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ABSTRACT

Background: Acute renal and cardiac diseases are common
encounters in hospitalized and non-hospitalized patients. Kidney and
heart pathology are continuously interrelated. The impact of acute
kidney injury (AKI) on the cardiac function is demonstrated in both
preclinical and clinical studies and is termed cardio-renal syndrome
type 3.

Aim of the work: The aim of this work is to establish an animal
model of cardio-renal syndrome type 3, and to study the effect of
glucagon-like peptide-1 receptor (GLP-1R) agonist “liraglutide” on
this condition.

Materials and methods: Sixty male Wistar rats were used in this
study and were divided into six groups (10 per group). Group 1:
control, Group 2: low dose liraglutide-treated rats(L-lira). Group 3:
high dose liraglutide-treated rats (H-lira). Group 4: Gentamicin (GM)
treated rats. Group 5: low dose liraglutide- and GM-treated rats (L-
lira-GM). Group 6: high dose liraglutide- and GM-treated rats (H-
lira-GM). Liraglutide was given daily by subcutaneous injection for
three weeks. GM was injected intraperitoneally (IP) starting from day
15 to day 21.

Results: GM treatment was associated with histopathological
injuries of both renal and cardiac tissues, in addition to significant
elevation of renal biomarkers (serum urea and creatinine) as well as
cardiac biomarkers (cardiac troponin | (Tnl), creatine kinase (CK-
MB) and lactate dehydrogenase (LDH). ECG showed prolongation of
QRS complex, Q-T and Q-Tc interval, in addition to increased T wave
voltage. There was significant increase in the relative weight of the
right ventricle and the absolute and relative weights of left ventricles
and the whole heart of the GM group. Moreover, GM injection
resulted in a significant increase in oxidative and inflammatory
markers (MDA, NO, IL-1beta, IL-6 and TNF-a) and diminished
antioxidants GSH, SOD, and catalase, in the serum as well as in renal
and cardiac tissues. GLP-1R agonist administration before GM
injection normalized all the measured parameters only in the high
dose group. Liraglutide evidently prevented upregulation of the
inducible nitric oxide synthase (iNOS) gene expression in both renal
and cardiac tissue of GM-treated animals.

Conclusion: GM injected rats exhibited renal and cardiac
structural and functional damage. The GLP-1R agonist, liraglutide
protects both the kidney and the heart through antioxidant and anti-
inflammatory effects. In addition, it downregulates the iNOS
expression in renal and cardiac tissues, thus decreasing production of
nitric oxide (NO).
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INTRODUCTION:

Cardiac and renal disturbances are
common encounters in both inpatient and
outpatient clinics. There is a complex
interaction between renal and cardiac
dysfunctions, where pathology in one organ
affects the other®™. The term cardio-renal
syndrome emerges in the literature to
describe this mutual cross talk between the
two vital organs. Cardio-renal syndrome is
divided into five subtypes according to the
onset and the sequence of the lesion. Cardio-
renal syndrome type 3 is a subtype of this
syndrome, although the name is misleading.
In this subtype, AKI results in acute cardiac
insult @,

Cardiac failure is the most common
cause of death in patients with AKI who
proceed to cardiac disorders, - Nikolic et al
reported that cardiac dysfunction related to
AKIl may involve decompensated heart
failure, ischemic heart disease and cardiac
arrythmias. The renal contribution to cardiac
pathology might be related to the direct
cardio-renal connectors. These connectors
include; inflammatory mediators, oxidative
stress, cellular apoptosis and activation of
both sympathetic nervous system and renin-
angiotensin aldosterone system. The indirect
effects include; volume overload, metabolic
acidosis and uremic toxins®.

Inflammation likely plays a key role in
the crosstalk between the kidneys and the
heart. In animal models of renal ischemic
injury, cellular injury triggers nonspecific
adaptive immunity  pathways  with
consequent activation and recruitment of
inflammatory cells into the kidneys®.

The activation of immune cells leads to
secretion of chemokines and pro-
inflammatory cytokines into the circulation,
with potential widespread effects. Increased
serum levels of interferon gamma (IFN-y),

tumor necrosis factor -a  (TNF-a),
interleukin 1b (IL1b), IL6, and IL18 have
been observed in animal models of AKI®.

Increased  oxidative  stress, and
diminished antioxidant defense in patients
with kidney failure lead to increased risk for
cardiac events). The role of excessive
production of NO and the associated
upregulation of inducible nitric oxide
synthase (iNOS) gene have, also, been
implicated in the pathogenesis of acute
kidney and cardiac injuries®?.

Glucagon-like peptide-1 (GLP-1), a 30-
amino-acid hormone produced in the
intestinal epithelial endocrine L cells by
differential processing of proglucagon, is a
well-known insulinotropic  hormone™,
GLP-1 receptor agonists exert the same
biological actions of GLP-1, including the
glucose-dependent stimulation of insulin
secretion, and inhibition of glucagon
release™. These agonists are currently
being used for glycemic control in diabetic
patients®?. The expression of GLP-1
receptors is not limited to the pancreas and is
present in other non-digestive organs
including the kidney, the heart and the blood
vessels®¥,

In fact, GLP-1R agonists have direct
beneficial effects on the heart such as
improving left ventricular performance after
myocardial infarction®. The}/, also, protect
against cardiac  ischemia®® and  the
progression of atherosclerosis™”.

On the other hand, the effects of GLP-
1R agonists, liraglutide and exenatide in the
setting of AKI are controversial. While
Kodera et al.*® reported a protective role of
GLP-1R agonist in renal injuries, Lopez-
Ruiz et al. reported acute renal failure when
exenatide is co-administered with diuretics
and angiotensin Il blockers™®.



https://www.sciencedirect.com/topics/medicine-and-dentistry/heart-left-ventricle-performance
https://www.sciencedirect.com/topics/medicine-and-dentistry/heart-muscle-ischemia
https://www.sciencedirect.com/topics/medicine-and-dentistry/atherosclerosis
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AIM OF THE WORK:

The aim of this study is multifaceted.
First aim is to establish a successful animal
model of cardio-renal syndrome type 3.
Second, is to test the potential effects of
GLP-1R agonist liraglutide in this animal
model. Lastly, to explain the mechanisms
underlying these effects.

MATERIALS AND METHODS:
Animals:

This study was conducted in the King
Fahd Center for Medical Research, KAU,
Jeddah, Saudi Arabia from August to
October 2020. The study involved 60 male
Wistar rats, 5-6 months old (200-250g in
weight). Animals were kept under standard
conditions of boarding. The rats were
allowed free access to water and ad libitum
feeding. The study conforms to the NIH
guidelines for the care of laboratory animals.

Experimental design (table:1):

Animals were initially weighed and
divided into 6 groups, 10 rats in each group.

Group I: Control group: treated with
vehicle only (distilled water) for three
weeks.

Table 1: experimental protocol:

Group II: Low dose liraglutide-treated-
rats (L-lira): Liraglutide was injected SC in
a dose of 50 micrograms per kg of body
weight for 3 weeks.

Group III: High dose liraglutide-treated
group (H-lira): Liraglutide was injected SC
in a dose of 150 micrograms per kg of body
weight for 3 weeks.

Group IV: GM-treated group (GM): the
animals in this group were treated as control
group until day 14. From day 15 to day 21,
the animals were subjected to induction of
AKI by intraperitoneal (IP) injection of GM
sulphate (Memphis Company for Pharmacy
and Chemical Ind., Cairo, Egypt) in a dose
of 100 mg/kg/day @,

Group V: Liraglutide low dose and GM-
treated group (L-lira-GM): the animals of
this group were treated with liraglutide in a
similar way to L-lira group, thereafter, the
animals received GM injection from day 15
to day 21 similar to the GM-treated group.

Group VI: Liraglutide high dose and
GM-treated group (H-lira-GM): the animals
of this group were treated with liraglutide in
a similar way to H lira group, thereafter, the
animals received GM injection from day 15
to day 21 similar to the GM-treated group.
The doses of liraglutide were chosen
according to previous investigators 1?2,

Group Day 1-14 | Day 15-21

1.Control Vehicle injection (distilled water)

2. L-lira Liraglutide injection in a low dose and vehicle from day 15 to 21

3. H-lira Liraglutide injection in a high dose and vehicle from day 15 to 21

4. GM Vehicle treatment (distilled water) GM injection + vehicle

5. (L-lira-GM ) Liraglutide injection in a low dose liraglutide (low dose) & GM injection
6. (H-lira-GM ) Liraglutide injection in a high dose liraglutide (high dose) & GM injection

NB: The number of rats per group was changed due to death of 2 rats from the GM-treated group and
one rat died from each of the H-lira, GM-L-lira and the GM-H-lira groups. The number of rats became
as follows: each of control and L-lira groups (n=10); GM (n=8) and each of H-lira, GM-L-lira, and

GM-H-lira (n=9).
Procedures:

On day 22, twenty-four hours post last
injection of GM, overnight fasting rats were
subjected to the following experimental

procedures: animals were weighed and
anesthetized with thiopental sodium (Sandoz
GmbH, Kundl, Austria) in a dose of 40
mg/kg IP and then subjected to the following
procedures:
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ECG recording:

Anesthetized rats were placed in the
supine position on a board and ECG was
recorded continuously with standard artifact-
free lead Il (right forelimb to left hind limb).
Needle electrodes were inserted SC into the
paw pads of each rat, and connected to
Biocare ECG 101 (Shenzhen Biocare
Electronics Co., Ltd., China). The ECG was
measured to determine duration of QRS
complex, R-R interval, R voltage, T voltage
Q-T and Q-Tc intervals. Q-Tc is the Q-T
interval corrected to the heart rate according
to Bazett formula.

Tail cuff systolic blood pressure and heart
rate measurements:

Both heart rate and systolic blood
pressure (SBP) were measured by tail-cuff
plethy-smography (BP98A, Softron, Tokyo,
Japan). The animals were kept at 25°C for 5
minutes, the first five cycles were
considered as adaptation cycles. After that,
five consecutive cycles were recorded and
the average was calculated, as the mean
systolic blood pressure.

Animals were, then, sacrificed and a
mid-line abdominal incision was performed
for the collection of whole blood specimen
from the abdominal aorta. Blood was
centrifuged at 3000 rpm for 30 minutes.
Serum was collected and stored at -20°C for
use in measurement of biochemical
parameters.

The kidneys were carefully dissected,
divided into two halves, one half was
preserved in 10% formalin for histological
examination, and the other half for
biochemical measurements. Similarly, the
heart was removed, blotted and weighed.
Weights were determined as total heart
weight and ventricular weights. All cardiac
weights were expressed as absolute weight
and as a ratio to the whole-body weight.
Hearts were, then, preserved for biochemical
measurements and real time PCR.

Tissue homogenates were prepared
using  Polytron  PT1200E  Disperser
(Kinematica AG, Luzern, Switzerland) in
ice-cold phosphate-buffered saline (PBS, pH
7.2). Homogenates were centrifuged at
12,000 rpm for 10 min, and supernatants
were used for measurements.

Biochemical assays:

Biomarkers for renal and cardiac

functions:

Serum glucose, creatinine, and urea
were measured by colorimetric method
using kits supplied by Diamond Diagnostic
(Cairo, Egypt) according to manufacturer
instructions. Serum cardiac troponin I (Tnl)
and the isoenzyme creatine kinase (CK-MB)
were measured by ELISA kits supplied by
Shanghai Crystal Day Biotech Co.
(Shanghai, China) and Kamiya Biomedical
Company (Seattle, WA, USA), respectively,
according to the manufacturer instructions.
Serum lactate dehydrogenase (LDH) activity
was measured using a diagnostic kit supplied
by Spinreact (Girona, Spain) according to
the manufacturer instructions and as
described previously by®?.

Oxidative and antioxidative markers:

Malondialdehyde (MDA), nitric oxide
(NO),  reduced  glutathione  (GSH),
superoxide dismutase (SOD) and catalase
activities were measured in the serum, as
well as in kidney and heart tissue
homogenates. Lipid peroxidation was
assessed by measuring the content of MDA,
a byproduct of lipid peroxidation process.
The measurement was performed using Kits
supplied by Diamond Diagnostics (Cairo,
Egypt), according to the manufacturer
instructions. This assay depends on the
reaction of MDA in samples with
thiobarbituric acid (TBA) forming a red
MDA-TBA complex. The complex was
assessed colorimetrically at wavelength 532
nm. For determination of serum nitrates, as a
stable end product of NO, the end-point
enzymatic one-step assay was carried out on
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the basis of the reduction of nitrate by nitrate
reductase®. GSH was assessed colori-
metrically at wavelength 405 nm by using
kits supplied by Bio Diagnostic (Giza,
Egypt), according to the manufacturer
instructions.

SOD and catalase activity were assessed
in the serum colorimetrically using Kkits
supplied by Bio Diagnostic (Giza, Egypt),
according to the manufacturer instructions.

Inflammatory markers:

Levels of the pro-inflammatory
cytokines: tumor necrosis factor-a (TNF-a),
IL-1p4, and IL-6 were measured in the serum
and in both Kkidney and heart tissue
homogenates according to the ELISA Kit
instructions (R&D Systems, Inc.,
Minneapolis, MN, USA).

Measurement of gene expression of iNOs in
kidney and heart tissue homogenates

RT-PCR for identification of iINOS-mRNA in
both kidney and cardiac tissues

Total RNA was extracted using TRIzol
Reagent (Invitrogen, Life Technologies,
USA) according to the manufacturer's
instructions. Reverse transcription was
Table 2: primers used for Real time-PCR

carried out with the High Capacity cDNA
Reverse  Transcription  Kit  (Applied
Biosystems). PCR was performed with Taq
DNA polymerase. The primers used for
assessment of iINOS and the GADPH gene,
as a control, are shown in tablel.

The thermal cycle was set as follows:
inactivation of reverse transcriptase at 95°C
for 10 minutes, followed by 45 cycles of
95°C for 30 seconds, 60°C for 1 minute, and
72°C for 30 seconds. Dissociation curve
analysis was used for confirmation of PCR
results. Using ABI’s SDS software, the data
were depicted as sigmoid  shaped
amplification plots in which the number of
cycles was plotted against fluorescence on a
linear scale. The threshold cycle serves as a
tool for calculation of the starting template
amount in each sample. Because the samples
of the control group and also samples of the
treated group were used as calibrators, the
expression levels were set tol.The relative
concentration of the genes were normalized
against the  glyceraldehyde-3-phosphate
dehydrogenase GADPH and gene expression
fold changes were calculated using the
equation 2-AAct @,

iINOS 5*-AGCACATGCAGAAATGAGTACCG-3*
5*-CCGTCAGAGGTAACTGTTTACACG3*,

GADPH | 5'-GACATGCCGCCTGGA GAAAC-3’
5'-AGCCCAGGATGCCCTT TAGT-3'

Histopathological studies:

Specimens of the kidney and the heart
from different groups were fixed in 10%
phosphate-buffered formalin solution at
room  temperature.  Specimens  were
dehydrated in graded ethanol (70— 100%),
cleared in xylene and embedded in paraffin.
Paraffin-embedded tissue sections (5 mm
thick) were prepared, mounted on slides and
kept at room temperature. Thereafter, slides
were dewaxed in xylene; hydrated using
graded ethanol and stained by hematoxylin

and eosin (HE) dyes. The sections were
examined under light microscope and
photographed ©®

Statistical analysis:

Data were expressed as mean = SEM.
The Student’s t-test for and unpaired data
was performed to assess them as statistically
significant  intragroup and intergroup
differences, respectively. All statistical data
and statistical significance were analyzed
using the Statistical Package for Social
Sciences (SPSS Inc., Chicago, lllinais,
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USA), version 16. A P value less than 0.05
was considered statistically significant.

RESULTS

Treatment of normal rats with low dose
(Group 2) or high dose liraglutide (Group 3)
did not show any significant changes in all
investigated parameters when these rats
were compared with their matching controls.
The results are shown in all figures and
tables alongside with the results of other
groups.

Hematoxylin and Eosin stained sections of
the renal cortex of the studied groups:

Renal cortical sections from normal
control animals (Group 1) stained with H&E
had completely normal features. They
showed normal spherical glomerular
corpuscles with intact Bowman’s capsule
and narrow Bowman’s space. Normal
glomeruli, normal proximal and distal
convoluted tubules with normal cell lining
were seen (Figure 1).

Figure 1: Sections from cortex of kidney of normal
rats (control group) showing normal histological
feature. spherical renal corpuscle enclosed in the
Bowman’s capsule (1). The figure, also, shows the
normal spherical glomerulus (G) with the
Bawman’s space around it, normal proximal
convoluted tubule (P), distal convoluted tubule (D)
and macula densa (A). (H&E X400)

The histological features of the renal
cortex from L-lira and H-lita treated animals
(Groups 2 and 3) showed a histological
profile comparable to the control group.
(Figure 2).

On the contrary, renal cortex of kidneys
from GM -treated group (Group 4) showed
marked damage. Renal tubules were not
clearly identified. The lumina of the tubules
showed vacuolation and were obliterated by

Figure 2 The histological features of renal cortex
from high dose liraglutide-treated animals (H-lira).
showed a histological profile comparable to the
control group. Normal intact renal glomeruli, and
Bowman’s capsule as well as proximal and distal
convoluted tubules. (H&E X400)

the sloughed cells. Furthermore, homogeny-
ous eosinophilia were found in the tubular
lumina in some tubules. The epithelium
lining of some tubules showed pyknosis.
Inflammatory ~ cells  and congested
peritubular capillaries were found in
between the tubules of the renal cortex. In
addition, glomerular capillaries appeared
shrunken (Figures 3).
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Figure 3: Renal cortex of GM-treated group
showing: disruption of the normal structures of the
renal cortex and degeneration of proximal and
distal convoluted tubules. The lumen of some
tubules is obliterated by desquamated cells
(*).Vacuolation (1) and homogenous eosinophilic
material are present (H) together with areas of
inflammatory cells (A) and congested peritubular

Figure 4: Renal cortex of low dose liraglutide-GM-
treated animals ((L-lira-GM)) showing: largely
affected structures. The tubules lost their lining
epithelium and their lumina are filled with
acidophilic hyaline material (H). The tubules are
obliterated by cellular debris (black dash line)
together with vacuolation of the lining epithelium
(1), and pyknosis (A) (H&EXX400)

capillaries (BV). (H&EX400).

Sections from L-lira-GM group (Group
5) showed distorted cortical structure in the
form of loss of the tubular epithelial lining,
sloughing of epithelial cells into the lumina

A >
» 1 [
!

of the cortical tubules, vacuolation of
epithelial cells and dilated congested
peritubular capillaries (Figure 4).

Figure 5: Renal cortex of GM-injected rat
pretreated with high dose liraglutide ((H-lira-GM))
showing that most of the tubules have normal
cellular lining with large vesicular nuclei (1), the
proximal tubules showed the star shaped lumina
(*) similar to the control group. Few tubules are
still showing wide Ilumina lined by slightly
separated epithelial cells (L). Few cellular debris
are also observed in the lumina of few tubules (A).
(H&EX400)

Figure 6: H and E stained longitudinal section of
the left ventricle of a normal rat showing normal
histological features. Normal striations, acidophilic
cytoplasm and central fusiform elongated nuclei.

(H&EX400)

On the other hand, histological
morphology of the renal cortex of H-lira-

GM group (Group 6) was similar to the
control group. The tubules were nearly
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normal with average epithelial lining,
normal vesicular nuclei and normal lumina.
Other tubules showed star shaped lumina
and were lined with deep acidophilic
cuboidal epithelium. Few tubules showed
slightly separated epithelial cells with little
cellular debris (Figure 5).

Hematoxylin and Eosin stained longitudinal
sections of the left ventricle of the studied
groups:

Control and liraglutide-treated controls
(L-lira  and H-lira) showed normal

histological features as shown in figure 6
and 7.

Figure 7: H and E stained longitudinal left ventricular section from H-

lira treated group showing normal histological features.

Normal

striations, acidophilic cytoplasm and central fusiform elongated nuclei.

GM-treated animals showed extensive
degeneration of cardiac muscle fibers, which
appeared swollen and edematous, with loss
of normal arrangement, or nearly absent
striations. The sarcoplasm was fragmented,

(H&EX400)

vacuolated and showed marked eosinophilia.
Nuclei were degenerated and pyknotic and
occasionally absent. Focal areas of
hemorrhage and necrosis were evident
(Figures 8 a,b,c and d.).
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Figure 8: H and E stained longitudinal sections of the left ventricle of
GM-treated group showing (a) irregularities and loss of striation of the
cardiac muscles, (b) hypertrophy and swelling of myofibril, sarcoplasm
contains vacuoles with shrunken or degenerating nuclei, (c) multiple
focal areas of hemorrhage and necrosis, (d) cardiomyocyte destruction,
extremely acidophilic cytoplasm, polymorphic and pyknotic nuclei.

(H&EX400)

The heart tissue in L-lira-GM group is still showing similar features to rat hearts treated
with GM alone. The left ventricular section of hearts of group L-lira-GM showed loss of
striations, swollen and edematous fibers, areas of hemorrhage and massive necrosis (Figure

Figure 9: H and E stained longitudinal sections of
the left ventricle of L-lira-GM treated group. The
stained section from left ventricle is still showing
irregularities of cardiac muscle fibers, areas of
hemorrhage and necrosis, massive eosinophilia
and nearly absent nuclei. (H&EX400)

Histological sections of hearts from H-
lira-GM-treated animals showed marked
improvement in the histological features
almost comparable to those of control rats.
The H&E stained sections of hearts of these
rats showed nearly normal striations with
normal sarcoplasm. The nuclei were

Figure 10: H and E stained section from H-lira-
GM treated group showing marked improvement
of myocardial tissues. Myocardial fibers show

nearly normal parallel arrangement, average
striations, normal central elongated nuclei. Some
amounts of connective tissue are still present and
little cells show some nuclear polymorphism.
(H&EX400)

centrally located and vesicular in shape.
Connective tissue was still seen more than in
sections from control animals (Figure 10).

Biochemical and functional results

Results of blood glucose, % change of
body weight, and cardiac weights (tables
3&4)
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Blood glucose level did not show any
significant change among all groups studied.
The % change of body weight was -7.1% in
GM-treated group as opposed to 8.5 % in the
control group. In addition, the % change in
body weight in L-lira-GM group was -8.3%
nearly similar to -7.1 % in GM-injected non-
liraglutide treatment. In the H-lira-GM
group, the body weight showed a percentage
change of 8.2 % in contrast to a percentage
change of -7.1 % in GM-injected group

The relative weight of the right
ventricle, as well as, the absolute and
relative weights of left ventricle (LV), and
the whole heart were significantly higher in
GM-injected animals when compared to

control ones. However, the absolute weight
of the right ventricle (RV) of these animals
was not significantly different when
compared with matched controls. Compar-
ing L-lira-GM to GM-injected group, no
significant changes in absolute or relative
weights of RV, LV or whole heart were
seen. On the other hand, compared to the
GM animals, H-lira-GM group showed
significant reduction of relative weights of
both, left ventricles and whole heart, but no
significant change in the absolute and
relative weights of right ventricle, and the
absolute weights of the left ventricle and the
whole heart.

Table 3: Means + SD of percent change in body weight (BW) and serum glucose (SG) levels in all
groups studied

Control L-Lira H-Lira GM L-Lira-GM H-Lira-GM
BW(GM) 8.54 +2.27 7.83 +2.45 6.02+4.93 | -7.47+4.81 -8.31+ 3.87 8.2+211
SG (mg/dl) 82 +4.16 83.8 +3.82 79.22 £3.8 | 79.13+3.04 80.11+6.17 78.56 + 6.54

*P<0.05 significant from control group. ** P<(.05 significant from GM group.

Table 4: Means + SD of the weights of the right ventricle (RV), left ventricle (LV) and the whole heart
(WH) expressed as absolute weights and relative to the body weights

Control L-Lira H-Lira GM L-Lira-GM H-Lira-GM
RV(mg) | 102.3+12.2 111.60 +£14.50 | 101.33+16.85 | 101+ 15.69 111.2 £17.09 | 111.22+14
RV/BW | 0.42+0.04 0.45+.06 0.44+0.07 0.48*+ 0.07 0.53+ 0.09 0.46+ 0.06
LV(mg) | 475.70+42.47 | 503.60+45.64 | 461.67+46.53 | 543.6*+82.16 | 500.67+55.62 | 503.44+48.41
LV/BW | 1.96+0.17 2.03+0.18 2.01+0.25 2.61*+0.55 2.39+0.31 0.2.07**+ 0.22
WH (mg) | 660.7+68.16 | 706+59.06 643.44+60.81 | 750*+91.96 692.33+91.28 | 709+61.57
WH/BW | 2.72+0.30 2.84+0.24 2.81+0.33 3.61*+0.73 3.3+0.44 2.92**+0.30
*P<0.05 significant from control group. ** P<0.05 significant from GM group.
Serum levels of renal and cardiac not significantly different from their levels
biomarkers (figures 11-15): in the GM-treated group. On the other hand,
GM-treated rats showed significant animals of the same group pretreated with

increase in serum urea and creatinine when
compared to their matching controls. Serum
urea and creatinine in GM-treated animals
pretreated with low dose of liraglutide were

10

high dose liraglutide showed a significant
drop in their serum urea and creatinine when
compared with the GM-treated group
(Figure 11 and 12).
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Figure 11: Effects of low and high doses of liraglutide pretreatment on serum urea of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group (C), **P<0.05 significant

from GM-treated group.
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Figure 12: Effects of low and high doses of liraglutide pretreatment on serum creatinine of normal and GM-
treated groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05

significant from GM group.

GM-treated rats showed significant
elevation of serum troponin | (Tnl), creatine
kinase (CK-MB), and lactate dehydrogenase
(LDH) when compared to their matching
controls. These parameters were not
significantly different in animals pretreated
with low dose of liraglutide, when compared

with the GM-treated group. On the other
hand, Tnl, CK-MB and LDH were
significantly lower in GM-treated animals
pretreated with high dose liraglutide when
compared with the GM-treated group
(Figures 13-15).

11
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Figure 13: Effects of low and high doses of liraglutide pretreatment on serum Tnl of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figure 14: Effects of low and high doses of liraglutide pretreatment on serum CK-MB of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figure 15: Effect of low and high doses of liraglutide pretreatment on serum LDH of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Cardiac functions and ECG (table 5):

There was a significant increase in mean
systolic blood pressure and significant drop
of heart rate of GM-treated group when
compared with the control group, Moreover,
the GM-treated animals showed significant
increase in the T-wave voltage, as well as
significant increase in both Q-T and Q-Tc
when compared with control group. Animals
pretreated with low dose liraglutide were not
significantly different from their non-treated
counterparts in the GM group. On the other
hand, pretreatment of GM group with high
dose liraglutide significantly lowered the

mean  systolic blood pressure and
significantly increased the heart rate when
compared with GM-treated. Similarly,
pretreatment of GM group with low dose
liraglutide did not show statistically
significant changes in all measured ECG
parameters when compared with non-treated
control animals. High dose liraglutide
pretreatment of GM-injected rats, however,
was associated with significant decrease of
QRS duration, T-wave voltage and
significant decrease in both Q-T and Q-Tc
when compared with GM-injected animals.

Table 5: Means £ SD of systolic blood pressure (SBP), heart rate (HR), and ECG parameters in the

studied groups

SBP HR QRS Rvoltage T voltage Q-tT Q-Tc
(mmH) (bpm) (sec) (mvolt) (mvolt) (sec) (sec)
Control 135 365.5 0016 0.76 0.205 0.073 0.180
+6.24 +21.28 +.005 +.08 +0.04 +0.01 +.027
L-Lira 139 374.5 0.018 0.725 0.2 0.076 0.190
+7.38 +17.23 +0.005 +0.10 +0.04 +0.01 +0.025
H-Lira 138.3 370.6 0.017 0.761 0.189 0.073 0.183
+7.07 +.25.3 +0.006 +0.08 +0.05 +0.01 +0.03
GM 146.3* 334.4* 0.021* 0.713 0.269* 0.094* 0.222*
+13.56 + 25.28 +0.004 +0.07 +0.05 +0.02 +0.05
L-Lira-GM 136.1 361.7 0.018 0.73 0.222 0.079 0.0.194
+7.82 + 28.06 + 0.006 +0.1 +0.04 +0.01 +0.03
H-Lira-GM 131** 367.2** 0.015** 0.733 0.211** 0.074** 0.183**
75 +30.32 + 0.006 +0.1 +0.05 +0.009 +0.022
*P<0.05 significant from control group. ** P<0.05 significant from GM group.
Results of MDA, NO and antioxidant changed in in GM-treated rats when

indices (figures 6-10 and table 6):

GM injection of rats was associated
with a significant increase in serum MDA
and NO in addition to their increase in renal
and cardiac tissues, when compared to
normal rats. Furthermore, a significant
decrease of SOD in serum and GSH, and
catalase activity in serum, renal and cardiac
tissues of GM-injected animals was found
when compared to control group. The
previous parameters were not significantly

pretreated with low dose liraglutide.

On the other hand, pretreatment of GM-
treated rats with high dose liraglutide
resulted in significant drop of MDA and NO
in serum as well as in both renal and cardiac
tissues when compared to GM group.
Significant increase was found in SOD in
serum and GSH, and catalase activity in
serum, renal and cardiac tissues in rats
pretreated with high dose liraglutide before
GM injection as compared to rats treated
with GM alone.
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Figure 16: Effects of low and high doses of liraglutide pretreatment on serum MDA of normal and GM-

treated groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05
significant from GM group.
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Figure 17: Effects of low and high doses of liraglutide pretreatment on serum NO of normal and GM-treated

groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figurel8: Effects of low and high doses of liraglutide pretreatment on serum GSH of normal and GM-treated

groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figure 19: Effects of low and high doses of liraglutide pretreatment on serum SOD of normal and GM-treated

groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figure 20: Effects of low and high doses of liraglutide pretreatment on serum catalase of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.

Table 6: The means + SD of malondialdehyde (MDA), nitric oxide (NO), reduced glutathione (GSH)
and catalase enzyme in the renal and cardiac tissues of the studied groups

MDA NO GSH Catalase (U/gm)
(umol/gm) (umol/gm) (umol/g)
Control
Renal 5.4+0.97 20.2+2.53 5.49+0.58 13.942.33
Cardiac 3.41+0.86 15.742.21 3.45+0.47 6+1.63
L-Lira
Renal 4.4+1.26 19.741.95 5.06+0.57 13.442.12
Cardiac 3.16+0.79 16.6+1.90 3.56+0.58 6.4+1.71
H-Lira
Renal 5.44+1.01 20.67+2.18 5.38+0.66 14.11+£2.37
Cardiac 3.44+0.88 16.11+3.33 3.18+0.59 6.22+1.56
GM
e Renal 7.83+1.80* 26.22+3.27* 3.31+0.46* 10.89+1.76*
e  Cardiac 5.30+0.71* 22.6+3.05* 27.2+3.23* 4.21+0.67*
L-Lira-GM
e Renal 6.6+0.55 23.7+£3.08 3.52+0.54 11.89+2.03
e  Cardiac 4.96+0.76 21.2+2.82 2.92+0.39 4.86+0.75
H-Lira-GM
. Renal 5.67+£1.12* 20.11+2.57** 5.21+0.62** 14.2+1.39**
e  Cardiac 3.74 £ 0.69* 17.842.82** 3.32+0.44** 6.13+1.13**

*P<0.05 significant from control group. **P<0.05 significant from GM group.
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Pro-inflammatory cytokines and iNOS injected matched controls, did not reveal any
MRNA (Figures 21-25 and table 7): statistical differences in TNF-a, IL-1p and
IL-6 in serum, renal or cardiac tissue
homogenates. The high dose liraglutide
pretreatment of GM-group resulted in
significant drop of TNF-a, IL-1p, IL-6 when
compared with GM animals non-treated with
liraglutide (Figures 6,7 and table 6)

GM injection of rats was associated
with significant increase in TNF-a, IL-1B
and IL-6 in plasma, and renal and cardiac
tissues, on comparison with normal control
rats. Comparing the low dose liraglutide-
treated GM-injected animals with GM-

Serum TNF-a
200 -
150 -
E
> 100 -
o
50
O J
Control L-Lira H-Lira L-lira-GM H-lira-GM

Figure 21: Effects of low and high doses of liraglutide pretreatment on serum TNF-a of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figure 22: Effects of low and high doses of liraglutide pretreatment on serum IL-1B of normal and GM-treated
groups. Values are expressed as mean + SD. *P<0.05 significant from control group. **P<0.05 significant from
GM group.
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Figure 23: Effects of low and high doses of liraglutide pretreatment on serum IL-6 of normal and GM-treated
groups. Values are expressed as mean + SD. *P<(.05 significant from control group. **P<0.05 significant from

GM group.

The level of INOS expression in renal
and cardiac tissues was significantly higher
in GM-injected animals, compared to control
ones. Pretreatment with low dose liraglutide
did not show significant change when
compared with GM-non-liraglutide treated

animals. However, pretreatment with high
dose liraglutide of GMe-injected group
showed significant drop in the level of iINOS
expression in both renal and cardiac tissues,
when compared with GM group not treated
with liraglutide (Figures 24 and 25).
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Figure 24: Effects of low and high doses of liraglutide pretreatment on renal iINOS mRNA in renal tissue of
normal and GM-treated groups. Values are expressed as mean + SD. *P<0.05 significant from control group.
**P<0.05 significant from GM group
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Figure 25: Effects of low and high doses of liraglutide pretreatment on cardiac iNOS mRNA in renal tissue of
normal and GM-treated groups. Values are expressed as mean + SD. *P<0.05 significant from control group.
**P<0.05 significant from GM group
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Table 7: The means + SD of TNF-a, IL-1p and IL-6 content of renal and cardiac tissues of animals in

the studied groups.
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TNF-a IL-1p (pg/ml) | IL-6
(pg/ml) (pg/ml)
L-Lira
e Renal 158+18.3 62.5+£7.9 411+37.25
e Cardiac 127+ 7.25 43.2+4.98 374+46.50
H-Lira
e Renal 151.8+ 15.2 62.249.72 419+51.40
e Cardiac 128.8+11.67 41.6+4.50 403.0+51.0
GM
e Renal 205.6+15.9 93+ 9.14* 600+£53.1*
e Cardiac 153.3+9.75* 57.345.06* 469+59.22*
L-Lira-GM
e Renal 208.3£18.54 85.5+6.74 560+70.4
e Cardiac 138.3+19.25 50.3+7.09 432+ 47.64
H-Lira-GM
e Renal 188.9+£10.78** 69.9+8.52** 476+58.3**
e Cardiac 130.6+13.57** 45.1+5.84** 371+42.06**

*P<0.05 significant from control group. ** P<0.05 significant from GM group.

DISCUSSION:

GM-induced nephrotoxicity is a well-
known animal model for AKI®?. The
present study demonstrated elevated serum
urea and creatinine levels, in addition to
histopathological alterations in the renal
cortex of GM-injected rats. These findings
are well known evidences of GM-induced
acute renal injury “*?®  Renal damage
demonstrated in the histopatholgical sections
pointed to a marked injury to parenchyma
cells that leads to depressed glomerular
filtration and ultrafiltration®. The induced
loss of renal integrity and function, thus,
underlies the accumulation of creatinine and
urea in the blood shown in this study.

Moreover, the GM-induced AKI caused
cardiovascular dysfunction represented in
higher blood pressure, lower heart rate,
cardiac hypertrophy, and ECG
abnormalities. These findings are in line
with previous observations of disturbances
in cardiac functions in the setting of
AKI“#®)_ Bradycardia shown in the data of
GM-injected rats in the current study reflects
depressed cardiac functions. Elevated blood
pressure reported in our study indicates
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hemodynamic changes that occur in
conditions of cardio-renal syndrome type
3%, The prolongation of QT interval and
QTc as well as QRS duration among our
ECG findings in GM nephrotoxic rats could
be considered early indicators of myocardial
infarction development®?:

The significant elevation of serum CK-
MB, cardiac Tnl and LDH activity further
potentiated the distant myocardial injury in
this work. These biomarkers have been
largely considered as indicators of acute
myocardial injury®. Our results indicated
that renal, as well as, extra renal injuries
might be impacted by GM therapy in
accordance with the study of Zager®®. AKI
induces functional alterations in immune cell
responsiveness, leukocyte trafficking, and
tissue extravasation, both locally in the
kidney and in distal organs, such as the
heart®?,

Furthermore, the left ventricular
sections of GM-treated rats demonstrated
loss of cellular architecture, edematous and
hemorrhagic features, as well as focal
necrosis and infarction, in accordance with
previous reports .
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Our findings, thus, established a
successful rat model for cardio-renal
syndrome type 3 where AKI leads to acute
cardiac injury . Pretreatment of this rat
model with the GLP-1 agonist “liraglutide”
was associated with improvement of both
renal and cardiac biomarkers, as well as,
amelioration of the histopathological
morphology induced by GM injection in
both organs. These results conform to the
general trend of the effect of GLP-1R
agonists on acute kidney® and heart 33
injuries previously studied. It deserves to
point out that this GLP-1 related effects
happened only with the high dose of
liraglutide. This means that the beneficial
role of liraglutide is dose-dependent, a
finding which is in agreement with other
researchers®”. In agreement with our
results, the GLP-1R agonist significantly
attenuated the elevated urea and creatinine
and preserved the renal cortex structure in
rats subjected to AKI®®. Furthermore,
liraglutide  pre-administration  improved
cardiovascular parameters measured in our
study, returning to normal levels as control
group.

The incident hypotensive effect of
liraglutide in our nephrotoxic rat model is in
accordance with the study of Fonseca who
found that GLP-1R agonist normalized
blood pressure in individuals with higher
base line blood pressure values®®. The
hypotensive effect of the GLP-1R agonist
could be due to its direct action on vascular
smooth muscle cells, or mediated through
secretion of atrial natriuretic peptide (ANP)
“0 The cardiac depression could, also, be
improved through direct positive inotropic
and chronotropic responses of GLP-1R
agonist on the myocardium “Y. Mice
with genetic deletion of GLP-1R displayed
increased LV thickness, impaired LV
contractility and diastolic ~ dysfunction®?.
Liraglutide reduced infarct size and collagen
signals, and attenuated LV dilatation and
reduced fractional shortening in the hearts of
non-diabetic mice subjected to a brief period

of ischaemia—reperfusion®. In addition,
liraglutide normalized cardiac enzymes and
histopathological morphology of the cardiac
muscle in our rat model, which was in
agreement with others®.

Noticeably, the beneficial action of
liraglutide in the present work has been
obtained without significant changes in
blood glucose level. In agreement with our
results Thomson et al. showed improvement

of renal hemodynamics by GLP-1R
stimulation, independent of its metabolic
functions®?.  In addition, Hussien et al.

demonstrated the renoprotective effect of
GLP-1 exenatide in contrast-induced
nephropathy, independent of a glucose-
lowering effect®. These data suggest that
liraglutide may have a direct beneficial
effect on both kidney and heart in the rat
model used in this study.

Some reports that contradict our results
showed that GLP-1R agonist exenatide
might produce renal adverse effects during
treatment of diabetic patients “®“®). These
controversial reports could be attributed to
the simultaneous use of other drugs like
diuretics and angiotensin 1l  receptor
antagonists“®. Moreover, the reported cases
by some authors were in a different
pathological context®®. In addition, they
represent a few cases, thus, representing a
small percentage of the total number of
patients who used the drug. It’s worthy to
add that liraglutide is not cleared via renal
route and its pharmacokinetics is not altered
in states of renal impairment”. Eventually,
no association was found between the degree
of renal impairment and the risk of adverse
effects of liraglutide®?.

Similarly, Lepore and his coworkers
showed no significant effects of the new
GLP-1R agonist albiglutide on cardiac
function and attributed the modest increase
in peak oxygen consumption to non-cardiac
effects“?). These controversial results could
be related however, to the methodology and
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experimental those

investigators.

design used by

In the current study we detected signs of
oxidative stress in GM- treated animals
demonstrated by significant elevation of
serum, renal and cardiac lipid peroxide
malondialdehyde (MDA), which was
considered a common biomarker of in vivo
oxidative stress ®?. In addition, we showed
significant decrease of serum and tissue non-
enzymatic (GSH) and enzymatic (catalase
and SOD) antioxidants in GMe-injected
animals, which is in accordance with
previous results®®. GM treatment produced
oxidative stress in cells of the tubules,
both in vivo and in vitro®*?  and enhanced
the release of hydroxyl radicals from
H,0, and superoxide anions®®. The low
levels of the antioxidant defense agents
could be attributed to overwhelming
production of free radicles, increased lipid
peroxidation, and downregulation  of
associated gene ®¥. ROS is responsible for
cellular injury and necrosis via lipid
peroxidation, protein denaturation and DNA
damage ®*°9

In spite of the significant elevation of
thiobarbituric reactive substances in the
cardiac tissue in our study, some reviewers
and investigators ignore the role of oxidative
stress in cardiac pathology during AKI1®%%%).
This could be attributed to the different
animal model of AKI studied. We could
provide an important role of oxidative stress
in cardiac injury of GM induced AKI
because GM was considered a potential
inducer for oxidative stress in animal
studies®.

Pretreatment of GM-treated animals
with liraglutide demonstrated anti-oxidative
and anti-inflammatory effects in a dose-
dependent manner®”*®. GLP-1R agonist in
high dose significantly decreased the
circulating and the renal and cardiac tissue
levels of MDA. It, also, increased the
antioxidant parameters. These data are in
line with the antioxidative action of GLP-1R
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agonist in AKI. Hussien et al., previously
reported that the GLP-1R against exenatide
protects against contrast-induced nephron-
toxicity in a rat model of AKI ©,
Liraglutide, also, upregulates antioxidant
enzymes in endothelial cells subjected to
TNF-0. induced injury ©”. Although the
antioxidant effect of GLP-1 is not comple-
tely established, a possible explanation could
be the cAMP/PKA mediated inhibition of
renal NAD (P) H oxidase ©”.

The significant increase in TNF-a, IL-
1B and IL-6 in the serum, as well as in renal
and cardiac tissue homogenates, of GM-
treated animals provided evidence for the
role of inflammation in the pathogenesis of
cardio-renal syndrome type3. In all cases
that developed an inflammatory response,
proinflammatory cytokines, are released in
both heart and kidney during AKI®3%9,
Furthermore, overexpressed iNOS in renal
and cardiac tissue of our rat model might
increase the expression of the proinflam-
matory cytokines, TNF-o, IL-1p and IL-6%".

Interestingly, cross talk occurs between
oxidative status and inflammation. ROS
usually is a signal for increasing proinflam-
matory cytokines and the latter enhances
oxidative status®*®Y. Compelling evidence
shown that nuclear factor kappa B (NF-kB)
is activated by oxidative stress 2. NF-kB in
turn, modulates the expression of cytokines
and INOS involved in several inflammatory
cascades. Thus, a positive feedback circuit is
switched off in both the kidney and
myocardium of GM-treated animals.

The cytokine profile shown here could
explain the impaired myocardial function
demonstrated in our study. The proinflam-
matory cytokines cause impairment of
myocyte contractility, abnormal extracellular
matrix interaction and accelerated in vitro
cardiomyocyte apoptosis, in addition to
downregulation of sarcomeric proteins ©®.
The increased serum and tissue tumor
necrosis factor- a (TNF-a) shown here,
specifically produces progressive deterio-
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ration of myocardial contractility and
coronary vasoconstriction ©¥. In animal
models, cardiac-specific overexpression of
TNF-a is responsible for the development of
dilated cardiomyopathy ©®. In addition,
systemic administration of TNF-o at same
plasma concentrations comparable to those
found in patients with congestive heart
failure (CHF), induced a dilated-
cardiomyopathy-like phenotype in animal
models®®.

The significant reduction of the
proinflammatory cytokines in the GM-
nephrotoxic rats pretreated with high dose of
liraglutide could provide another mechanism
of the potential role of liraglutide in our
study. GLP-1 based therapies have been
shown to modulate inflammation at multiple
sites, including the Kkidneys and blood
vessels®.  Specifically, liraglutide signi-
ficantly improved the pathological damage
of renal podocytes of obese mice on high-fat
diet through anti-inflammatory actions. It
significantly decreases both TNF-a and NF-
kB in the renal tissue ©9.

Additionally, liraglutide significantly
inhibited the expression of TNF-a in
glomerular mesangial cells induced by high
glucose ®.  Another GLP-1R agonist
exendin similarly inhibited production of
proinflammatory cytokines in renal tissue in
the setting of AKI®®. It, also, suppressed
lipopolysaccharide induced NF-xB active-
tion in macrophages®”. We could, thus,
attribute the cardio-renal protective effect of
GLP-1 to its antioxidative and anti-
inflammatory  actions, as recently
reported®®).

The parallel elevation of NO and iNOS
messenger RNA in kidney and -cardiac
tissues of GM-treated animals is a key
finding in the current study. GM increased
synthesis of iINOS messenger RNA in renal
tissues and cardiac tissue, together with
production of NO in serum and tissues. Our
results are supported by recent reports 9.

ROS are known to enhance the
expression of inducible nitric  oxide
synthase, the rate-limiting enzyme in NO
synthesis ©%. In vitro studies have shown
that GM increases synthesis of INOS
messenger RNA in mesangial cells, together
with production of NO . The over
secreted NO interacts with superoxide to
form peroxinitre radicals, ONOOQO, which is
far more reactive and damaging than its
precursors . The reactive proximities
result in further renal tubular damage in both
the kidney ©®, and the heart ©. Accordingly,
the oxidative status that characterizes our
animal model of AKI acts as an inducer to
and is potentiated by the high NO level in
serum and studied tissues. The accumulation
of nitrite radicals was proposed to contribute
to heart failure caused by dilated
cardiomyopathy!®. Increased expression of
INOS and production of NO has a role in
apoptosis of mesangial cells in vitr .

On the other hand, liraglutide down
regulates iINOS gene expression in both the
heart and the kidney, an effect that could
alleviate the damaging effect of NO with
returning the NO level in these tissue to
comparable values to control animals. The
liraglutide effect on INOS expression in
renal tissue agrees with the findings of
Chang et al. who showed reduced iNOS
protein expression in infected macrophage
cell lines (RAW264.7) after stimulation of
the GLP-1R with exendin-4". The
activation of the cAMP/PKA pathway
mediated this reduction. Similar effects were
debated in animal model of renal I/R injury
treated with DPP-4 inhibitors GLP-1R
agonists "> Recently, Abdel-Latif and his
colleagues demonstrated similar lixisenati-
derelated down regulation of INOS in renal
tissues of induced diabetic nephropathy‘”.
Although down regulation of iINOS in
inflamed renal tissue was reported in other
studies, the liraglutide lowering effect of NO
level and iNOS expression in cardiac tissue
of our animal model appears to be a new
finding. Similar effects of DPP-4 inhibitors,
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however, were reported in aortic tissues of
endotoxemic mice™ and in the heart of rats
with doxorubicin-induced cardiotoxicity!"®"

There are contradictory reports of
enhancement of NO production in case of
acute kidney injuries®, and in the human
umbilical vein endothelial cells®®, under the
effect of GLP-1R agonists. This could be
attributed to the increased expression of
another isoform, which is the eNQOS,
reported in these studies. The authors did not
measure the iINOS isoform and did not give
enough explanation to the contradictory
effects of the GLP-1 agonists on both
proinflammatory cytokines and the NO
levels in their study. NO is itself initially a
protective agent®. However, in the setting
of inflammation, over expression of the
iNOS usually occurs®, and the deletion of
INOS genes usually protects against cardiac
pathologies®. In our work liraglutide
protection against enhanced production of
NO could be a direct effect through
downregulation of iNOS gene, or indirect

through its  anti-inflammatory  and
antioxidant effects discussed before.

In conclusion, the present study
established a model of cardio-renal

syndrome type 3 where GM-induced AKI
produced acute cardiac  dysfunction.
Moreover, we demonstrated a protective role
of GLP-1R agonist (liraglutide), independent
of its glucose lowering effect. The
improvement was based on antioxidant and
anti-inflammatory  effects and  down
regulation of iINOs gene with reduced
production of NO.
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