltration (shown by the yellow arrow), pyknotic nuclei and
Kupffer cell proliferation (Fig. 4B, G). Interestingly, combination ther-
apy of C21 and Dize markedly reduced the histopathological alterations
such as reduced vacuolisation of hepatocytes and decreased hepatocel-
lular degeneration (Fig. 4E, J). On the other hand, both monotherapies
mildly reduced the vacuolisation of hepatocytes (Fig. 4C-D, H-I).

3.5. Effect of AT2R and ACEZ2 activation on TNF-a mediated cardiac and
hepatic inflammation

We have checked the immunohistochemical TNF-a expressions to
evaluate whether the C21 and Dize reduced the IRI-induced cardio-
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Fig. 4. Effect of AT2R and ACE2 activation on histopathological findings in the liver.

The liver samples from each group were collected after reperfusion and were processed For histological examination by H and E staining. A-J: Representative images
of liver sections (original magnification 100x and scale bar- 50 pm). A blinded observer observed 4-5 images from each stained liver section and a total of six
different liver per group: sinusoidal dilatation and vacuolisation of hepatocytes along with leukocytes infiltration (shown by the yellow arrow).

hepatic inflammation. In cardiac tissue sections, we found that IR in ND
and DM rats increased (P < 0.05) the TNF-a expression as compared to
their respective controls (Fig. 5A, F). In comparison to ND-IRI, DM-IRI
group showed significant elevation (P < 0.05) in the TNF-a expression
(10.49 + 1.3 vs 6.65 + 0.9). Both monotherapies decreased the TNF-a
expressions in ND/DM-IRI rats. Interestingly, simultaneous activation of
AT2R and ACE2 by combination therapy of C21 and Dize significantly
decreased (P < 0.05) the TNF-a expressions in comparison to ND and
DM rats underwent IRI (Fig. 5B, G). Moreover, combination therapy has
a more pronounced effect in reducing TNF-a expression as compared to
C21 and Dize monotherapies under normal and hyperglycemic condi-
tion (Fig. 5K).

In hepatic tissue sections, we found the drastic increase in inflam-
mation, as demonstrated by the multi-fold increase (P < 0.05) in TNF-a
expressions in IRI groups of ND and DM rats (Fig. 6B, G). In the DM
group, DM-IRI rats showed significant elevation of TNF-a expression as
compared to ND-IRI rats (12.02 + 2.1 vs 7.60 + 1.5). TNF-a mediated
inflammation was significantly controlled (P < 0.05) by the combination
treatment as compared to the ND/DM-IRI rats (Fig. 6E, J). Besides, both
the monotherapies significantly suppressed the hepatic TNF-a expres-
sion as compared to ND/DM-IRI rats (Fig. 6K).

3.0. Effect of AT2R and ACEZ2 on systemic and cardio-hepatic depressor
arm and pressor arm of RAS

In the systemic circulation, heart and liver tissues, we have checked
the pressor and depressor arm of RAS specific enzymes i.e. ACE and

ACE2. Here, IRI resulted in the significant increase (P < 0.05) in ACE
levels compared to ND and DM rats (Fig. 7A-C). In plasma, ACE levels
were found to be higher in DM rats compared to ND rats that underwent
IRI(10.08 + 2.0 vs 6.86 + 1.1). Interestingly, C21 and Dize combination
therapy significantly reduced the plasma, heart and liver ACE levels
when compared to ND/DM-IRI rats. However, none of the mono-
therapies was effective to reduce ACE levels (Fig. 7A-C).

On the other hand, the important enzyme of depressor arm of RAS,
ACE2, was significantly depleted in the heart and liver samples of IRI
rats under ND and DM conditions (Fig. 7E, F). However, combination
therapy effectively normalised the ACE2 levels in comparison to ND/
DM-IRI rats (Fig. 7E, F). In contrast, systemic ACE2 levels remain un-
changed across all the groups (Fig. 7D). We have also checked the levels
of urinary AGT and found significantly elevated levels in ND/DM-IRI
(Fig. 7G). Urinary AGT was significantly higher in DM-IRI rats
compared to ND-IRI rats (96.58 + 7.8 vs 75.72 + 6.2). The C21 and Dize
combination therapy significantly reduced (P < 0.05) the urinary AGT
levels in comparison to ND/DM-IRI and monotherapy groups (Fig. 7G).

Likewise, plasma, cardiac and hepatic Ang II levels were markedly
increased (P < 0.05) after IRI in ND and DM rats as compared to
respective controls (Fig. 8A-C). In cardiac and hepatic tissue, treatment
with monotherapies reduced Ang II levels, but not significantly (Fig. 8B,
C). C21 and Dize combination therapy effectively reduced Ang II levels
compared to both monotherapies and ND/DM-IRI groups (Fig. 8A-C).
Further, we also determined the Ang-(1-7) levels in systemic circulation,
heart and liver tissue homogenates. We found that the Ang-(1-7) levels
were significantly reduced (P < 0.05) by IRI in comparison to ND and
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Fig. 5. Effect of AT2R and ACE2 activation on TNF-a expression in the heart.
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A-J: Representative images of IHC staining for TNF-a in the heart (original magnification 100x and scale bar 50 pm). Around 4-5 sections from each stained heart
microscopy slide and total six different heart slides per group were seen under microscope and images were captured. K: Semi-quantitative analysis of all the images
via ImageJ (colour deconvolution plugin was utilized for analysis) for calculating DAB-positive area. All Data are represented as mean + SD. Two-way ANOVA with
Tukey’s multiple comparison test was used for statistical comparison. “” p < 0.001 vs ND; ' p < 0.001 vs DM; ‘@’ p < 0.001 vs ND-IRI, “ p < 0.001 vs DM-IRIL.

DM rats (Fig. 8D-F). Further, combination treatment significantly
improved (P < 0.05) the Ang-(1-7) levels in plasma, cardiac and hepatic
tissue in comparison to ND/DM-IRI rats (Fig. 8D-F). None of the mon-
otherapy altered the Ang II and Ang-(1-7) levels across the groups
(Fig. 8A-F).

4. Discussion

Mounting shreds of evidence demonstrated that several cellular and
molecular mechanisms play specific roles in the IRI, instead of the usual
possible treatments, no effective therapy has been appraised, so far
(Doyle and Forni, 2016). Clinical reports have demonstrated that mor-
tality rate soared from 45 % to 60 % when AKI was associated with
distant organ insufficiency and co-morbidities (such as diabetes) (Lee
et al.,, 2018). As compared to non-diabetics, diabetic patients endure a
higher risk of AKI under eritically ill hospitalised conditions (Hursh
et al., 2017). Because of the complexity of pathological signals, the IRI
associated heart and liver dysfunction are inadequately understood
(Husain-Syed et al., 2019). Nevertheless, studies have revealed the
possible mechanisms behind the multiorgan dysfunction under IRI set-
tings, including vascular inflammation, metabolic acidosis, electrolyte
imbalances triggered life-threatening arrhythmias, reactive oxygen
species (ROS), upregulation of inflammatory cytokines and
pro-apoptotic molecules (Bucsics and Krones, 2017; Lee et al., 2018;
Panicoa et al., 2019). Beside these distinctive mechanisms, there is an
imperative factor with immediate impact on distant organs, i.e., the RAS

(Bucsics and Krones, 2017; Panicoa et al., 2019).

Recently, the depressor arm of RAS has gained acceptance as an
essential molecular target involved in various cardiac and hepatic dys-
functions like diabetic cardiomyopathy, pulmonary hypertension and
NAFLD (Macedo et al., 2016; Cao et al., 2019; Malek et al., 2019).
However, its role in the pathophysiology of IRI-associated cardiac and
hepatic dysfunctions is still elusive. Therefore, in the present study, we
aimed to investigate the role of depressor armi of RAS in IRI-associated
cardio-hepatic dysfunction under normal and hyperglycemic condi-
tion. In this study, we utilised the bilateral IRI model of AKI. During
animal model standardisation, we carried out 30 or 20 min of ischemia
by clamping both renal pedicles. Animals with 30 min of bilateral IRI
showed a drastic decline in the survival rate as compared to 20 min of
bilateral IRI (Supplementary Fig. 1 A, B).

Additionally, the BUN levels reached a peak between 24 and 72 h
following reperfusion (Supplementary Fig. 1 C). At the same time, PCr
levels remain at peak with 24 h of reperfusion (Supplementary Fig. 1 D).
Therefore, we have chosen 20 min of bilateral renal ischemia followed
by 24 h of reperfusion. Given due weightage to existing literature and
our previous reports, we have designed the treatment groups with
depressor arm modulators, C21 (0.3 mg/kg/day, ip.) and Dize (5 mg/
kg/day, p.o.) monotherapies as well as their combination therapy to
evaluate their efficacy against IRI induced cardiac and hepatic
dysfunction in ND and DM conditions (Fig. 1). Clinically IRI is charac-
terised by elevated BUN, PCr levels along with increased urinary KIM-1
levels (Bonventre and Yang, 2011). Here, we observed similar changes
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Fig. 6. Effect of AT2R and ACE2 activation on TNF-a expression in the liver.
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A-J: Representative images of [HC staining for TNF-a in the liver (original magnification 40x and scale bar 50 um). Around 4-5 sections from each stained liver
microscopy slide and total six different liver slides per group were seen under microscope and images were captured. B: Semi-quantitative analysis of all the images
via ImageJ (colour deconvolution plugin was utilized for analysis) for calculating DAB-positive area. All Data are represented as mean + SD. Two-way ANOVA with
Tukey’s multiple comparison test was used for statistical comparison. © p < 0.05 vs ND; #’ p < 0.05 vs DM; “®’ p < 0.05 vs ND-IRI, ® p < 0.05 vs DM-IRL

in IRI rats which were significantly attenuated by the proposed combi-
nation therapy (Table 1). These results suggested the potential of AT2R
agonist and ACE2 activator in improving kidney functional parameters.
Various clinical and preclinical studies have found the development of
cardiac and hepatic dysfunction in patients with AKI, signified by
increased myocardial and hepatic injury markers (Liano et al., 1998; Sun
et al., 2012; Amini et al., 2019; Mohammadi et al., 2019). In the present
study, IRI cause myocardial and hepatic dysfunctions which were
manifested by raised systemic activities of LDH, CK—MB and AST, ALT
under two different physiological (normal and hyperglycemic) condi-
tions. There is a significant reduction of biomarkers, as mentioned above
by combination therapy (Table 2). Nonetheless, we have not observed
any changes in the SBP level after 24 h of reperfusion (Table 2).

The subsequent mechanism for the progression of cardio-hepatic
dysfunction involves a combination of oxidative stress, lipid peroxida-
tion under AKI and diabetic conditions (Abdellatief et al., 2017; Bigagli
and Lodovici, 2019). In experimental studies, the initiation and
perpetuation of cellular injury in IRI affected cardiac and hepatic tissue,
is associated with the upsurge in free radicals and the depletion of
endogenous antioxidant defence (Fadillioglu et al., 2008; Amini et al.,
2019). MDA, an index of lipid peroxidation, plus GSH and catalase, in-
dexes of anti-oxidant defence mechanism, have been shown to increase
in remote cardiac and liver injury augmented by IRI (Park et al., 2012;
Yap and Lee, 2012; Zhao et al., 2018). In the current study, we observed
that hyperglycaemia resulted in significant increase in MDA and
depleted antioxidant defence mechanism (GSH and catalase activity)

after 1RI, which were significantly controlled by the combination ther-
apy (Fig. 2).

MPO, a neutrophil-specific enzyme referred as an indicator of
leukocyte infiltration whose expression elevated in the tissue injuries,
including remote organ injuries (Kelly, 2003; Brochner et al., 2014). In
our study, the elevated aforementioned cardiac and hepatic oxidative
stress is accompanied by increased MPO activity in IRI groups of ND and
DM rats (Fig. 2). Here, the presence of hyperglycaemia with IRI severely
increased the MPO activity as compared to the ND-IRI group, which was
significantly controlled by the administration of C21 and Dize combi-
nation therapy.

Under AKI settings, kidney-heart and liver interaction resulted in
morphological alteration (Abdellatief et al., 2017). In this study, the
heart tissue of IRI groups showed severe myocardial degenerative
changes, which were identified by disarrayed cardiac muscle fibres
(Fig. 3). However, liver histology of IRI groups showed sinusoidal
dilatation and vacuolisation of hepatocytes along with leukocytes
infiltration, pyknotic nuclei and Kupffer cell proliferation (Fig. 4). In
contrast, concomitant therapy of C21 and Dize significantly alleviated
the cardio-hepatic structural damage in IRI groups of ND and DM rats.

Both clinical and laboratory reports demonstrated that IRI resulted in
an upsurge of heart and liver inflammation via upregulation of pro-
inflammatory cytokines such as IL-1, IL-6, IL-17A, monocyte chemo-
attractant protein-1 (MCP-1) and TNF-a (Lee et al., 2018; Lai et al.,
2019). To explore the role of the inflammatory mechanism in regulating
IRI under ND and DM conditions, we have checked the expression of
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Fig. 7. Effect of AT2R and ACE2 activation on protein levels of ACE, ACE2 in plasma, heart and liver tissues along with urinary AGT.
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TNF-a. It is the first report to explain the AKI induced overexpression of
TNF-« in the cardiac and hepatic tissues under both ND and DM con-
ditions, where DM-IRI group showed a marked rise in TNF-a expression
compared to ND-IRI group (Figs. 5,6). Treatment with C21 and Dize
alone and in combination have significantly down the expressions of
TNF-a in cardiac and hepatic tissues; however, combination therapy has
proven to be better in reducing the TNF-a expressions. Our previous
studies indicating the ability of AT2R and ACE2 stimulation to reduce
inflammatory cytokines production and diabetes-related microvascular
complications (Pandey and Gaikwad, 2017a; Malek et al., 2019).
Numerous studies have provided mechanistic evidence in support of
the depressor arm of RAS required for suitable cardiac and hepatic
function. These studies proposed that repression of AT2R/ACE2/Ang-
(1-7)/MasR axis diminished the protective functions of the depressor
arm (Santos et al., 2006; Silva et al., 2013). Nevertheless, depressor arm
modulators strongly reveal their cardio-hepatic protective role in hy-
pertension, atherosclerosis, insulin resistance (Bruce et al., 2015; Chow
et al., 2016; Quiroga et al., 2018; Rajapaksha et al., 2018) as evidenced
by increased ACE2, Ang-(1-7), AT2R and MasR expressions. Following
these findings, we first examined the RAS components in the systemic
circulation and urine. IRI results in marked reduction of ACE2 and
Ang-(1-7) levels followed by a significant increase in ACE, Ang II and
urinary AGT levels in DM rats as compared to ND rats. However, com-
bination therapy normalised the pressor and depressor arm components
in plasma as well as urine (Figs. 7,8). Most recent study revealed the
novel mechanism of kidney-heart interaction under IRI condition and

) p < 0.05 vs ND; ¥ p < 0.05 vs DM; ‘@’ p < 0.05 vs ND-IRI, ® p < 0.05 vs DM-IRI

suggested that cardiac inflammatory cascades triggered by the simul-
taneous upregulation of sympathetic reflex and RAS in the cardiac tissue
(Panicoa et al., 2019). In the current study, we observed the impact of
IRI on cardiac and liver RAS, where there was significant increased Ang
11 and ACE levels plus decreased in Ang-(1-7) and ACE2 levels. On the
contrary, the novel combination therapy managed to normalise the
pressor and depressor arm components in ND and DM rats (Figs. 7,8).

Under clinical settings, AKI remains a major risk factor to induce
further distant organ dysfunction including cardiac and hepatic
dysfunction in hospitalised patients (Lee et al., 2018). Therefore, the
outcome of this study suggests that the combination of C21 and Dize
could be a novel approach for the prevention of IRI associated with
distant organ dysfunction. Further, extensive clinical studies should be
conducted to check the efficacy of C21 and Dize alone and in combi-
nation in order to carry these novel targeting treatments from the bench
to the bedside. The present study has some limitations. Firstly, the effect
of renal ischemia on cardiac function parameters was only assessed by
SBP measurement; future studies should use echocardiography analysis
to provide a clearer indication of ventricular function. Secondly, we
have done CK-MB and LDH estimation to assess cardiac functioning;
however, future studies should also estimate the plasma electrolyte
concentrations (Na™, C17, K) to provide a clear indication of electrolyte
imbalance in AKI-induced cardiac dysfunction.



N. Sharma and A.B. Gaikwad

Environmental Toxicology and Pharmacology 80 (2020) 103501

Plasma Heart Liver
A) B) ©)
120-° ND « DM 24-° ND e DM 189* ND « DM
-~ i -~ * —~
jo *? ; \ “ag % § R I
E 80 . ; ;& E 16 jf i | £ *f i’ P4
’ - T4 | Enzd :
30 -1: 'I' :} el a |, i ';f %i % 11 }: i‘} i
= E £ 8 £ | i 13| 8 4 i
bﬁ40-. :ﬁs- :‘06_
é if £ £
< <
0 T T T T 0-— T T T T 0-— T T T T
D) E) F)
- I\iD- DM R ND ¢ DM , _ 8% ND « DM
— i # o S e o 3
Z2 % SAN E| E o 4
LA ) i a1+ 4 ) #
Eis- : FLETEE £y T E AT .
IR R I B8t S R TR N T
104 ad s g . - '-E' il ’}
¥ Y T 24 ‘!' i
Uﬁ;_ =t Ll °
i z ¥
0= T T T T 0-— T T T T 0-—7 T T T T
s ¥ = 3§ @8 T ¥ A % 8 EE 5§ & §
i % 0 8 2 i ¢ ¢ B g A S -
5 an x = e o o ) ° ] - &
o} g &z & v g oz = “ g g R

Fig. 8. Effect of AT2R and ACE2 activation on protein levels of Ang II, Ang-(1-7) in plasma, heart and liver tissues.
A-F: Protein expression of Ang IT and Ang-(1-7) in plasma (A, D), heart (B, E) and liver (C, F) were assessed by ELISA (n = 6). Data are represented as mean + SD from
three independent experiments. Two-way ANOVA with Tukey's multiple comparison test was utilised for statistical comparison. ™ p < 0.05 vs ND; * p < 0.05 vs
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5. Conclusion

In conclusion, to the best of our knowledge, this is the first report that
upregulation of depressor arm of RAS exerted significant protective ef-
fects on the heart and liver during IRI in ND and DM conditions. This
potential mechanism of combination therapy of AT2R and ACE2 acti-
vation is associated with normalised biochemical markers, anti-
oxidative and anti-inflammatory capability. These results support the
proposition that depressor arm modulators hold potential for novel
therapeutic approaches to curb cardio-hepatic sequelae associated with
AKI under diabetic and non-diabetic conditions.
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