
Saudi Pharmaceutical Journal 28 (2020) 1317–1325
Contents lists available at ScienceDirect

Saudi Pharmaceutical Journal

journal homepage: www.sciencedirect .com
Original article
Amlodipine alleviates cisplatin-induced nephrotoxicity in rats through
gamma-glutamyl transpeptidase (GGT) enzyme inhibition, associated
with regulation of Nrf2/HO-1, MAPK/NF-jB, and Bax/Bcl-2 signaling
https://doi.org/10.1016/j.jsps.2020.08.022
1319-0164/� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: GGT, gamma-glutamyl transpeptidase; BUN, Blood urea nitro-
gen; ROS, Reactive oxygen species; NADPH, Nicotinamide adenine dinucleotide
phosphate; Keap1, Kelch-like ECH-associated protein 1; Nrf2, Nuclear factor
erythroid 2-related factor 2; HO-1, Heme oxygenase-1; GSH, Reduced glutathione;
NO, Nitric oxide; NOx, Total nitrate/nitrite; MDA, Malondialdehyde; MAPK,
Mitogen-activated protein kinase; NF-jB, Nuclear factor-kappa B; TNF-a, Tumor
necrosis factor-alpha; IL-6, Interleukin-6; VCAM-1, vascular cell adhesion molecule-
1; HGF, Hepatocyte growth factor; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated
X protein; CMC, Carboxymethyl cellulose; H & E, Hematoxylin and eosin.
⇑ Corresponding author.

E-mail address: amany.azoz@pharm.bsu.edu.eg (A.A. Azouz).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Amany A. Azouz ⇑, Esraa Abdel-Nassir Abdel-Razek, Amira M. Abo-Youssef
Department of Pharmacology and Toxicology, Faculty of Pharmacy, Beni-Suef University, Beni-Suef 62514, Egypt
a r t i c l e i n f o

Article history:
Received 4 June 2020
Accepted 27 August 2020
Available online 2 September 2020

Keywords:
Cisplatin nephrotoxicity
Amlodipine
GGT inhibition
Anti-oxidant defense
Anti-inflammatory response
Renal cell survival
a b s t r a c t

Background: The therapeutic utility of the effective chemotherapeutic agent cisplatin is hampered by its
nephrotoxic effect. We aimed from the current study to examine the possible protective effects of
amlodipine through gamma-glutamyl transpeptidase (GGT) enzyme inhibition against cisplatin nephro-
toxicity.
Methods: Amlodipine (5 mg/kg, po) was administered to rats for 14 successive days. On the 10th day,
nephrotoxicity was induced by a single dose of cisplatin (6.5 mg/kg, ip). On the last day, blood samples
were collected for estimation of kidney function, while kidney samples were used for determination of
GGT activity, oxidative stress, inflammatory, and apoptotic markers, along with histopathological evalu-
ation.
Results: Amlodipine alleviated renal injury that was manifested by significantly diminished serum crea-
tinine and blood urea nitrogen levels, compared to cisplatin group. Amlodipine inhibited GGT enzyme,
which participates in the metabolism of extracellular glutathione (GSH) and platinum-GSH-conjugates
to a reactive toxic thiol. Besides, amlodipine diminished mRNA expression of NADPH oxidase in the kid-
ney, while enhanced the anti-oxidant defense by activating Nrf2/HO-1 signaling. Additionally, it showed
marked anti-inflammatory response by reducing expressions of p38 mitogen-activated protein kinase
(p38 MAPK) and nuclear factor-kappa B (NF-jB), with subsequent down-regulation of tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and vascular cell adhesion molecule-1 (VCAM-1). Moreover,
amlodipine reduced Bax/Bcl-2 ratio and elevated hepatocyte growth factor (HGF), thus favoring renal cell
survival.
Conclusions: Effective GGT inhibition by amlodipine associated with enhancement of anti-oxidant
defense and suppression of inflammatory signaling and apoptosis support our suggestion that amlodipine
could replace toxic GGT inhibitors in protection against cisplatin nephrotoxicity.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The essential need for cancer treatments has been aggravated
the last years. Over 40 years, cisplatin has been utilized to treat
various types of cancer, and it is still administered as one of the
most effective antitumor drugs (Khasabova et al., 2014; Ghosh,
2019; Volarevic et al., 2019). The clinical use of cisplatin has been
constrained by its nephrotoxic consequences, which show up even
few days after initiation of treatment (Oh et al., 2014). Currently,
cisplatin nephrotoxicity is controlled by hydration with isotonic
saline and magnesium supplementation (Crona et al., 2017). In
addition, forced diuresis by mannitol is applied in patients treated
with high doses of cisplatin, resulting in over-diuresis and conse-
quently increased risk of dehydration (Djokovic et al., 2019;
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Volarevic et al., 2019). Therefore, seeking for tolerable and effective
new adjunct treatments that can alleviate the toxicity of cisplatin
high dose throughout cancer’s combat is seriously insisting.

Mountingevidenceunderlines that themolecularmechanismsof
cisplatin-triggered tubular damage and subsequent acute kidney
injury aremultifactorial. Thesemechanisms are related to the accu-
mulation of cisplatin in renal proximal tubular cells, its metabolic
biotransformation to a toxic metabolite, alongside the interference
with nuclear DNA, mitochondrial dysfunction, oxidative stress, the
activation of inflammatory and apoptotic responses leading eventu-
ally to cell cycle arrest or cell death (Peres and Cunha Júnior, 2013;
Manohar and Leung, 2018; Volarevic et al., 2019).

The metabolic biotransformation of cisplatin to a potent
nephrotoxin during its transport into renal tubular cells has been
regarded as one of the important factors that contribute to cis-
platin nephrotoxicity (Townsend et al., 2003; Wilmes et al.,
2015; Dugbartey et al., 2016). Platinum-glutathione (Pt-GSH)-
conjugates at the surface of the proximal tubules are metabolized
by gamma-glutamyl transpeptidase (GGT) enzyme, that subse-
quently leads to the formation of a reactive toxic thiol
(Townsend et al., 2003).

Amlodipine is a dihydropyridine calcium channel blocker,
which is well-established in the treatment of hypertension, as well
as other cardiovascular diseases (Fares et al., 2016). There is also
increasing proof that calcium channel blockers, especially
amlodipine, exhibit nephroprotective effect beyond their antihy-
pertensive effect (Duan et al., 2000; Li et al., 2009; Chinwe et al.,
2019). The vasodilator effect of amlodipine on renal arterioles
and the improvement of glomerular blood flow (Kimura et al.,
1997; Ott et al., 2013) certainly contribute to its protective effects.
Interestingly, it has been elucidated that amlodipine could coun-
teract renal vasoconstriction after renal adrenergic receptor stimu-
lation in cisplatin treated rats, resulting in reduced renal failure
(Khan et al., 2007; Hye Khan et al., 2008; Khan et al., 2009).
Besides, the protective effects of amlodipine could be attributed
to inhibition of nuclear factor-kappa B (NF-jB) and subsequently
inflammatory cytokines (Ikeda et al., 2019; Qasim et al., 2020),
enhancement of anti-oxidant defense (Salehi et al., 2012; Nili-
Ahmadabadi et al., 2018), as well as its anti-apoptotic effect
(Bian et al., 2011; Xu et al., 2016). Furthermore, amlodipine has
been reported as a GGT inhibitor that could disturb the key step
of the enzymatic conversion of Pt-GSH-conjugates into nephro-
toxic metabolites (Maj and Tomaszewski, 1997). Thereby, amlodip-
ine is expected to be a promising protective agent to limit the
deleterious effects of cisplatin on the kidney.
2. Materials and methods

2.1. Animals

Male Wistar rats (120–150 g) were obtained from the Animal
House of the Holding Company for Biologics and Vaccines-
VACSERA (Giza, Egypt). Rats were maintained at temperature
23 ± 2 �C, humidity 60 ± 10%, and under 12-h light/12-h dark
cycles, with free access to standard diet and water. All experimen-
tal procedures related to animals were in accordance with the
National Institutes of Health guide for the care and use of
laboratory animals and have been approved by Institutional
Animal Care and Use Committee, Beni-Suef University, Egypt
(BSU-IACUC 018–45).
2.2. Drugs and chemicals

Cisplatin vials (50 mg/50 ml) were purchased from Mylan
(Rockford, USA). Amlodipine was obtained as a gift from Global
Napi Pharmaceuticals (6th of October, Giza, Egypt). The chemicals
used for estimation of oxidative stress biomarkers including,
thiobarbituric acid, Ellman’s reagent, vanadium trichloride, and
sulfanilamide were purchased from Sigma-Aldrich (USA), while
N-(1-naphthyl) ethylenediamine dihydrochloride was purchased
from Park Scientific Ltd (UK). The suspending agent carboxymethyl
cellulose (CMC) was obtained from Loba Chemie (India).
2.3. Experimental design

Animals were divided in a random manner into four groups,
with 8 animals in each group. The first and second groups received
the vehicle (0.5% CMC) po for 14 consecutive days, and on the 10th

day received a single ip injection of isotonic saline or cisplatin
(6.5 mg/kg) (Szentmihályi et al., 2014), serving as control and cis-
platin groups, respectively. The third and fourth groups received
amlodipine (5 mg/kg/day; po) (Liu et al., 2007; Li et al., 2009) for
14 consecutive days, and on the 10th day the third group received
a single ip injection of cisplatin (6.5 mg/kg), while the fourth group
received a single ip injection of isotonic saline.

At the end of the 14 days, blood and kidney tissue samples were
collected for estimation of kidney function, as well as determina-
tion of different biochemical and molecular markers. Kidney sam-
ples were subjected to rapid snap freezing in liquid nitrogen, then
stored at �80 �C until their use. One kidney was used to get one-
gram tissue that was homogenized in phosphate–buffered saline
(PBS) with protease inhibitor on ice. The kidney homogenates were
used for determination of GGT activity, oxidative stress and inflam-
matory markers, as well as hepatocyte growth factor (HGF). The
remaining portion of the kidney was used for PCR and western blot
analysis. The other kidney was soaked in 10% neutral buffered for-
malin to be used for histopathological examination.
2.4. Biochemical tests for kidney function determination

Using Diamond Diagnostics kits (Egypt), serum creatinine and
blood urea nitrogen (BUN) were determined according to the man-
ufacturer’s procedures.
2.5. Estimation of renal GGT activity

Gamma-glutamyl transpeptidase activity was determined in
the kidney samples using BioVision’s kit (USA). GGT enzyme is
responsible for the transfer of gamma-glutamyl functional groups.
L-c-Glutamyl-p-nitroanilide (l-c-Glu-pNA) was used as a specific
substrate to be recognized by GGT in the samples yielding a pro-
portional color. The intensity of the color product was estimated
at 418 nm as an indicator for GGT activity.
2.6. Quantitative Reverse Transcription-Polymerase Chain Reaction
(qRT-PCR)

Separation of total RNA was carried out using Thermo Fisher
Scientific kit (GeneJET, Germany), while qRT-PCR was assessed by
Bioline kit (SensiFASTTM SYBR� Hi-ROX One-Step Kit, UK). The ther-
mal cycling profile of qRT-PCR was 45 �C/15 min for reverse tran-
scription cycle, followed by 40 cycles of denaturation at 95 �C/15 s,
60 �C/30 s annealing, and 72 �C/30 s extension, as described previ-
ously (Abdel-Razek et al., 2020). Finally, cycle threshold (Ct) values
of the target genes (Keap-1, NADPH oxidase, NF-jB, MAPK, VCAM-
1) were normalization to those of the housekeeping gene (b-actin)
(Livak and Schmittgen, 2001). The sequences of primers for the tar-
get genes and the housekeeping gene are presented as supplemen-
tary data.
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2.7. Western blot

Kidney tissue protein extraction was carried out using RIPA
lysis buffer (Bio Basic Inc., Canada), with added protease inhibitor
cocktail. SDS-PAGE electrophoretic system via acrylamide Kit
(TGX Stain-FreeTM FastCastTM, Bio-Rad Laboratories, USA) was used
for the separation of equivalent volumes of the extracted proteins
from all studied groups. The membranes were blocked with 5%
non-fat dry milk, Tris-HCL, 0.1% Tween 20 for 1 h, and then incu-
bated with the primary antibodies at 4 �C overnight. The utilized
antibodies were p38 MAPK (Creative Biolabs, USA, Cat.# CBMAB-
Z0329-LY), Nrf2 (Santa Cruz Biotechnology, USA, Cat.# (A-10):
sc-365949), HO-1 (Santa Cruz Biotechnology, USA, Cat.# (A-3):
sc-136960), Bax (Santa Cruz Biotechnology, USA, Cat.# (2D2):
sc-20067), and Bcl-2 (Santa Cruz Biotechnology, USA, Cat.# (C-2):
sc-7382). That was followed by incubation with the suitable sec-
ondary antibodies at room temperature for 2 h. Densitometric
analysis of the immunoblots was carried out to estimate the
amounts of p38 MAPK, Nrf2, HO-1, Bax, and Bcl-2 against b-actin
using ChemiDocTM MP imaging system (Bio-Rad Laboratories,
USA) with image analysis software (version 3).

2.8. Determination of renal oxidative stress biomarkers

Renal GSH content was determined via the intensity of the yel-
low color resulting from the reaction with Ellman’s reagent, as pre-
viously determined (Azouz et al., 2015). Nitric oxide (NO) content
was assessed as total nitrate/nitrite (NOx) following the procedure
of (Miranda et al. 2001). Additionally, lipid peroxidation was mea-
sured as thiobarbituric acid reacting substances and expressed as
malondialdehyde (MDA), as previously determined (Azouz et al.,
2015). Moreover, renal heme oxygenase-1 (HO-1) level was
assessed using BioVision’s ELISA kit (USA).

2.9. Assessment of kidney inflammatory markers

Tumor necrosis factor-alpha (TNF-a) was estimated in tissue
homogenates using Sigma-Aldrich ELISA kit (USA), while
interleukin-6 (IL-6) content was determined by RayBio ELISA kit
(USA), according to the instructions of the manufacturer.

2.10. Determination of hepatocyte growth factor (HGF)

Renal content of HGF was determined quantitatively using Ray-
Bio ELISA kit (USA), following the manufacturer’s instructions.

2.11. Histopathological assessment

Kidney samples were fixed in 10% formol saline for 24 h. Graded
ethanol concentrations (50–100%) were used to dehydrate the
paraffin blocks, that were cleared after that in xylene. Sections
(4–5 mm) were prepared, and then stained with Hematoxylin and
Eosin (H & E) dye, following the principles of Bancroft and
Gamble (2008). The degree of severity of the histopathological
lesions was evaluated by numerical scoring (0: no changes, 1: mild,
2: moderate, and 3: severe changes). These degrees were deter-
mined by percentage of change following Arsad et al. (2014) prin-
ciples: mild changes (>30%), moderate changes (30–50%), and
severe changes (>50%).

2.12. Statistical analysis

Results are presented as the mean ± standard error of the mean
(SEM). One-way Analysis of Variance (ANOVA) followed by Tukey’s
post hoc test, were used for detecting statistical significance
between different groups. Statistical significance between values
was considered at probability less than 0.05. Statistical analysis
was carried out by Prism software, version 8 (GraphPad Software
Inc, USA).

3. Results

3.1. Ameliorative effect of amlodipine on cisplatin-induced
deterioration in kidney function

Cisplatin-induced nephrotoxicity was evidenced by a significant
elevation of BUN (5-fold) and serum creatinine (3-fold) levels in
comparison to control group (Fig. 1). Prophylactic treatment with
amlodipine revealed an improvement in kidney function via a sig-
nificant reduction in BUN and serum creatinine levels to about 73%
and 66%, respectively compared to the group administered cis-
platin alone.

3.2. Reduction of renal GGT enzyme activity by amlodipine

The activity of GGT in renal tissue was markedly elevated to
about 3-fold after treatment with cisplatin, while in amlodipine
pretreated rats GGT activity was significantly decreased to about
62% compared to cisplatin group (Table 1).

3.3. Modulatory effects of amlodipine on NADPH oxidase, Keap-1,
MAPK, NF-jB, and VCAM-1 mRNA expressions

Cisplatin injection enhanced oxidative stress, which was
indicated by up-regulation of NADPH oxidase mRNA expression
(3-fold), in addition to the expression of the inhibitory Keap-1
(2-fold) which controls the release and nuclear translocation of
Nrf2. The involvement of inflammatory events in cisplatin-
induced acute renal damage was confirmed by the significantly
enhanced mRNA expressions of MAPK (3-fold), NF-jB (4-fold),
and VCAM-1 (5-fold) in cisplatin group. Our results elucidated that
pretreatment with amlodipine significantly ameliorated the
expressions of NADPH oxidase, Keap1, MAPK, NF-jB, and VCAM-
1 to about 59%, 65%, 46%, 38%, and 33%, respectively, compared
to cisplatin administered rats (Fig. 2).

3.4. Amlodipine reduces the protein expression of p38 MAPK and Bax/
Bcl-2 ratio, while enhances Nrf2 and HO-1 expressions

Western blot analysis (Fig. 3A) showed that cisplatin evoked an
inflammatory response that was evident by the enhanced protein
expression of p38 MAPK. In addition, there was a marked decline
of renal anti-oxidant defense mechanisms associated with down-
regulation of the transcription factor Nrf2 and the anti-oxidant
protein HO-1 expressions. Pretreatment with amlodipine afforded
a significant protection against inflammation and oxidative stress,
that was indicated by reduced expression of p38 MAPK to about
63% (Fig. 3B), while enhanced expression of Nrf2 to about 3-fold
(Fig. 3C), and HO-1 to about 4- fold (Fig. 3D), compared to the
group administered cisplatin only.

Cisplatin administration elevated the expression of the pro-
apoptotic effector Bax and decreased the expression of the anti-
apoptotic protein Bcl-2 in kidney tissues. These events were mark-
edly alleviated by administration of amlodipine, which signifi-
cantly reduced Bax/Bcl-2 ratio to about 14.5%, compared to
cisplatin group (Fig. 3E).

3.5. Alleviation of cisplatin-induced oxidative stress by amlodipine

Rats subjected to cisplatin showed significant increase in renal
MDA content (3-fold), while GSH (29%), NOX (25%), and HO-1



Fig. 2. Modulatory effects of amlodipine on mRNA expressions of NADPH oxidase, Keap-1, MAPK, NF-jB, and VCAM-1 in cisplatin-treated rats. Results are presented as the
mean ± SEM (n = 3–6). One-way ANOVA followed by Tukey’s post hoc test, were used for statistical analysis.* p < 0.05 versus control, # p < 0.05 versus cisplatin group.

Fig. 1. Improvement of kidney function by amlodipine in cisplatin-treated rats. Results are presented as the mean ± SEM (n = 6–8). One-way ANOVA followed by Tukey’s post
hoc test, were used for statistical analysis.* p < 0.05 versus control, # p < 0.05 versus cisplatin group.

Table 1
Amlodipine inhibits GGT activity, alleviates oxidative stress biomarkers and augments anti-oxidant defense in cisplatin-treated rats.

Groups GGT
(mU/g tissue)

GSH
(mM)

MDA
(mM)

NOx
(mM)

HO-1
(ng/g tissue)

Control 17.17 ± 1.35 4.75 ± 0.31 1.69 ± 0.14 17.38 ± 0.35 2.70 ± 0.74
Cisplatin 58.00 ± 3.78* 1.38 ± 0.05* 4.70 ± 0.38* 4.38 ± 0.29* 0.73 ± 0.06*
Amlodipine + Cisplatin 35.83 ± 1.01*# 4.33 ± 0.28# 1.41 ± 0.15# 22.48 ± 1.28*# 4.32 ± 0.09*#

Amlodipine 19.17 ± 1.52# 4.51 ± 0.3# 1.66 ± 0.16# 15.73 ± 0.28# 2.72 ± 0.24#

Results are presented as the mean ± SEM (n = 6). One-way ANOVA followed by Tukey’s post hoc test, were used for statistical analysis. * p< 0.05 versus control, # p< 0.05 versus
cisplatin group.
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Fig. 3. Modulatory effects of amlodipine on the protein expressions of p38 MAPK, Nrf2, HO-1, Bax, and Bcl-2 in cisplatin treated rats. A. Blots demonstrating the reduced
protein expressions of renal p38 MAPK and Bax, while enhanced Nrf2, HO-1, and Bcl-2 expressions by amlodipine. B-E. Graphical representations displaying changes in the
relative protein expressions. B: p38 MAPK, C: Nrf2, D: HO-1, E: Bax/Bcl-2 ratio. Results are presented as the mean ± SEM (n = 3). One-way ANOVA followed by Tukey’s post hoc
test, were used for statistical analysis. * p < 0.05 versus control, # p < 0.05 versus cisplatin group.
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(27%) contents were declined, compared to the control group. Pro-
phylactic treatment with amlodipine afforded a renoprotective
effect against oxidative stress induced by cisplatin, which was indi-
cated by lowering MDA content to about 30%, along with enhanced
GSH content to about 3-fold, NOx and HO-1 contents to about 5-
and 6-fold, respectively compared to cisplatin group (Table 1).

3.6. Suppression of cisplatin-induced inflammatory cytokines by
amlodipine

Cisplatin stimulated an acute inflammatory response as indi-
cated by markedly increased renal content of the pro-
inflammatory cytokines TNF-a and IL-6 (Fig. 4). Prophylactic treat-
ment with amlodipine significantly reduced renal TNF-a and IL-6
to about 21% and 27%, respectively, compared to cisplatin group,
thus conferring an anti-inflammatory effect.

3.7. Enhancement of renal HGF content by amlodipine in cisplatin-
treated rats

One of the mechanisms by which cisplatin encourages apop-
totic cascade is decreasing renal HGF content, which is regarded
as one of the survival factors. Renal HGF content was decreased
to about 51% in cisplatin treated group compared to the control
group. Pretreatment with amlodipine markedly augmented renal
HGF content to about 4-fold compared with cisplatin group (Fig. 5).

3.8. Amelioration of cisplatin-induced histopathological aberrations in
renal tissues by amlodipine

The examination of kidney sections from control group revealed
that the histological structures of glomeruli and tubules were nor-
mal (Fig. 6A). Similarly, kidney tissue of rats administered
amlodipine alone showed high integrity with normal structure of
glomeruli and tubules (Fig. 6B). On the other hand, cisplatin-
treated rats showed congestion of inter-tubular blood vessels, vac-
uolar degeneration and necrosis of renal tubular epithelial lining
(Fig. 6C). Concerning amlodipine-treated group, a good degree of
regeneration of renal parenchyma against the action of cisplatin
was apparent (Fig. 6D1), with mild vacuolar degeneration and
few scattered necrotic cells (Fig. 6D2). The scores for histopatho-
logical alterations were presented in Fig. 6E.
4. Discussion

Nephrotoxicity is well-documented as the dose-limiting factor
in cisplatin treatment, that prevents the increase of cisplatin dose
for higher efficacy and hinders its clinical application in cancer
chemotherapy (Hoek et al., 2016). Therefore, searching for protec-
tive agents against cisplatin nephrotoxicity is essential.

The current study sheds light on the protective effects of
amlodipine against cisplatin nephrotoxicity. A single dose adminis-
tration of cisplatin (6.5 mg/kg) resulted in serious tubular necrosis
with significant deterioration of kidney function, which was
demonstrated by elevation of serum creatinine and BUN levels.
We investigated the ability of amlodipine to inhibit GGT enzyme
in the kidney that could augment its anti-oxidant, anti-
inflammatory, and anti-apoptotic effects in retarding cisplatin
nephrotoxicity.

Gamma-glutamyl transpeptidase enzyme has been reported to
participate a substantial role in cisplatin toxicity through enhanc-
ing its metabolic conversion to a nephrotoxin (Townsend et al.,
2003; Manohar and Leung, 2018). GGT enzyme is localized in the
brush border of renal proximal tubular cells. Cisplatin conjugates
with reduced GSH mainly in the liver, then reaches to the kidneys
as a Pt-GSH-conjugate which is cleaved by GGT forming a
cysteinyl-glycine-conjugate followed by the formation of a
cysteine-conjugate by aminodipeptidases at the surface of proxi-
mal tubular cells (Townsend et al., 2003). After transport of the
formed cysteine-conjugate into the tubular cells, it undergoes fur-
ther metabolic conversion by cysteine-S-conjugate b-lyase into a
toxic thiol which interacts with essential proteins, leading finally
to nephrotoxicity and renal cell death (Zhang and Hanigan, 2003;
Dugbartey et al., 2016).



Fig. 4. Amlodipine suppresses cisplatin-induced inflammatory cytokines in renal tissues. Results are presented as the mean ± SEM (n = 6). One-way ANOVA followed by
Tukey’s post hoc test, were used for statistical analysis.* p< 0.05 versus control, # p< 0.05 versus cisplatin group.

Fig. 5. Amlodipine augments renal content of HGF in cisplatin-treated rats. Results
are presented as the mean ± SEM (n = 6). One-way ANOVA followed by Tukey’s post
hoc test, were used for statistical analysis.* p < 0.05 versus control, # p < 0.05 versus
cisplatin group.
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Previous studies have confirmed that high expression level of
GGT in renal proximal tubular cells renders them more sensitive
to cisplatin toxicity, while that in tumor cells results in increased
resistance to cisplatin, so inhibition of GGT activity reduces cis-
platin nephrotoxicity and enhances the antitumor effect of cis-
platin (Townsend and Hanigan, 2002; Hanigan and Devarajan,
2003; Corti et al., 2010; Hanigan, 2014). Moreover, it has been
reported that GGT knock-out mice were more fortified against
the nephrotoxic effect of cisplatin than wild-type mice (Hanigan
et al., 2001), that has been confirmed by Fliedl et al. (2014) using
different cell lines with either siRNA knock-down of GGT or addi-
tion of GGT inhibitor. Similarly, our results revealed an enhanced
GGT activity in cisplatin treated rats with concomitant deteriora-
tion in kidney function. Whereas, pretreatment with amlodipine
ameliorated the elevation in GGT activity and improved kidney
function.
Gamma-glutamyl transpeptidase enzyme inhibition has been
investigated in different studies to elucidate the protective mech-
anism of some agents against cisplatin nephrotoxicity (Townsend
and Hanigan, 2002; Hausheer et al., 2010; Salama et al., 2011).
One of the most powerful of these agents is the glutamine analogue
acivicin, which afforded a great efficacy against cisplatin nephro-
toxicity (Hanigan et al., 1994), but unfortunately the clinical trials
have revealed that acivicin is too toxic to be used in humans
(Kreuzer et al., 2015). Moreover, it has been reported that all the
known glutamine analogue GGT inhibitors encroached the safety
limits for using as treatments (King et al., 2009). On the other hand,
our study demonstrated that cisplatin nephrotoxicity was attenu-
ated via pretreatment with amlodipine, referring that to the capa-
bility of amlodipine to decrease GGT activity. Fortunately,
treatment with amlodipine has not been reported to produce seri-
ous adverse effects, where it is well known to be safe for humans
(Derosa and Maffioli, 2011). The reported adverse effects of
amlodipine include edema, dizziness, flushing, palpitations, head-
ache, fatigue, nausea, and abdominal pain that occur to a small per-
centage of the patients (1–10%) (Bulsara and Cassagnol, 2020).

Previous studies have demonstrated that accumulation of cis-
platin in the mitochondria of renal cells results in reactive oxygen
species (ROS) production via activation of NADPH oxidase, which
elevates significantly after treatment with cisplatin (Wang et al.,
2015; Meng et al., 2018). In accordance, our results revealed an ele-
vated NADPH oxidase expression, along with increased lipid perox-
idation and a decline of GSH level. Cisplatin also resulted in a
significant decrease of renal NOx in our study. That has been eluci-
dated in a previous study through amelioration of renal injury by
the NO precursor L-arginine, while aggravation by the nitric oxide
synthase (NOS) inhibitor L-NAME (Saleh and El-Demerdash, 2005).
Therefore, the reduction of NOx by cisplatin could be attributed to
the damage of endothelial cells and hence the reduction of
endothelial NOS activity.

The pro-oxidant effects of cisplatin are usually accompanied by
down-regulation of Nrf2 expression (Ansari, 2017), as a key tran-
scription factor that activates the anti-oxidant defense mecha-
nisms via enhancing expression of the anti-oxidant proteins, such
as HO-1 (Tayem et al., 2014; Behiry et al., 2018). As previously
reported, under basal conditions Nrf2 appears to be bound to the
inhibitory protein Keap-1, which is a nuclear-cytoplasmic shuttling



Fig. 6. Amlodipine alleviates cisplatin-induced renal histopathological injury in rats. A. Kidney section of control rat showing normal histological structure of glomeruli (G)
and tubules (T) (H&E, X400). B. Section of amlodipine group showing high integrity of tissue with normal appearance of tubules (T) and glomeruli (G) (H&E, X400). C. Kidney
section of amlodipine + cisplatin group showing congestion of the intertubular blood vessels (C), widespread vacuolar degeneration (arrow) and necrosis (dashed arrow) of
the renal tubular epithelial lining (H&E, X200). D1, D2. Kidney sections of cisplatin administered rats that were treated with amlodipine showing, D1: good degree of
restoration of the renal parenchyma against the action of cisplatin (H&E, X200), D2: mild degree of vacuolar degeneration (arrow) with few scattered necrotic cells and
regenerated tubules (RT) (H&E, X400). E. Scoring of the main histopathological findings in various groups. One-way ANOVA followed by Tukey’s post hoc test, were used for
the statistical analysis of each lesion. * p < 0.05 versus control, # p < 0.05 versus cisplatin group.
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protein (Karapetian et al., 2005). Meanwhile, cisplatin significantly
diminishes the expression level of Nrf2, and so elevates the expres-
sion of the inhibitory protein Keap-1 (Liao et al., 2017), that was
also evident from our results. Hence, enhancement of Nrf2 protein
expression is considered as a vital molecular target for
cytoprotection.

Interestingly, treatment with amlodipine has been reported to
exhibit anti-oxidant effects (Aslam et al., 2006; Li et al., 2009;
Suliburska et al., 2014). That was evident in our study by reduced
NADPH oxidase expression, a decline of MDA level, and a restora-
tion of GSH level. Besides, amlodipine increased NOx, that could
probably result from enhancing the release of endothelial NO and
extending its duration of action by scavenging superoxide anions
radicals (Berkels et al., 2004; Toma et al., 2011). Moreover,
amlodipine reduced mRNA expression of the inhibitory Keap-1,
leading to enhanced Nrf2 protein expression, and in turn aug-
mented expression of the anti-oxidant protein HO-1, that was in
accordance with previous studies (Toba et al., 2006; Lisk et al.,
2013).

It has been documented that the acute inflammatory response
triggered by cisplatin enhances its nephrotoxic effect (Manohar
and Leung, 2018; Djokovic et al., 2019). Interestingly, the reactive
oxygen and nitrogen species collaborate in p38 MAPK activation,
which plays a crucial role in production of the pro-inflammatory
cytokines, as well as regulation of the apoptotic cascade (Malik
et al., 2015). In the present study, the inflammatory response
evoked by cisplatin was indicated by the enhanced mRNA and pro-
tein expressions of p38 MAPK, as well as NF-jB mRNA expression.
p38 MAPK acts as an upstream signal for activation and migration
of NF-jB to the nucleus, that promotes transcription of specific
genes which encode pro-inflammatory mediators and cytokines,
such as TNF-a (Ma et al., 2015). Furthermore, TNF-a is considered
as an important cytokine to coordinate the activation of a large
network of pro-inflammatory cytokines such as IL-6, alongside
the adhesion molecules such as vascular cell adhesion molecule-
1 (VCAM-1) that promotes an inflow of inflammatory cells
(Yousef and Hussien, 2015). In parallel, our results demonstrated
that cisplatin-induced elevation of TNF-a, IL-6, and VCAM-1 in
renal tissues.

Consistent with the mitigation of oxidative stress in renal tubu-
lar cells, amlodipine afforded a remarkable anti-inflammatory
response. That was manifested via suppression of the pro-
inflammatory signaling triggered by p38 MAPK. Consequently,
amlodipine reduced the downstream targets NF-jB, TNF-a, IL-6,
and VCAM-1, giving an evidence to its anti-inflammatory actions
that have been also demonstrated in other studies (Toma et al.,
2011; Lu et al., 2016). These anti-inflammatory effects certainly
reinforce amlodipine in the management of cisplatin
nephrotoxicity.

It has been reported that cisplatin induces nephrotoxicity via its
accumulation in the mitochondria of renal tubular cells, hindering
mitochondrial bioenergetics, promoting excessive ROS generation,
leading eventually to the activation of various downstream pro-
teins that initiate apoptosis of renal tubular cells (Dasari and
Tchounwou, 2014). Additionally, ROS produced by cisplatin are
potent activators for signal transduction by protein kinases, such
as p38 MAPK which has been recognized by its critical role in pro-
moting apoptosis of renal tubular cells (Bragado et al., 2007).

Two main pathways of apoptosis are predominant in the
nephrotoxicity induced by cisplatin including the extrinsic or
death receptor pathway, that leads to activation of death receptors
via membrane ligands of cell death, such as TNF-a (Kalra et al.,
2019). In the other intrinsic or mitochondrial pathway cisplatin
affords up-regulation of the pro-apoptotic effector (Bax) and
diminishes the anti-apoptotic protein (Bcl-2), along with transloca-
tion of Bax from the cytosol to mitochondria promoting the liber-
ation of cytochrome c to the cytosol, that leads finally to the
activation of caspases (Yang et al., 2014).

In our study, cisplatin significantly induced apoptosis in renal
tubular cells, while prophylactic treatment with amlodipine mark-
edly enhanced the anti-apoptotic cascade through down-
regulation of the pro-apoptotic Bax, and up-regulation of the
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anti-apoptotic Bcl-2 expression. These results are in harmony with
those of other studies performed on amlodipine (Liu et al., 2007;
Bian et al., 2011; Xu et al., 2016). Moreover, amlodipine displayed
a remarkable regenerative effect by increasing HGF level, which
accelerates renal tubular repair after an acute injury with rapid
recovery of tubular morphology and function, along with acting
as a survival factor for renal tubular cells (Salem et al., 2018). That
signifies the protective role of amlodipine in the abrogation of
apoptosis induced by cisplatin.

5. Conclusion

The current study afforded a comprehensive elucidation regard-
ing the protective effects of amlodipine and its proposed mecha-
nisms against cisplatin nephrotoxicity. Importantly, inhibition of
GGT enzyme, which is the key step responsible for most of the
deleterious effects of cisplatin, is the main protective mechanism
conferred by amlodipine. Besides, amlodipine exhibits a great
anti-oxidant effect through augmenting Nrf2 and HO-1 expres-
sions. Additionally, amlodipine suppresses the inflammatory
response evoked by p38 MAPK, resulting in reduction of the pro-
inflammatory cytokines TNF-a and IL-6. Finally, amlodipine pro-
tects the kidney from apoptotic cell death by reducing Bax/Bcl-2
ratio, as well as elevating the survival factor HGF. Therefore, effec-
tive GGT inhibition by amlodipine with subsequent enhancement
of anti-oxidant defense and suppression of inflammatory signaling
and apoptosis support our suggestion that amlodipine could
replace toxic GGT inhibitors in protection against cisplatin
nephrotoxicity.
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