The Possible Protective Effect of Vorinostat Versus Metformin

on a Rat Model of New-Onset Post Transplantation Diabetes:

Histological, Immunohistochemical, and Biochemical Study
Original

Article Heba Fikry', Lobna A. Saleh?, Hadwa Ali Abd Alkhalek' and Doaa R. Sadek’

!Department of Histology and Cell Biology, *Department of Clinical Pharmacology. Faculty
of Medicine, Ain Shams University, Cairo, Egypt

ABSTRACT

Background: One of the most popular immunosuppressants used for organ transplants is tacrolimus. New-onset diabetes after
transplantation (NODAT) occurs when patient develops diabetes mellitus (DM) following a solid organ transplant. The impact
of metformin on newly-onset diabetes following transplantation due to immunosuppressant treatment is not well understood,
even though it is a first-line medicine for type 2 DM.

Aim: To demonstrate the possible protective effects of vorinostat versus metformin against diabetic nephropathy in the
tacrolimus-induced NODAT rat model.

Materials and Methods: Forty-two adult male rats were randomly divided into six groups: negative control, vorinostat,
metformin, NODAT rat model (induced by tacrolimus), NODAT + vorinostat, and NODAT + metformin. High dose of tacrolimus
was given by subcutaneous injection for four weeks to develop NODAT. Vorinostat and metformin were concomitantly given
with tacrolimus to rats of group 5 and 6 for 4 weeks. At the end of the experiment after 4weeks, blood samples were collected
to measure kidney function. kidneys were subjected to histological, immunohistochemical, histomorphometric examination as
well as measuring of oxidative stress markers.

Results: in NODAT group, there was a discernible increase in the weight of the kidneys, which was successfully halted with
administration of vorinostat. H&E, Masson trichrome, PAS, and Gordon & Sweets’ silver impregnation staining revealed
statistically significant kidney injuries. Rats given tacrolimus as the only treatment had significantly higher levels of caspase-3
reaction in their proximal tubular cells. It was significantly reduced in rats treated with vorinostat as compared to the metformin-
treated rats. The most important finding of this study was that vorinostat and metformin treatment caused different glucose-
lowering effects. Metformin improved this condition, but not to the degree seen in vorinostat.

Conclusion: Vorinostat was more effective than metformin in protecting rat kidneys against tacrolimus-induced NODAT
rat model. Vorinostat controlled diabetic kidney damage by increasing antioxidant capacity, decreasing oxidative damage,
and decreasing apoptosis. Therefore, Vorinostat showed a double-edged sword: it prevented kidney damage and improved
biochemical outcomes.
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INTRODUCTION

Donation recipients are at increased risk for developing
New-onset diabetes after transplantation (NODAT), a
devastating metabolic complication that shortens both the
patient's and the donor's life expectancy after a solid organ
donation!"?. The prevalence of NODAT may range from
2 to 53% of the population. Many negative consequences,
including increased infection rates, early graft loss,
decreased patient survival, and an increased risk of death
and cardiovascular events, are associated with patients
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developing NODAT!3!, Tt has been observed that NODAT
occurs in a range of organ transplant recipients, including
kidneys (4-5%), livers (2.5-25%), hearts (4-40%), and
lungs (30-35%).

One class of immunomodulatory drugs used to treat
autoimmune diseases, glomerulonephritis, and post-
transplant complications are calcineurin inhibitors (CNIs),
which include tacrolimus and cyclosporine. Up until now,
the majority of CNIs have concentrated on people who have
recently received a transplant’®l. One of the most widely
used immunosuppressants for preventing immune rejection
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following organ donation is tacrolimus, an essential CNI*®!,
Several metabolic issues, such as dyslipidemia and post-
transplantation diabetic mellitus (PTDM), are linked to
its clinically advised dosagel”. In addition to increasing
the likelihood of cardiovascular disease and serious
diabetes-related problems, these issues are known to lower
organ transplant recipients' quality of life and cause graft
malfunction®. According to most of the relevant research,
the high mean tacrolimus concentration is related to an
increased risk of PTDM, Tacrolimus has a higher chance
of generating PTDM than cyclosporine ).

The kidney, the second most important organ in
systemic glucose metabolism after the liver, regulates
glucose reabsorption and gluconeogenesis ['%. The kidney
is responsible for 40% of glucose absorption when fasting,
suggesting that renal damage or aberrant gene expression
plays a significant role in the development of diabetes
mellitus and PTDM, as gluconeogenesis exclusively occurs
in the liver and kidney 'l. Evidence from animal studies
suggests that tacrolimus post-transplantation may cause
PTDM-related complications such as progressive renal
failure characterized by striped interstitial fibrosis, tubular
atrophy, inflammatory cell infiltration, and hyalinosis of
the afferent arterioles '],

Those without a transplant currently have metformin,
an oral biguanide, as their first line of treatment against
type 2 diabetes mellitus (T2DM) [31. Its antidiabetic effect
is achieved through many pathways 4. The usage of
metformin following solid organ transplantation is gaining
more and more attention '3, Several organs, including the
kidneys, have been found to be protected from fibrosis by
metformin '*!7). However, patients with chronic kidney
illness choose to avoid it because of worries about lactic
acidosis and medication accumulation. Metformin-
associated lactic acidosis is very uncommon but has a
fatality rate of more than 50% because to its renal excretion.
Metformin-associated lactic acidosis is substantially more
likely to occur in patients with renal impairment ['3:!%),
Metformin is contraindicated in patients with diabetic
ketoacidosis or diabetic precoma, renal dysfunction, and
acute conditions which have the potential for altering
renal function such as: dehydration, severe infection, and
shock.

Researchers have been looking at therapeutic
repurposing prospects, such as studying drugs in the
histone deacetylase inhibitor (HDAC:i) class, as a potential
treatment 2!, Vorinostat is an HDACI, that was approved by
the FDA in 2006 to treat persistent and relapsed cutaneous
T-cell lymphoma®®?. However, its anti-inflammatory effects
have been appreciated. Indeed, it has been defined as one
of the broad-spectrum of HDACi with anti-inflammatory
and antioxidant characteristics ?*. In addition, studies
conducted on animal models of Type 1 DM have shown
that vorinostat has an anti-diabetic impact ***]. As a
result of its many positive characteristics, Vorinostat is a

promising therapeutic option for the treatment of NODAT
in kidney transplant recipients.

Therefore, the current study aimed to administering
a daily high dose of tacrolimus (an immunosuppressant
medication used following organ transplantation) to male
Wistar albino rats for four weeks to develop NODAT, then
demonstrate the possible protective effects of vorinostat in
contrast to metformin against tacrolimus-induced NODAT
rat model.

MATERIALS & METHODS

Drugs

Tacrolimus (Prograf® , 1 mg, Astellas Pharma US, Inc.
Northbrook, IL 60062) (details of the drug) was purchased
from local pharmacy, Cairo, Egypt. Tacrolimus powder
was dissolved in a mixture of 100% ethanol (8% of total
volume), olive oil (2% of total volume), and sterile saline
for injections until the final concentration reached 1.5 mg/
ml 9. Hwang et al. *"! found that blood glucose levels
increased dose-dependently by intraperitoneal glucose
tolerance testing (IPGTT), so we decided to use 1.5 mg/kg
of tacrolimus in this investigation.

Vorinostat powder (cat. 149647-78-9) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The purity
of the drug was 99.6%. Vorinostat dose (50 mg/kg) was
chosen based on previous reports by Advani et al. ** and
Gilbert et al. ™). As part of the safety pharmacology studies,
which included cardiovascular, respiratory, and functional
observational battery studies, oral dosage formulations of
vorinostat were produced as suspensions in a vehicle of 0.5
ml of 0.5% Dimethyl sulfoxide (DMSO) and administered
to each rat at a volume of 5 mL/kg daily by gastric gavage
using intragastric tube. The formulations were made every
day and kept constantly mixed while they were being
used??.

Metformin powder (Metformin hydrochloride, CAS
No.: 1115-70-4) was purchased from Sigma-Aldrich, St.
Louis, MO, USA. A previous research has shown that
metformin doses of 100 and 200 mg/kg are beneficial in
glucose management, thus that is 200 mg/kg the amount
that was chosen B!, Clinical indications of toxicity can
be observed when metformin dosages are 600 mg/kg/
day or higher P%. Metformin hydrochloride, 200 mg, was
dissolved in 4 ml of distilled water and given to the adult
rat. For four weeks, one dose of either distilled water alone
(control) or rats were given 200 mg/kg of metformin diluted
in distilled water (metformin control group and metformin
treated group) through intragastric once a day. Metformin
toxicity was not an issue with the dosages utilized in
this study, suggesting that they are appropriate for blood
glucose control. Daily therapeutic doses for humans varied
between 500 and 2550 mg ¥,
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Animals

In our study, forty-two adult male Wistar albino rats
(5-7 months) with an average body weight ranging from
(200250 g) were used. They were from the breading
animal house, Faculty of Medicine, Ain Shams University.

ETHICAL CONSIDERATION

The research ethics committee at the Faculty of
Medicine, Ain Shams University approved the experimental
protocol. The approval number was (FMASU-R224/2022).
The animals were given free access to tap water and a
low-salt diet (0.05% sodium) to avoid another risk factor
(hypertension) at a standard temperature with regular dark
and light cycles while being housed.

Study Design

After acclimating to the lab setting for a week, thirty-
six rats were allocated randomly to one of six groups. With
six rats in each group, except for group 1 which included
ten rats.

Group 1 (G1): was divided into two equal subgroups.
Gla negative control: which had no intervention. G1b
Positive control: rats were given daily subcutancous
injection of 1ml (10% ethanol and 90% olive oil solution).
Rats were concomitantly given 1 ml DMSO by oral gavage
using gastric tube daily for 4 weeks.

Group 2 (G2, vorinostat control): Rats received
vorinostat (50 mg/kg) once daily by oral gavage of for 4
weeks according to Advani et al. *® and Gilbert et al.”.

Group 3 (G3, metformin control): For four weeks, rats
were given 200 mg/kg of metformin diluted in distilled
water through intragastric tube once a day ©*!l.

Group 4 NODAT model (G4, NODAT model group):
Rats received daily subcutaneous injection of tacrolimus
(1.5 mg/kg) for 4 weeks B4,

Group 5 (G5, NODAT model + Vorinostat group):
Rats were treated with tacrolimus as in group 4. Rats were
treated with vorinostat as in group 2 for 4 weeks.

Group 6 (G6, NODAT model + Metformin group): Rats
were given tacrolimus as in group 4 and concomitantly
given metformin as in group 3 for 4 weeks.

At the end of the experiment (4weeks), the animals
were euthanized, and blood and kidney samples were
obtained. Animals were sedated with a mixture of ketamine
(75 mg/kg) and xylazine (5 mg/kg) administered via
intraperitoneal (i.p.) injection. A midline upper abdominal
incision was performed, and the kidney was dissected.
Kidney weights were measured, and the relative kidney/
body weight ratio was calculated **!. Blood was collected

from retroorbital vein. A midline upper abdominal incision
was performed, and the kidney was dissected. Kidney
weights were measured, and the relative kidney/body
weight ratio was calculated B°. The right kidneys were
used for histological studies and the left kidneys were used
for tissue homogenate for biochemical studies.

Body Weight Changes

The body weight of each rat in all groups was measured
and recorded at the beginning (day 0) and after four
weeks (at the end of the experiment) for each rat in the
corresponding group.

Assessment of developing diabetes parameters in the
NODAT rat model.

1. Measurement of fasting blood glucose (FBG)
level.

A sterile needle was used to draw blood from the tail
vein, and a one-touch ultra-glucometer (Boehringer-
Mannheim, Germany) was used to assess glucose levels
after 8-hours fast on day 0 and week 4.

2. The intraperitoneal Glucose tolerance test
(IPGTT)

Following the protocols laid out by Le et al. *" and
Mooli et al. *® we administered an intraperitoneal glucose
tolerance test (IPGTT) to rats at week 4. In the IPGTT, rats
were given a 8-hour fast before having their blood glucose
levels checked with a glucometer. Then, at 0,15, 30-, 60-,
and 120-minutes following injection, they were given 20%
glucose intraperitoneally (2 g/kg body weight), and their
blood glucose levels were monitored via the lateral tail
vein.

Biochemical analysis

1. Blood samples:

At the end of the experiment, blood samples were
taken under ether light anaesthesia in non-heparinized
tubes from the retro-orbital veins of each rat in all groups.
Centrifuging serum at 4000 g for 20 minutes and storing
it at 20°C was the method used to separate the serum. The
levels of blood plasma insulin (with the rat/mouse insulin
ELISA, Catalog number: 635151, purchased from Sigma,
St. Louis, MO, USA), urea, and serum creatinine (Catalog
number: EIABUN colorimetric kits purchased from Bio-
diagnostic Co., Giza, Egypt) were measured following the
manufacturer's information.

2. Tissue homogenate samples:

The left kidney of each animal was subsequently
homogenized in ice-cold 0.15 M KCI using a sonicator
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homogenizer to create a 10% homogenate, which was then
centrifuged and utilized to estimate the levels of oxidative
stress marker and total antioxidant capacity (TAC) in
renal tissue homogenate. Colorimetric measurements of
Malondialdehyde (MDA) (a marker of lipid peroxidation),
and Total antioxidant capacity (TAC) using a readily
available kit, (Biodiagnostic, Cairo, Egypt) were made
in kidney homogenate. The values in each group were
determined in the centrifuged homogenates supernatant. All
laboratory analysis were carried out at the Department of
Clinical Pathology & Immunology, Ain Shams University
Hospital.

Histological study

The right kidney of each animal was carefully dissected
and processed for light microscopic preparations. The
kidneys were fixed in 10% buffered formalin solution
and then paraffin blocks were prepared. Sections of 4 um
thickness were obtained and stained with

1. Haematoxylin and eosin (H&E) stain was used to
examine the overall structures 1.

2. Masson’s trichrome stain for identification of collagen
fibers 3.

3. Periodic acid Schiff (PAS) reaction to assess the brush
border of proximal convoluted tubules and to assess
glomerular integrity %,

4. Gordon and Sweet’s silver impregnation staining
method for identification of reticular fibers !,

5. Immuno-histochemical staining for caspase-3 (a
marker of apoptosis): four micrometer thick sections
from all groups, were cut on positively charged slides
and were processed using immunohistochemistry.
After deparaffinization and rehydration, the sections
were incubated with methanol to inhibit endogenous
peroxidase activity. A citrate buffer (pH 6.0) was used to
pre-treatthesectionsinamicrowave. Roomtemperature
incubation with monoclonal anti-caspase-3 primary
antibodies (cat. MBS712464, MyBioSource, Inc. San
Diego, USA) (1:200) was performed on the sections.
Following the addition of streptavidin peroxidase,
biotinylated goat anti-polyvalent secondary antibody,
and diamminobenzidine (DAB) with chromogen to
the sections, the incubation process was completed.
A counterstain of Mayer's haematoxylin was applied
to the slides. To create the negative control sections,
the primary antibodies were not included 2. Positive
control section was done using a section of the
tonsil. Positive caspase-3 reaction was seen as brown
cytoplasmic and nuclear reaction. Under a light
microscope, the slides were examined to determine
the level of cell immunopositivity.

Histomorphometric Study:

Examination, analysis, and morphometric studies of the
stained kidney sections were done using light microscopy
(Lecia ICC50 W) and Leica Q Win plus Image Analysis
System (Leica Micros Imaging Solutions Ltd, Cambridge,
UK). Five fields from five non-overlapping randomly
chosen fields per section at 400x magnification were
quantified in six different rats in each group for:

+  Histopathologic scoring was made according to Ozden
et al.,™. The slides were coded to prevent observer
bias during the evaluation. Sections were examined
blindly under a light microscope by a histopathologist
unaware of the treatments given. The following
parameters were used to decide the degree of tubular
damage, glomerular damage, and interstitial damage:
Tubular dilation, tubular cast formation, tubular
epithelial cell change, glomerular damage (fibrosis,
atrophy, thrombosis), interstitial fibrosis, interstitial
congestion/haemorrhage, and interstitial mononuclear
inflammatory cell infiltration. Each parameter was
determined. Results were scored from zero to three
as negative (0), weakly positive (1), moderately
positive (2), and strongly positive (3) for histological
evaluation.

e The mean area percentage of collagen fiber content
in sections stained with Masson’s trichrome stain was
used to assess tubulointerstitial fibrosis.

e Mesangial areas were quantified in PAS-stained
tissues to assess glomerulosclerosis. The data was
subsequently imported into Excel to determine
percentage of the mesangial area relative to the
glomerulus area 4,

e The mean area percentage of reticular fibers in Gordon
and Sweet’s silver impregnation stain.

e Themeanareapercentage of caspase-3 immunopositive
reaction to assess apoptotic cells.

Statistical Analysis:

The biochemical and histomorphometric measurements
were expressed as means + standard error of the mean
(SEM) and were analysed using SPSS software version
26 (SPSS Inc., Chicago, IL, USA), then compared by one-
way analysis of variance (ANOVA) test then Tukey’s test
was done for comparison between different groups and
control group. The difference was considered statistically
significant if the probability value (P value) <0.05.

692



Fikry et al.

RESULTS

Results of Measuring the Body and Kidney Weights

There was significant (P < 0.0001) body weight loss
in rats of NODAT rat model (G4), vorinostat-treated rats
(GS5), and metformin-treated group (G6) compared to the
negative control group (G1) with more weight loss in the
tacrolimus induced NODAT rat model at the end of the
experiment (week 4). Interestingly, rats in G4 (NODAT
rat model) exhibited significant (P<0.0001) decreases in
body weight at week 4 versus rats in the same group at the
beginning of the experiment (week 0). Rats in vorinostat
treated group (GS5) showed significantly (P < 0.0001,
P<0.0001; respectively) lesser weight loss compared to
the NODAT model group and metformin-treated group
(GO). Interestingly, rats in G6 exhibited a significant (P
< 0.0001) increase in body weight as compared to GS5.
Moreover, rats in G5 exhibited an increase in body weight
at the end of the experiment (week 4) but non-significant
(P=0.0950) versus at the beginning of the experiment
(week 0) (Table 1, Figure 1a).

Table 1 and Figure 1b &c showed the effect of vorinostat
and metformin on the NODAT rat model regarding kidney
weight (gm) and relative kidney weight to the body weight
(%). Rats in G5 had a significant reduction in kidney weight
(P <0.0001, P <0.0001; respectively), that increased with
tacrolimus in the induced NODAT rat model.

Results of glycaemic parameters:

Porrini et al. ) reported that rats were considered
diabetic when FBG level >126 mg/dL or glycemia at
120 min (IPGTT) >200 mg/dL. In addition, pre-diabetes
conditions occurred if FBG level >100 and <126 mg/dL
or glycemia at 120 min (IPGTT) > 140 and <200 mg/dL.
There was no significant (P >0.9999) difference in the

level of FBG between the experimental (G4, G5, and G6)
and control groups (G1, G2, and G3) at week 0 (basal).
However, there was a noticeable difference between
the groups by week 4. Table 1 and Figure 1d indicate
that the rats administered tacrolimus to establish the
NODAT rat model had significantly elevated FBG levels
(P <0.0001) vs to the control groups (G1, G2, and G3),
the vorinostat-treated group (GS5), and the metformin
treatment group (G6).

In the current study, according to the IPGTT, the
NODAT model group showed diabetes (120-min glucose
>200 mg/dL). Interestingly, rats in G6 developed
prediabetes at the end of the experiment (week 4) at 120 min
but still demonstrated a significant (£<0.0001) reduction in
comparison to the NODAT model group. Moreover, rats in
G5 exhibited a significant (P<0.0001) decrease in IPGTT
at 120 min compared to the NODAT model group and
metformin-treated group (G6) (Table 1, Figure 1e).

At week 4, the plasma insulin concentration in
the NODAT rat model was significantly (P < 0.0001)
decreased in comparison to control groups (G1, G2, G3).
Also, there was a significant (P < 0.0001, P= 0.0416;
respectively) reduction in plasma insulin concentration
in the NODAT model vs G5 and G6. The level of plasma
insulin concentration was significantly (P < 0.0001)
enhanced in G5 vs G6. However, the level of plasma insulin
concentration was significantly increased in G6 compared
to G4 but still significantly (P<0.0001) decreased compared
to control groups. There was no significant difference
between vorinostat treated group (G5) and control groups
(G1, G2, and G3) in the plasma insulin concentration
(P = 0.1040, P=0.0664, and P= 0.0600; respectively),
indicating that starting treatment with vorinostat
ameliorated the effect of tacrolimus on plasma insulin
concentration (Table 1, Figure 1f).
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Table 1: Body weight changes, Kidney weight changes, Kidney Body weight ratio, glycaemic parameters, and biochemical parameters in all
experimental groups. Data are expressed as mean + standard error of the mean (SEM).

G1 (negative G2 G3 (metformin) G4 (NODAT G5 (vorinostat +  G6 (metformin +

control) (vorinostat) rat model) NODAT model) NODAT model)
Number of rats 6 6 6 6 6 6
Body Weight (gm)
Week 0 236.5+2.18 236.66+1.35 239.83+1.83 235.00+2.89 234.83+2.92 235.00+2.30
Week 4 258.83+2.71 255.17+0.99 255.00+1.12 188.61+3.95 240.73+3.47 205.88+ 1.71
Kidney weight (gm)
Week 4 1.665+ 0.08 1.743+ 0.09 1.715+ 0.10 7.342+0.25 2.467+0.11 5.197+0.19
Kidney Body weight ratio (%)
Week 4 0.642+0.028 0.683+0.035 0.672+0.041 3.905+0.174 1.024+ 0.045 2.521+£0.073

Glycemia parameters
Fasting blood glucose level (mg/dL)
Week 0 93.66+2.10 93.33+1.80 93.33+1.96 93.83+1.88 94.00+ 1.98 94.16+ 1.77
Week 4 96.50+1.54 96.50+ 1.54 95.16+ 1.85 246.50 + 5.37 122.83+0.94 142.50+2.81

Intraperitoneal Glucose Tolerance Test (IPGTT)
Glucose concentracion (mg/dL)

0 114.33+0.21 114.83+0.37 115.00+0.36 226.66+1.66 137.50+1.99 175.83+ 2.38
15 min 143.66+1.17 144.50+0.92 147.00+2.06 247.00+0.63 146.66+1.66 190.83+ 1.53
30min 174.33+£1.47 175.00+1.21 174.33+1.47 325.00+1.82 177.66+0.91 230.83+ 0.83
60min 165.66+0.42 161.16+1.83 160.66+2.27 307.66+0.76 167.33+0.76  224.66+ 0.33
120min 115.66+0.42 114.66+0.81 115.50+0.50 300.83+0.83 127.50£1.99  221.16+ 0.54
Insulin (ng/mL)
Week 0 0.25+0.008 0.256+0.003 0.289+0.013 0.269+0.003 0.289+0.011 0.256+0.003
Week 4 0.25+0.006 0.25+0.003 0.2565+0.01 0.089+0.001  0.289+ 0.01 0.123+0.005

Biochemical parameters

Renal function

Serum urea(mg/dl) 35.33+0.42 36.17+0.70 36.00+0.57 61.00+3.69 37.00+0.85 45.17+0.74
Serum creatinine 1.98740.017 1.28740.015 1.2824+0.011 1.90+0.03 1.36+0.02 1.63£0.02
(mgy/dl)

Oxidative stress markers in renal tissue
Malondialdehyde 0.60+0.07 0.70+0.07 0.70+0.06 7.74%0.28 1.17+0.10 4.41%0.11
(MDA) nmol/mg
Total antioxidant
capacity (TAC; mp/ 1.32+0.04 1.33+£0.03 1.345+0.041 0.60+0.02 1.157+£0.06 0.90+0.02
mg)
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Fig. 1: Evolution of glycemia parameters in different experimental groups (a) Mean body weight (gm) at week 4, (b) Mean kidney weight
(gm), and (c) Relative kidney weight to body weight (%), (d) Fasting blood glucose concentration (mg/dl), (e) Intraperitoneal glucose
tolerance test (IPGTT) blood glucose level (mg/dl), and (f) Plasma insulin level (ng/ml). Data are presented as mean + standard error of the
mean (SEM). ns: not-significant, *P<0.05, *** P<0.001, **** P<0.0001.

Biochemical results

1. Renal function test

The normal reference value of serum creatinine is
1.24 - 1.37 mg/dl and serum urea is 33.1- 40.27 mg/dl in
albino rats %47, The results of the current study revealed
that there was a significant (P < 0.0001) increase in serum
creatinine and serum urea levels in the NODAT rat model
(G4) compared to control groups (G1, G2, G3). Moreover,
there was a substantial (P < 0.0001) elevation in serum
creatinine and urea concentrations in the NODAT rat
model relative to G5 and G6. Serum creatinine and urea
levels were considerably reduced (P < 0.0001) in G5
compared to G6. Nonetheless, blood creatinine and urea

levels were markedly reduced in the metformin-treated
group compared to the NODAT model, although it remains
considerably elevated relative to the control groups. No
significant difference was observed between vorinostat
and the negative control group regarding serum creatinine
and urea levels (P = 0.2211 and P > 0.9999, respectively),
suggesting that initiating treatment with vorinostat
mitigated the impact of tacrolimus on renal function,
evidenced by a reduction in both serum creatinine and urea
levels (Table 1, Figures 2 a&b).

2. Effect on oxidative stress markers.

There was a significant (P < 0.0001) increase of
MDA level in the NODAT rat model (G4) vs the control
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groups (G1, G2, G3). Also, there was a significant
(P < 0.0001) increase of MDA level in the NODAT rat
model compared to G5 and G6. The MDA level was
dramatically (P < 0.0001) reduced in G5 relative to Go6.
However, the level of MDA was significantly lower in G6
compared to G4 but still significantly increased compared
to control groups. There was no significant difference
between G5 and control groups in the level of MDA
(P = 0.1149), indicating that starting treatment with
vorinostat as a preventive dose ameliorated the effect
of tacrolimus on oxidative stress marker in the form
of decreasing MDA level in renal tissue homogenate
(Table 1, Figure 2c¢).

A substantial drop in TAC level (P < 0.0001) was
seen in the NODAT rat model (G4) relative to the control
groups (G1, G2, G3). Furthermore, there was a substantial
(P < 0.0001) reduction in TAC levels in the NODAT
model as when compared with G5 and G6. The TAC level
was considerably elevated (P < 0.0001) in G5 relative
to G6. However, the level of TAC was significantly
increased in G6 compared to the NODAT model but still
significantly decreased compared to control groups (Gl1,
G2, G3). There was no significant difference between
the G5 and the negative control group in the TAC level
(P = 0.1502), indicating that starting treatment with
vorinostat ameliorated the effect of tacrolimus on the TAC
level in renal tissue homogenate (Table 1, Figure 2d).

Biochemical parametersl
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Fig. 2: Evolution of Biochemical parameters in different experimental groups renal function test in serum (a) Serum urea (mg/dl), (b) Serum
Creatinine (md/dl), and oxidative stress markers in renal tissue homogenate (c) Malondialdehyde (MDA; nmol/mg) levels, and (d) Total
antioxidant capacity (TAC; mp/mg) levels. Data are presented as mean + standard error of the mean (SEM). ns: not-significant, *P<0.05, **

P<0.01, *** P<0.001, **** P<(.0001.
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Histological results:
1. Morphological evaluation of renal tissue

Haematoxylin and Eosin-stained sections

Results of control subgroups (Gla and Glb)
showed similar histological, immunohistochemical and
histomorphometric results in all measured parameters.
They were designated as the control group. Light
microscopic examination of the haematoxylin and eosin-
stained sections showed normal renal corpuscles and renal
tubules in the Kidney sections of the G1, G2, and G3. The
renal cortices are composed of renal corpuscles, proximal
and distal convoluted tubules, and the interstitial tissues.

Each renal corpuscle was formed of Bowman's capsule,
which included visceral and parietal layers as well as
Bowman's space in the middle, and included a glomerular
tuft of capillaries. The parietal layer of epithelial cells
coated the other side of Bowman's capsule. The visceral
layer of epithelial cells, known as podocytes, bordered
the glomerular aspect of Bowman's space. Proximal and
distal convoluted tubules were lined by simple cuboidal
epithelium with central rounded pale basophilic nuclei. The
lumina of the proximal convoluted tubules were narrower
than the distal ones. The interstitial tissues contained
interstitial cells with basophilic nuclei and blood vessels
(Figure 3 a-c).

Fig. 3: H&E-stained sections in the renal cortex of: [a&b]: group 1 (G1, negative control group), [c&d]: group 2 (G2, vorinostat), and [e&f]:
group 3 (G3, metformin control) showing renal corpuscles (G) each consists of glomerulus tuft (bifid arrow) surrounded by Bowman's
capsule parietal layers (crossed arrow), enclosing the Bowman's space (*). Renal proximal (P) and distal (d) convoluted tubules are lined by

simple cuboidal epithelium with central rounded pale basophilic nuclei (arrowhead)

(H&E a, ¢, e x200, b, d, f x400).
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H&E-stained sections in the renal cortex of NODAT
model (G4, tacrolimus) demonstrated marked distortion
of normal renal cortical architecture. There were some
atrophied glomerular tufts with wide Bowman's space,
distorted glomerular basement membrane, and other renal
corpuscles with marked glomerular hypertrophy and
mesangial expansion. The convoluted tubules exhibited
marked distortion and degeneration of their epithelial
lining with extravasation of RBCs. The proximal and distal
convoluted tubules were altered in various ways, including
dilatation of their lumina, thinning of their lining cells which
contain darkly stained pyknotic nuclei, and cytoplasmic
vacuolation. Noted areas with distorted arrangement of the
convoluted tubules and with loss of epithelial lining and
rarefaction of some epithelial lining with ghost nuclei were
noticed. Also, there was homogenous acidophilic material
in the lumen of some tubules. There was peritubular
extravasation of RBCs, inflammatory cells infiltration,
and dilated thick-walled congested blood vessels in the
interstitium (Figure 4 a&b).

Interestingly, the renal cortex of vorinostat-treated
rats (G5) displayed restoration of histological architecture
compared to the control group. H&E-stained sections
revealed the well-preserved structural configuration of the

renal corpuscles with glomeruli surrounded by glomerular
basement membrane, enclosing the Bowman's space.
Notice the well-preserved structural configuration of the
most proximal and the distal convoluted tubules. The lining
cells of the proximal and the distal convoluted tubules were
cuboidal with eosinophilic cytoplasm and vesicular nuclei.
Some of the convoluted tubules showed homogenous
acidophilic material in the lumen. Notice small areas of
extravasation of RBCs and small blood vessels were seen
in the interstitium (Figure 4 c&d).

In contrast, light microscopic examination of the H&E-
stained sections of the renal cortex of metformin-treated
group (G6) rats showed that most renal corpuscles and
renal tubules appeared with marked degenerative changes.
Inflammatory cells, extravasated RBCs, and enlarged,
clogged blood vessels were seen in most interstitial tissue
locations compared to the control group (Figure 4 e-f).
The data clearly demonstrated that the selective metformin
markedly attenuates the glomerular injury, whereas
vorinostat treatment lessens the mesangial expansion but
not tubular injury. The impact of vorinostat compared to
metformin on the histological scoring of the kidney across
various experimental groups is illustrated in (Figure 4g and
Table 2).

Table 2: Histomorphometry results in all experimental groups. Data are expressed as mean + standard error of the mean (SEM).

Gl (negative G2 G3 G4 (NopAT O (vorinostat - G6 (NODAT
control) (vorinostat) (metformin) model) + NODAT model +
model) metformin)

Number of rats 6 6 6 6 6 6
Mean area percentage of collagen 9.18+0.32 983021  930+051 47224154 1173034 3532+ 1.73
fiber (%)
Mesangial areas (% of glomerulos) 90.56+0.35 81.85+4.80 90.19+0.51 45.76+6.04 82.18+4.61 50.00+6.45
Mean area percentage of Reticular 18.1740.55  19.33+0.16  18.63£0.31  64.7241.52  20.89+0.61 55.3242.05
fibers (%)
Area percentage of Capase-3 positive 16 33,045 10170040 11004036  74.1742.18  18.8341.30 56.50+1.52

immunoreaction (%)
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Fig. 4: (a-b): H&E-stained sections in the renal cortex of NODAT rat model group (G4) showing marked progressive glomerular and tubular damage in
the form of marked glomerular (G) hypertrophy and mesangial expansion (Bifid arrow) with wide Bowman's space (*) and some glomerular tufts (G) are
seen. Notice distorted parietal layer of Bowman’s capsule (crossed arrow) are seen. Highly distorted and degenerated cells of the distal (d) and proximal (P)
convoluted tubules which are surrounded by marked extravasated RBCs (red arrow), homogenous acidophilic material with exfoliated cells (curved arrow) in
lumina of some renal tubules, most distal (d) tubules are dilated, their cells have pyknotic nuclei (arrowhead), vacuolated cytoplasm (yellow arow), and with
loss of epithelial lining (dot arrow). Notice rarefaction (r) of some of the epithelial lining of the tubules, and thinning (black 1) of the wall of some tubules are
seen. Most areas of the interstitial tissues are infiltrated by inflammatory cells (I), extravasated RBCs (red arrow), oedematous eosinophilic structures (E), and
dilated thickened congested blood vessel (Bv) as compared to the control. (c-d) Vorinostat-treated group (G5, vorinostat + tacrolimus) showing apparently
normal histological structure of renal corpuscles with well-formed capillary tufts (bifid arrow) in glomeruli (G) and surrounded by a parietal layer of Bowman’s
capsule (crossed arrow) enclosing the Bowman's space (*). Renal proximal (P) and distal (d) convoluted tubules were nearly normal with vesicular nuclei
(arrowhead). Some convoluted tubules show homogenous acidophilic material in the lumen (curved arrow). Notice small areas of extravasation of RBCs (red
arrow) and small blood vessels (Bv) are seen in the interstitium. (e-f) Metformin-treated group (G6, tacrolimus + Metformin) showing that most of the renal
corpuscles (G) and renal tubules (T) appear with marked degenerative changes. The parietal layer of Bowman’s capsule (crossed arrow) is apparently thick
in certain areas and in others were disrupted and discontinued, the Bowman’s space (*) is wide and irregular, and the renal glomerulus (G) is shrunken with
congested capillaries tuft (bifid arrow) are seen. Many proximal (P) and distal (d) convoluted tubules were hardly differentiated. Some tubular (T) cells show
homogenous acidophilic material in their lumens (curved arrow). Other tubular cells have nuclei (r) with fading of their basophilia and shrunken deeply stained
nuclei (arrowhead). Most areas of the interstitial tissues are infiltrated by inflammatory cells (I), extravasated RBCs (red arrow), oedematous eosinophilic
structures (E), and dilated thickened congested blood vessel (Bv) as compared to the control group (H&E a, ¢, e x200, b, d, f x400). (g): Histological score for
all groups. Results were scored from zero to three as negative (0), weakly positive (1), moderately positive (2), and strongly positive (3). ns: not-significant.
*P<0.05, *** P<0.001, **** P<0.0001.

Periodic Acid Schiff (PAS) stained sections. as well as brush borders of proximal tubules (Figure 5a-
c¢). The NODAT rat model (G4) showed a strong magenta-

The renal cortex of the negative control group (G1), red reaction compared to the control group. This reaction
vorinostat group (G2), and metformin group (G3) showed manifested as increased PAS reaction within renal
a PAS-positive reaction (magenta red) in the basement glomeruli and thickened basement glomerular membranes,
membranes of the renal corpuscles, within the glomerular parietal layer of Bowman's capsule, and most convoluted
tufts, and the basement membranes of convoluted tubules tubules. In addition, focal loss of the apical brush border
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was reported of most of the convoluted tubules. Noted
areas of complete loss of reaction were detected in other
tubules and the basement membrane of convoluted tubules.
Areas of PAS-positive hyaline casts in the tubular lumina,
in the interstitial tissue, and arteriolar hyalinosis were seen
(Figure 5d). Furthermore, when compared to the control
group, the G5 group that received the protective dose of
vorinostat seemed to have maintained the thickness of
the blood vessel wall, the brush borders of the proximal

strong magenta-red reaction was observed in the convoluted
tubules, the parietal layer of Bowman's capsule, and
increased PAS rection in renal glomeruli with thickened
glomerular basement membranes in rats from group 6 (G6),
which were treated with metformin. There was arteriolar
hyalinosis and a bright magenta-red PAS-positive stain in
the interstitial tissue (Figure 5f). The effect of vorinostat
in contrast to metformin on the mesangial areas (% of
glomerulus) of the kidney in different experimental groups

convoluted tubules, and the basement membranes of the was shown in (Figure 5g and Table 2).

renal tubules and glomerular capillaries (Figure 5e). A
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Fig. 5: Photomicrographs of PAS-stained sections of the renal cortex of (a) control group (G1), (b) vorinostat group (G2), and (¢) metformin group (G3)
showing PAS +ve magenta red reaction in the basement membranes of the renal corpuscles (crossed arrow), basement membranes of glomerular capillaries
(*), and the basement membranes of convoluted tubules (black 1) as well as brush borders of proximal tubules (red 1). Notice thin wall blood vessels (Bv)
and thin interstitial tissue (dashed arrow) are seen. (d) NODAT rat model (G4) showing marked loss of PAS-positive magenta red reaction in the brush
borders of proximal tubules (red 1), marked thickened tubular basement membrane (black 1), marked thickened basement membranes of the renal corpuscles
(crossed arrow), and basement membranes of glomerular capillaries (*). Notice arteriolar hyalinosis (Bv) and large areas with PAS-positive magenta red in
the interstitial tissue (dashed arrow). (e) Vorinostat-treated rats (G5) apparently retain the thickness of the basement membranes of glomerular capillaries (*),
parietal layer of Bowman 's capsule (crossed arrow) and basement membranes of the renal tubules (black arrow) as compared to the control group. The brush
borders (red 1) of the proximal convoluted tubules are also restored. (f) Metformin-treated rats (G6) showing strong magenta-red reaction in the renal glomeruli
(*), parietal layer of Bowman's capsule (crossed arrow), and the convoluted tubules (black 7). Loss of PAS reaction in the brush borders of proximal tubules
(red 1) are noticed. Notice strong PAS-positive magenta red in the interstitial tissue (dashed arrow) and arteriolar hyalinosis (Bv) are seen (PAS stain a-f x200).
(g): Mesangial areas (% of glomerulus). Data are presented as mean + standard error of the mean (SEM). ns: not-significant, *** P<0.001, **** P<0.0001.
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2. Evaluation of renal fibrosis

Masson’s trichrome stained-stained section

The renal cortex of the control group (G1), vorinostat
group (G2), and metformin group (G3) exhibited few
collagen fibers peri glomerular, peritubular, and in the
interstitium surrounding blood vessels. Increased collagen
fibers were found in the renal cortex of the NODAT rat model
(G4), fibrotic and extravasated RBCs in the cortex acquired

(Figure 6g a
> :"‘1;"1

blue and red coloration; respectively. Also, increased
collagen fibres and extravasated RBCs were demonstrated
in the renal cortex tissue of metformin-treated rats (G6).
In contrast, vorinostat-treated rats (G5) exhibited moderate
collagen fibers deposition peri glomerular, peritubular, and
in the interstitium surrounding blood vessels (Figure 6 a-f).
Effect of vorinostat in contrast to metformin on the area
percentage of collagen fibers in Masson trichrome stain of
the kidney in different experimental groups were shown in
nd Table 2).
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Fig. 6: Photomicrographs of Masson’s trichrome stained-stained sections of the renal cortex of (a) control group (G1), (b) vorinostat group
(G2), and (c¢) metformin group (G3) showing few collagen fibers (1) peri glomerular (G) peritubular (T), and in the renal interstitium
surrounding blood vessels (Bv). (d) NODAT model (G4) showing increased collagen (1) fibers surrounding renal glomeruli (G) and tubules
(T), and in the interstitium surrounding thickened dilated congested blood vessels (Bv). (e) vorinostat-treated rats (G5) showing collagen
fibers (black arrow) around renal glomeruli (G), peritubular (T), and in the interstitium surrounding blood vessels (Bv). (f) metformin-treated
rats (G6): moderate collagen fibers (1) deposition is found per glomerular (G), peritubular (T), and in the interstitium surrounding thickened
dilated congested blood vessels (Bv) (Masson’s trichrome stain x 200). (g): Mean area percentage of collagen fibers. Data are presented as
mean + standard error of the mean (SEM). ns: not-significant, **** P<(0.0001.
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Gordon and Sweet’s silver

sections

impregnation-stained

Gordon and Sweet’s silver impregnation revealed the
demonstration of reticular fibers in a section of the renal
cortex of the experimental groups. The renal cortex of the
control group (G1), vorinostat group (G2), and metformin
group (G3) showed thin fine black stained reticular fibres
supporting walls of the blood vessel, the glomeruli, the
tubular basement membrane, and in the peri-tubule-
interstitial tissue. The kidney sections of the NODAT rat
model (G4) showed an nt increase of reticular fibers
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supporting walls of the blood vessel, around the glomeruli,
the tubular basement membrane, and in the interstitial
tissue. Interestingly, vorinostat-treated rats (G5) showed
reduced reticular fibres in the kidney cortex. However,
metformin-treated rats (G6) exhibited dark black staining
affinity in the reticular fibres, but it had still appeared
increased than control (G1) and G5 (vorinostat treated
group) (Figure 7 a-f). Effect of vorinostat in contrast to
metformin on the area percentage of reticular fibers in
Gordon and Sweet’s silver impregnation stain of the kidney
in different experimental groups was shown in (Figure 7g

and Table 2).
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Fig. 7: Photomicrographs of Gordon and Sweet’s silver impregnation staining sections of the renal cortex of (a) control group (G1), (b)
vorinostat group (G2), and (c) metformin group (G3) showing fine thin black stained reticular fibers (1) supporting walls of the blood vessel
(BV), around the glomeruli (G), and in the peri-tubule-interstitial tissue (T). The renal cortex of NODAT rat model (G4) rats showing an
apparent increase of the dark black staining affinity in the reticular fibers (1) supporting walls of the blood vessel (BV), around the glomeruli
(G), increased thickening of the tubular (T) basement membrane, and in the peri-tubule-interstitial tissue. Vorinostat-treated rats (G5) showing

an apparent decrease in the reticular fibres (1). However, metformin-treated rats (G6) dark black (1) reticular fibres still appear increased than
control and G5 (Gordon and Sweet’s silver impregnation x 100). (g): Mean area percentage of reticular fibers. Data are presented as mean +
standard error of the mean (SEM). ns: not-significant, **** P<0.0001.
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3. Evaluation of apoptosis
expression in renal tissue

marker (Caspase-3)

The control group (G1), vorinostat group (G2), and
metformin group (G3) revealed a negative caspase-3
reaction in all renal glomeruli, renal tubules, and in the
interstitial capillaries. The kidney sections of NODAT rat
model rats (G4) revealed a strong positive cytoplasmic
and nuclear caspase-3 reaction in the renal glomeruli, renal
tubules, and in interstitial capillaries. Vorinostat-treated rats

(G5) revealed the weakest caspase-3 reactions in the renal
tubules, while the renal glomeruli had negative reactions.
Mild nuclear caspase-3- reaction was seen in the interstitial
capillaries. However, metformin-treated rats (G6) showed
strong positive cytoplasmic and nuclear caspase-3 immuno
reaction in renal tubules, the renal glomeruli, and in the
interstitial capillaries (Figure 8 a-f). Effect of vorinostat in
contrast to metformin on the area percentage of Capase-3
positive immunoreaction (%) of the kidney in different
experimental groups was shown in (Figure 8g) and (Table 2).
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Fig. 8: Immunohistochemical staining of rats’ Kidneys with anti-caspase-3 antibodies. (a) control group (G1), (b) vorinostat group (G2),
and (c) metformin group (G3) reveal a negative caspase-3 reaction in all renal glomeruli (crossed arrow), renal tubules (black?), and in the
interstitial capillaries (dashed arrow). The kidney sections of (d) NODAT rat model (G4) revealing a strong cytoplasmic and nuclear caspase-3
reaction in the renal glomeruli (crossed arrow), renal tubules (black?), and in the interstitial capillaries (dashed arrow). () Vorinostat-treated
rats reveal weak caspase-3 reaction in the renal tubules (black?) and negative reaction in the renal glomeruli (crossed arrow). Notice, that
there is a mild weak positive caspase-3-reaction in the interstitial capillaries (dashed arrow). (F) The metformin-treated rats (G6) show a
higher distribution of strong positive cytoplasmic and nuclear caspase-3 immuno reaction in renal tubules (black?), the renal glomeruli
(crossed arrow), and in the interstitial capillaries (dashed arrow) (anti-Caspase-3 immunohistochemistry x 200). (g): Mean area percentage of
positive caspase-3 immunohistochemical reaction. Mean area percentage of caspase-3 immunohistochemical positive data are expressed as
mean + standard error of the mean (SEM). ns: not-significant, *** P<0.001, **** P<(0.0001.
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DISCUSSION

The American Diabetes Association (ADA) divides
diabetes into four basic forms: type 1 diabetes, gestational
diabetes mellitus, type 2 diabetes mellitus, and additional
types of diabetes that are induced by specific circumstances,
like new-onset diabetes after transplantation (NODAT)
#8491 Among the several immunosuppressants used to
treat transplant recipients, tacrolimus is among the most
used®. NODAT is considered an important side effect
of tacrolimus treatment B!, Curiously, insulin sensitivity
was found to increase following acute intravenous
infusions of tacrolimus in a clinical trial including healthy
individuals 2. Patients given tacrolimus as their primary
immunosuppressive medication had an increased risk of
posttransplant diabetes mellitus (PTDM) and metabolic
syndrome, according to a Spanish retrospective study™.
Hence, immunosuppressant treatment after organ transplant
was simulated in the present study using an in vivo model.

The use of insulin and oral hypoglycemic medicines
to treat PTDM is fraught with clinical problems, such as
the potential for these treatments to combine with other
drugs required to avoid organ rejection and their negative
effectsY. Improving transplant patient outcomes and the
donated organ's long-term success can be achieved with
an ideal new treatment strategy that prevents PTDM
without removing tacrolimus. Here, we used vorinostat
as a protective treatment to avoid tacrolimus-induced
hyperglycemia.

In the current study, adult male albino rats were chosen
as an animal model, to avoid the effect of female hormones
which may play a role in decreasing the risk of developing
kidney failure relative to males °l. In the current study,
a successful NODAT rat model was performed using
prolonged treatment of the rats with tacrolimus. After 14
days of tacrolimus therapy, the Wistar albino rats developed
hyperglycemia and entered a diabetic condition. In a similar
vein, Zhang et al. % found that rats given tacrolimus for
10 days acquired hyperglycemia and glucose intolerance.
A recent research has concentrated on islet cell injury 57,
while earlier studies demonstrated that PTDM after organ
or cell transplantation can be caused by varying dosages of
tacrolimus in animal models P*.

Measuring the mean body weight in the present study
showed a significant decrease in the NODAT rat model
compared to the control groups. This is in agreement
with the results of Li et al. **! who stated that tacrolimus-
induced diabetes showed a significant reduction of
body weight, ill-looking, and polydipsia in diabetic rats.
Ewenighi et al. " demonstrated that the weight loss in
diabetic rats might be due to increased glycogenolysis,
lipolysis, and gluconeogenesis, leading to protein loss and
muscle wasting. Because vorinostat inhibits weight gain,
the G2 group of rats given the drug for four weeks had a
lower body weight than the G1 and G3 control groupst®.

However, treatment of NODAT rats with vorinostat
(G5) and metformin (G6) exhibited significant partial
restoration of the body weight compared to the NODAT rat
model and still with a considerable decrease compared to
the control groups. Our findings corroborate those of prior
research showing that metformin successfully mitigated
the consequences of diabetes generated by Sirolimus
but had no such effect on tacrolimus. Various metformin
effects on diabetes appear to be associated with distinct
diabetes etiologies 4. These findings could help shed
light on NODAT and guide the selection of antidiabetic
medications for individuals afflicted with the condition.

Anotablerise in kidney weight was noted in the NODAT
rat model. Consistent with previous researches, the current
study produced the same outcome ¢!, The enlargement
of the kidneys in T2DM is thought to be caused by a
combination of processes, including the kidneys' increased
glucose uptake, glycogen storage, lipogenesis, and protein
synthesis!®2. The vorinostat effectively stopped the NODAT
rats' kidneys from enlarging. Our findings corroborate
those of Gilbert et al. *, who hypothesized that smaller
kidneys could be due to slower cell proliferation, higher
cell death, or both. The in vivo proliferation of tubular cells
was reduced in diabetic rats treated with vorinostat. Despite
their ability to accelerate tumor cell death, HDAC usually
exhibit exceptional selectivity, causing insignificant
damage in normal cells.

The glucose tolerance test and the random evaluation
of plasma glucose after 8 hours of fasting reveal glucose
changes, which are linked to the progressive loss of
pancreatic f-cell activity that defines T2DM [6364,
These changes provide the foundation for identifying
hyperglycemia or hyperglycemic crisis, which are the
basic indications of the condition[®*. In order to determine
how tacrolimus affected insulin sensitivity and glucose
homeostasis, a battery of tests was conducted. The
gold standard for diagnosing PTDM, the host glucose
loading capacity, was evaluated using the IPGTT B
Week 4 glucose concentrations in tacrolimus-treated rats
peaked at 325.00 mg/dL 30 minutes after intraperitoneal
injection of 2 g of glucose in the glucose tolerance
test (GTT), before declining somewhat to 300.83 mg/
dL 120 minutes later. This results in a rightward shift
of the curve, which indicates a lack of tolerance for
carbohydrates. This came in accordance with Quintana-
Pérez et al.*! and Zhang et al. ).

The secretion of insulin by pancreatic § cells leads to
the entry of circulating glucose into cells when the blood
glucose concentration is high (hyperglycaemia). The uptake
and storage of glucose are facilitated by receptors in liver,
muscle, and adipose tissue (.. Therefore, T2DM and non-
insulin-dependent atrial fibrillation begin with peripheral
tissueinsulinresistanceandpersistenthyperinsulinemial®’¢%,
Pancreatic B cells gradually degenerate and finally can't
keep producing an elevated level of insulin because of the
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increased demand for the hormone. As a result, glucose
metabolism pathways become dysfunctional due to
persistent hypoinsulinemia and hyperglycemia. Diagnosis
of metabolic disorders, including diabetes, relies on these
altered characteristics®*”. According to in vivo and in vitro
research, the main impact of tacrolimus on hyperglycemia
is its effects on insulin secretion and synthesis 7],

Insulin secretion in response to glucose is impaired
in rodent islets and cell lines treated with calcineurin
inhibitors, according to previous researches 7l As a
measure of the pancreatic B cells' functional capacity,
the concentration of plasma insulin was measured in
this study. At week 4, the experimental animals in the
NODAT model group showed significantly lower insulin
levels compared to the control groups, according to the
present study's results. This is in accordance with Tosur
et al." and Uchizono et al.U"). Tosur et al. "% found that
pancreatic 3 cells had a high concentration of tacrolimus
binding protein, which could explain why the experimental
group had low insulin levels. It has been proposed that
tacrolimus inhibits insulin granule exocytosis, a process
that is involved in glucose-stimulated insulin production in
rat islets, according to research by Uchizono et al.U'". The
same condition is also shown in Quintana-Pérez et al. '*°.

The most important finding of this study is that
vorinostat and metformin treatment for 4 weeks caused
different glucose-lowering effects. Metformin improved
this condition, but not to the degree seen in vorinostat. When
added to tacrolimus, vorinostat reduced hyperglycemia
and raised plasma insulin levels in the vorinostat group but
had no such impact in the metformin group. Our findings
corroborate those of prior research showing that metformin
considerably decreased mean random glucose levels in rats
treated with sirolimus but not tacrolimus 781,

When comparing the NODAT group to the control
groups, the measurements of serum urea and creatinine
showed a statistically significant rise in the former. We
confirmed the findings of Xie et al U’ that tacrolimus
produces hyperglycemia, which may be associated with
renal failure, damage, and elevated levels of urea, uric acid,
and creatinine in the blood. Interestingly, the results of the
current study showed a substantial elevation in the urea
and creatinine in the metformin-treated group relative to
the vorinostat-treated group (G5) and control groups. Our
findings indicated that metformin was not suitable in the
NODAT rat model. Consistent with this result, Inzucchi et
al. 3% found that blood creatinine levels exceeded specified
safety limits in 1 out of 22 (4.5%) individuals treated with
metformin in general practice. This could be explained by
Hsu et al. ) who reported that the use of metformin is
contraindicated in men and women with serum creatinine
concentrations of 1.5 mg/dL or higher and 1.4 mg/dL or
higher, respectively, due to the risk of the life-threatening
complication, lactic acidosis. Impaired renal function
can lead to accumulation of metformin and elevated

concentrations of metformin have been associated with
lactic acidosis. Researches by Gilbert et al. > and Advani
et al. ! found that vorinostat reduces kidney damage in
rats and mice with diabetes. They found that vorinostat
reduced diabetes-related kidney hypertrophy and tubule
cell proliferation.

Akey component in the development and progression of
diabetes is oxidative stress, which occurs when the body's
antioxidant defences are inadequate to deal with the excess
free radicals produced by the disease ¥*. Hyperglycemia is
one of the causes of elevated oxidative stress . It would
appear that oxidative stress is a major contributor to cell
death and disease ®¥. One of the main causes of kidney
damage in diabetic individuals is oxidative stress, which
leads to lipid peroxidation and elevated levels of oxygen
free radicals 3% In the current work, the statistical
analysis of MDA mean values sets up evidence of cell death
by revealing a highly significant rise in the NODAT group
and metformin-treated group compared to the other groups.
Gao et al. ¥ declared an increase in MDA levels in kidney
tissue following the tacrolimus-induced NODAT model.
According to their findings, tacrolimus can cause renal
vasoconstriction, which in turn causes hypoperfusion and
hypoxia-reoxygenation damage, and finally, the production
of free radicals or reactive oxygen species (ROS). The
direct impact of tacrolimus on ROS production is still not
well understood. In this study, we found that diabetic rats
treated with vorinostat had a considerable reduction in
oxidative stress markers (MDA) and an increase in total
antioxidant capacity (TAC) in kidney homogenates. These
results support the assertions that vorinostat is a powerful
antioxidant. Since MDA is a byproduct of unsaturated fatty
acid lipid peroxidation, its reduction by vorinostat may be
interpreted as an indicator of reduced oxidative stress and,
by extension, cytotoxicity.

The “gold standard” for diabetic nephropathy
diagnosis is renal histopathological changes [*¥. Diabetic
nephropathy is characterized by an accumulation of
extracellular matrix, thickening of the glomerular basement
membrane, invasion of inflammatory cells into the renal
interstitial space, fibrosis of the renal interstitial space,
and glomerular sclerosis ®°. The microscopic changes
in the kidney in the NODAT rat model group were more
obvious in the renal cortex ", so the present study focused
on the histopathological changes of the renal cortex. In
the present study, histological examination of the renal
sections of the NODAT rat model group revealed marked
histopathological changes. H&E, Masson trichrome,
PAS, and Gordon & Sweets’ silver impregnation staining
demonstrated significant renal injuries, including a
thickened parietal layer of Bowman’s capsule, an enlarged
irregular Bowman’s space, and atrophied glomeruli.
These findings were statistically validated by a substantial
reduction in glomerular diameter and a marked increase
in the percentage area of collagen fibers and PAS-positive
reactions, alongside a substantial reduction in the area
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percentage of reticular fibers relative to the control groups.
Consistent with these results, Fu et al. * used a novel
approach to study tacrolimus-induced nephropathy and
renal interstitial fibrosis in rats by administering the drug
for two weeks after renal ischemia-reperfusion. Tubular
vacuolization, arteriolar hyalinosis, interstitial fibrosis,
and juxtaglomerular hyperplasia are similar to histological
and ultrastructural alterations previously documented in
nephrotoxicity caused by tacrolimus P!,

In the present study, the lining cells of the proximal
convoluted tubules (PCTs) in the NODAT rat model group
demonstrated destruction of apical microvilli, marked
vacuolation, and rarified cytoplasm with dark deeply
stained pyknotic nuclei. The distal convoluted tubules
(DCTs) showed complete detachment of the lining cells
from their basement membrane into the lumen in some
tubules. The nuclei of the cells of distal convoluted tubules
were squeezed and their cytoplasm was swollen (hydropic
degeneration).

The finding of the current study is following Donder
et al. P? who mentioned that there were histopathologic
changes in DN including thickening of the basement
membrane, as well as tubular vacuolation and mesangium
proliferation. In addition, our results go in agreement
with Schlo and Banas ! who stated that there was also
a thickening of the glomerular basement membrane,
expansion of podocyte slit membranes, and mesangial
hypertrophy in diabetic nephropathy. Tubule cell
vacuolization may be a form of adaptive mechanism under
a demanding condition (Diabetes) and subsequent cell
disruption. It is linked to glycogen deposition and lipid
vacuoles formation Y. Diabetic patients had substantial
dilatation of the distal tubules, as well as separation and
tubular epithelial degradation 3.

Our results showed that diabetic rats have reduced renal
function and increased kidney weight, which may indicate
that glucose has a toxic effect and damages the kidneys.
The hallmarks of DN, as shown on histology, include the
growth of the mesangial matrix, arteriolar hyalinosis, and
Armanni-Ebstein lesions (vacuolization and PAS-positive
glycogen accumulation in the cytoplasm of tubular
epithelial)®®. These histological features of DN were also
observed in the present study's NODAT rats. Glycogen
aggregates due to enhanced tubular glucose uptake induce
Armanni-Ebstein lesions, also known as vacuolization
of tubular epithelia. As the filtered load increases, the
proximal tubule's ability to reabsorb glucose is enhanced
by the rise in plasma glucose P”). The current research
found that vorinostat significantly reduced renal structural
damage and improved kidney function in diabetic rats.
One may speculate that in this group, the decreased tubular
glucose load may cause less glucotoxicity-related kidney
injury, given that blood glucose levels were also lower
after vorinostat treatment.

In the present study, a light microscopic examination of
the vorinostat-treated NODAT rat model showed normal
glomerulus nearly appeared as control groups. However,
there were some congested capillaries. In the present study,
improvement of renal tubules occurred. PCTs showed most
of the cells had vesicular nuclei with a minimal amount
of vacuolations. DCTs showed most of the lining cells
with vesicular nuclei. All the histological results were
confirmed statistically. This is in agreement with the study
of Advani et al. ™ who stated that vorinostat was able to
alleviate renal tissue damage of diabetic nephropathy after
significant reversion of the pathological changes of kidneys
in diabetic nephropathy rats. The results of the current study
could be explained by Gilbert et al. who demonstrated that
the HDACI, vorinostat, attenuated early renal enlargement
in experimental diabetes and that this effect is likely to
be mediated, at least in part, by downregulation of the
epidermal growth factor receptor ),

H&E-stained sections of the metformin-treated
tacrolimus-induced NODAT rat model revealed that the
most significant finding which is the marked apparent
dilatation of capillaries between the renal corpuscles and
renal tubules filled with erythrocytes. It was the most
advanced change all over the normal renal tissue. These
results paralleled with that attained by Adaramoye et
al.®® who recorded that metformin hydrochloride and
glibenclamide had a toxic effect on some organs of male
rats. Our findings could be explained by Citro et al.’” and
Fareed et al.'"). Consistently high blood sugar levels, the
researchers found, lead to hyperfiltration and vasodilatation,
which in turn promote structural atrophy in the glomeruli
and clogged glomerular capillaries in diabetic rats®®'%,
In addition, albuminuria, endothelial dysfunction leading
to increased permeability and glomerular hyperfiltration,
and protein kinase C (PKC) activation are all outcomes of
hyperglycemia. PKC also increases Prostaglandin (PGE1)
production and activates vascular endothelial growth
factor!'".

Using the Masson’s trichrome stain, the present
study found that in the NODAT rat model (G4) and the
Metformin-treated rat model (G6), the silver impregnation
examination by Gordon & Sweets revealed the breakdown
of reticular fibers that formed the kidney's supporting
connective tissue, the accumulation of collagen fibers in the
areas where the reticular fibers were broken down, and an
excess of glycogen deposition in the PAS stain. Curiously,
the kidney portion of the NODAT rat model treated with
vorinostat (G5) did not exhibit these histological alterations
that remained in diabetic rats treated with metformin.

Some renal tubules in the NODAT rat model group
showed focal loss of PAS reaction in their brush borders
which was in line with Kidokoro et al."** who reported that
the glycocalyx damage is caused by tacrolimus-induced
oxidative stress. During oxidative stress, the uncoupled
endothelial nitric oxide synthase induces endothelial cell
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dysfunction, activation, and recruitment of leukocytes and
results in the denudation of the glycocalyx. Moreover,
Fareed et al. ' reported that the basement membrane
of the parietal layer of Bowman’s capsule and convoluted
tubules of the renal cortex showed weak PAS reaction with
areas of focal damage of proximal convoluted tubules
brush border. This could be attributed to reactive oxygen
molecule production that led to damage to cytoskeletal
integrity. Our findings, together with Advani et al. *®
in other kidney disease models, showed that HDACis
continues to be beneficial in diabetic nephropathy. Advani
et al. *® found that diabetic mice showed an improvement
in albuminuria and mesangial matrix buildup after long-
term therapy with vorinostat. This improvement was
achieved through an eNOS-dependent mechanism.

Renal fibrosis is a hallmark of chronic renal disease
and is defined by the excessive and persistent buildup
of extracellular matrix (ECM). Renal fibrosis is mostly
attributed to excess ECM, which results from an
imbalance between its production and breakdown!'®!04,
Renal fibrosis is characterized by an increase in the
manufacture of interstitial collagens, particularly collagen
IV, or a decrease in their breakdown, resulting in a
thickening of the glomerular basement membrane and
renal insufficiency!'?!. One common way to find collagen
deposition is by Masson's trichrome staining. Increased
collagen fibers in NODAT model rat kidney tissues were
found in the present study, suggesting that diabetes can
produce renal fibrosis. Protein kinase C, mitogen-activated
protein kinase, and profibrotic cytokines like TGFf1
and VEFG are stimulated, according to Mohammad et
al. ') which leads to enhanced collagen deposition in
DN. The reduction of collagen fibers in the NODAT rat
model treated with vorinostat suggests that the drug may
mitigate the pathophysiology of renal fibrosis in NODAT
rats. Additionally, HDAC inhibitors can improve diabetic
nephropathy renal lesions ['7'% This could be explained
by Li et al. '"! who reported that HDAC inhibitors caused
inhibition of renal fibrosis by regulating a pathway through
TGF-B. Interestingly, the results of the current study
showed that metformin exhibited a significant increase
in collagen fibers deposition. Our results are not in line
with the previous research by Wang et al. """ who reported
that metformin has a beneficial effect on tubulointerstitial
fibrosis in different stages of DN. This could be interpreted
as they tested on streptozotocin (STZ)-induced DN rats not
on the NODAT rat model.

One of the key mechanisms of tacrolimus-induced
kidney damage is apoptosis, a form of programmed cell
death!"""12 Researches have shown that oxidative stress
is a typical cause of cells dying by apoptosis. Jin and
colleagues P* have previously noted that oxidative stress
caused by tacrolimus leads to cell death (both apoptotic
and autophagic), which is directly linked to both structural
and functional damage to the kidneys. Because of its
catalytic action on numerous essential cellular proteins,

caspase-3 is recognized as a crucial apoptotic mediator.
The current study found that rats given tacrolimus as the
only treatment for their kidneys had significantly higher
levels of caspase-3 in the cytoplasm of their proximal
tubular cells. The staining for caspase-3 was significantly
reduced in kidneys that were collected from diabetic
rats treated with vorinostat. These findings suggest that
vorinostat protective effects are associated with redox
status correction, inflammation abatement, and apoptosis
prevention.

Our study's findings could potentially be used in the
medical field. Although our study's findings support
the idea that patients with NODAT should have their
antidiabetic medication selection determined by the type of
immunosuppressant that is producing NODAT, the existing
guidelines for NODAT therapy are based on the treatment
of T2DM. When it comes to managing hyperglycemia,
metformin is not an appropriate antidiabetic medication
for patients with tacrolimus-induced post-transplantation
diabetes. Vorinostat, on the other hand, is an HDAC:i that
may be useful because of the protection it provides against
different types of damage!''¥). Patients with tacrolimus-
induced post-transplantation diabetes may also benefit from
vorinostat, according to our findings. A more compelling
case for NODAT therapy in post-transplant patients may
emerge from this method.

CONCLUSION

From results of the current work, vorinostat was
found to be more effective than metformin in protecting
rat kidneys against in tacrolimus-induced NODAT rat
model. Protective effects vorinostat was achieved by
controlling hyperglycaemia, increasing antioxidant
capacity, decreasing oxidative damage, halting apoptosis,
and improving kidney structure and function. Therefore,
vorinostat showed a double-edged sword: it prevented
kidney damage and improved biochemical outcomes.
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