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Abstract 

Background: The renal burden imposed by diclofenac sodium (DS) remedy is a significant concern and limits the 
extension in its clinical application. Curcumin (Cur) can be used as a promising natural phytochemical in rescuing 
chemotherapy‑associated renal dysfunction owing to its redox stabilizing and cytoprotective nature. Thus, the current 
experiment aims to highlight the possible ameliorative impact of Cur on DS‑induced renal damage and its mediating 
mechanisms in adult male mice.

Methods: A total number of eighteen healthy adult mice of the male sex were classified into 3 groups for 21 days. 
The first group served as a control, whereas the second one received DS at 10 mg/kg body weight by intraperitoneal 
route of administration daily during the last 14 days of the experiment. The third group was supplemented with Cur at 
100 mg/kg body weight during the entire duration of the intervention in conjunction with the DS burden. At the end 
of the experimental protocol, kidney functions, redox parameters, histopathological investigation and TUNEL assay 
were performed.

Results: Cur succeeded in restoring the typical histomorphometric features and reducing the apoptosis in the 
kidney. The redox disturbances in the kidney of DS‑challenged mice rebalanced were manifested by normalizing the 
level of renal reduced glutathione and immunostaining of glutathione reductase and superoxide dismutase 2. No 
marked alteration in plasma urea level in the DS group could be noticed compared to the control. Nevertheless, an 
obvious reduction in plasma urea level was observed in the DS+Cur group relative to the control and DS groups. The 
comparison between all experimental groups revealed the absence of significant difference in plasma creatinine and 
renal lipid peroxide levels.

Conclusions: Cur might exert its renoprotective action through its cytoprotective, anti‑apoptotic and antioxidant 
characteristics. The findings of this study shed light on using natural phytochemicals to alleviate the adverse influ‑
ences of chemotherapies.
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Background
Diclofenac sodium (DS) is the most recommended 
worldwide drug in relieving painful and inflamma-
tory complaints (Ledakowicz et  al., 2019). However, its 
destructive effect on the renal system is a fundamental 
obstacle restraining its practical utilization (Huo et  al., 
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2020) as the kidney is highly susceptible to the harmful 
impacts of drug metabolites during their disposal (Hoso-
hata, 2016). Following hepatic biotransformation of DS to 
4-hydroxydiclofenac and other hydroxylated derivatives, 
they are excreted mainly in the urine (Kumar et al., 2002). 
The excretion and accumulation of these conjugates are 
strongly linked to renal dysfunction and end-stage renal 
failure (Ahmed et al., 2017).

DS is strongly incriminated in triggering renal cell 
death by increasing the pro-apoptotic effectors Bax, cas-
pase-3 and cytochrome C, and decreasing in the  anti-
apoptotic effector Bcl2 (Abdou et al., 2021; Hashem et al., 
2020). It also impedes the pathway of oxidative phos-
phorylation from ATP generation in the renal cells (Bao 
et al., 2012). The benzoquinone imine intermediates are 
the end products of the biotransformation of DS. They 
share in redirecting redox homeostasis toward the oxi-
dant side, resulting in renal destruction (Peter & Prince, 
2018). DS causes a marked increase in hydrogen perox-
ide, malondialdehyde, superoxide dismutase and catalase 
(Alabi & Akomolafe, 2020). It stimulates the production 
of reactive oxygen and nitrogen species and depresses 
the total antioxidant capacity (Aycan et al., 2018). These 
outcomes are emerged from the ability of DS to modulate 
the transcript level of nuclear factor erythroid 2-related 
factor 2; an essential regulator of cellular resistance to 
oxidants protein levels (Elbaz et  al., 2022). DS reduced 
glomerular filtration and plasma flow with subsequent 
renal tubular necrosis (Nethathe et al., 2021). DS-intox-
icated renal tissues are characterized by several other 
histopathological affections including shrinkage of the 
glomerulus, widening of the Bowman’s space, congestion 
of the blood vessels and interstitial edema and mono-
nuclear cellular infiltration (Abdou et al., 2021; Hashem 
et al., 2020). Serological and histomorphometrical studies 
revealed a marked decrease in mean volume, numerical 
density and total number of glomeruli following exposure 
to DS (Khoshvakhti et  al., 2015). These abnormalities 
are reflected on the kidney functional potency in rais-
ing circulating urea and creatinine levels (Ahmed et  al., 
2017; Aycan et al., 2018). These facts drive toward using 
phytochemical substances to prevent chemotherapy-
induced nephrotoxicity due to their efficacy, safety and 
attainability.

In folk medicine, curcumin (Cur) is a well-known 
therapeutic approach for numerous respiratory and gas-
trointestinal ailments (Araujo & Leon, 2001). According 
to Oriental beliefs, it has habitually been used in fighting 
abnormalities linked to inflammatory and peroxidative 
injury (Trujillo et al., 2013). Most of the biological actions 
of Curcuma longa L. are attributed to Cur, which is sug-
gested to be a top-ranked alternative in protecting against 
chemotherapy-associated disturbances as it reduces the 

production of apoptotic mediators and free radicals. The 
anti-apoptotic ability of Cur is mediated by activating the 
DNA repair process (Chen et al., 2017), down-regulating 
the transcript levels of pro-apoptotic mediators, up-
regulating those of anti-apoptotic mediators and induc-
ing cytoprotective proteins (Ben Yehuda Dai et al., 2016; 
Greenwald et al., 2017). Neutralization of reactive oxygen 
species, up-regulation of enzymatic antioxidants expres-
sion and stimulation of the production of non-enzymatic 
ones (Barzegar & Moosavi-Movahedi, 2011; Lavoie et al., 
2009) reflect the dual functional antioxidant role of Cur.

The above-mentioned multifaceted properties of Cur 
offer a solid intellectuality for interfering with the dif-
ferent toxicological targets of DS. However, the extent 
to which Cur can guard against DS-associated renal 
impairments remains open to debate in the light of its 
biphasic dose-related effects, rapid degradation, low 
oral bioavailability and presence of conflict data regard-
ing its effectiveness in combating chemotherapy-induced 
nephrotoxic injury (Antunes et  al., 2001; Moghaddam 
et  al., 2019; Tsuda, 2018). To our knowledge, a single 
scholarly article indicated the ameliorating impact of Cur 
on DS-induced nephrotoxicity in Albino rats (Ahmed 
et  al., 2017). The short-term administration of both DS 
and Cur and complete ignorance of the potential anti-
apoptotic and antioxidant expression modulatory effects 
of Cur add fuel to our study to continue exploring this 
issue.

Identifying the roles of natural antioxidant agents in 
offsetting the harms induced by DS is valuable in pre-
senting helpful nutritional methods in combination with 
chemotherapy to diminish its unwanted effects on vital 
organs such as the kidney. Thus, this study highlights the 
possible protective effects of Cur on DS-associated renal 
impairment in adult mice and its essential mechanistic 
tools.

Methods
Diclofenac sodium
Diclofenac sodium ampoules  (Voltaren® 75  mg/3  ml 
Novartis Pharma S.A.E. Cairo, Egypt) was obtained from 
a local registered medical store.

Curcumin
Curcumin from Curcuma longa (Turmeric), pow-
der (diferulylmethane, (E,E)-1,7-bis(4-hydroxy-
3 - m e t h ox y p h e ny l ) - 1 , 6 - h e p t a d i e n e - 3 , 5 - d i o n e , 
diferuloylmethane, CAS # 458-37-7) was purchased from 
Sigma-Aldrich Chemical Company (St. Louis, MO, USA).

Experimental animals
Healthy adult male mice (average body weight 30–40 g, 
average age 5–6  weeks) were used in the current study. 
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Animals were obtained from the Animal House, Fac-
ulty of Medicine, Assuit University, Assiut, Egypt. They 
were supplied with water and standard pelleted diets and 
exposed to typical diurnal photoperiods. The therapeutic 
intervention began after a 7-day adaptation period.

Experimental groups
Animals were equally allocated into three groups (Fig. 1). 
The intervention continued for 21  days using a single 
animal as an experimental unite. One group served as a 
control which received no treatment except water and 

Fig. 1 Chart clarifies the experimental design
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food ad libitum, while the second one (DS) was subjected 
to DS challenge every day by injection of a single dose 
of 10  mg/kg body weight through intraperitoneal route 
of injection (Waly et al., 2022) during the last 14 days of 
the experiment. The third group (DS + Cur) was supple-
mented with Cur (CAS number 458-37-7, Sigma-Aldrich, 
St. Lous, MO, USA) daily orally by stomach tube at a 
dose of 100 mg/kg body weight liquefied in 0.5% carboxy-
methyl cellulose (Li et al., 2019) along the entire duration 
of the intervention concurrently with the exposure to DS. 
The primary outcome measure in this investigation was 
the changes in renal functional biomarkers following the 
treatments.

Sampling
At the end of experimental interventions, blood and 
testicular tissue samples were collected from eighteen 
healthy adult male mice (6 mice/group) to be subjected 
to biochemical measurements, histopathological and 
morphometrical examination and TUNNEL assay.

Collection and preparation of plasma and kidney
Twenty-one days after the start of the experiment, the 
blood samples were obtained following overnight fasting 
from a jugular vein in EDTA-containing tubes. The with-
drawn samples were centrifuged at 3000 rpm for 10 min 
to get plasma which was kept at − 20 °C to estimate urea 
and creatinine later. Mice were euthanized by cervical 
dislocation, kidneys were harvested and cleaned with 
normal saline 0.9%. 10% neutral buffered formalin was 
used for fixation of one kidney for the histological stud-
ies. The other kidney was preserved at − 20 °C to evalu-
ate reduced glutathione (GSH) and lipid peroxides (LPO). 
The supernatant obtained from kidney homogenate were 
kept at − 20 °C for assessment of redox status. To ensure 
blinding during the experiment, animal care technician 
was uninformed of distribution of groups.

Histological and histomorphometrical assessments
Formalin-fixed samples were dehydrated in ascending 
grades of ethanol, cleared in methyl benzoate and embed-
ded in paraffin wax. Paraffin sections of 5  µm in thick-
ness were cut and stained with the following histological 
stains: hematoxylin and eosin (H&E) for general histolog-
ical evaluation, periodic acid Schiff (PAS) technique for 
the histochemical demonstration of glycogen (Bancroft & 
Gamble, 2008) and Masson’s trichrome method to stain 
collagen fibers (Crossmon, 1937).

Immunohistochemistry of superoxide dismutase 2 
and glutathione reductase
Polyclonal anti-glutathione reductase, anti-superoxide 
dismutase 2 antibodies (Chongqing Biospes Co., Ltd, 

China) were utilized for the immunohistochemical detec-
tion of glutathione reductase (GR) and superoxide dis-
mutase 2 (SOD2) in the tissue samples. The procedure 
of immunohistochemistry was following the instructions 
in Power-Stain™ 1.0 Poly horseradish peroxidase (HRP) 
DAB Kit (Genemed Biotechnologies, Inc, 458 Carlton Ct. 
South San Francisco, CA 94,080, USA).

TUNEL assay
Evaluation of apoptosis was performed using In  Situ 
Cell Death Detection Kit, Fluorescein (Sigma-Aldrich) 
according to a previously published protocol (Abd-Elka-
reem et al., 2021).

An Olympus BX51 microscope was used to exam-
ine all staining preparations, and the photographs were 
captured by an Olympus DP72 camera linked to the 
microscope.

Kidney functional and redox parameters
Plasma urea, creatinine and total antioxidant capacity 
(TAC) were measured colorimetrically using commercial 
kits (Egyptian Company for Biotechnology, Egypt, cata-
log # 318,001, 234,001 and TA2513, respectively). Renal 
total protein level was estimated using Folin–Ciocalteu 
solution reagent (Lowry et  al., 1951), and the concen-
tration was calculated from standard curve. Renal GSH 
content was assessed using 5,5 dithiobis (2-nitroben-
zoic acid) (Beutler, 1963). Tetramethoxypropane was 
used as external reagent for determination of renal LPO 
(Ohkawa et al., 1979). Catalase (CAT) activity was meas-
ured according to the method of Lück (1963), based on 
its ability to decompose hydrogen peroxide. All assessed 
measures were normalized with the total protein concen-
tration in the kidney tissue to avoid the effects of dilu-
tion/concentration difference.

Statistical analysis
The data were expressed as a mean ± standard error. 
One-way analysis of variance was used to determine sta-
tistical significance, followed by a Duncan post hoc test. 
The significance was considered at p values < 0.05. The 
results were analyzed using SPSS software 16.

Results
Effect of curcumin on histo‑architecture 
and histomorphometry of kidney in diclofenac 
sodium‑challenged mice
Histologically, the kidney of the control group illustrated 
typical architecture of renal corpuscles, proximal tubules 
and distal tubules. The renal corpuscle was formed of a 
normal-sized glomerulus and Bowman’s capsule. The 
glomerulus was a cluster of blood capillaries surrounded 
by the Bowman’s capsule. Bowman’s capsule was formed 



Page 5 of 16Ragab et al. The Journal of Basic and Applied Zoology           (2022) 83:50  

of a parietal and visceral layer separated by a Bowman’s 
space. The continuous healthy parietal layer of Bowman’s 
capsule was formed of single layer of simple squamous 
epithelium resting on the basement membrane, while 
the visceral layer was formed of podocytes. The proximal 
tubules included large cuboidal cells with well-developed 
brush borders and rounded centrally located nuclei. 
Macula densa cells of juxtaglomerular apparatus were 
modified epithelial cells of the distal convoluted tubules 
close to the vascular pole of its glomerulus. These cells 
were numerous tall columnar cells with deeply stained 
nuclei (Fig.  2A, D and G). The present study revealed 
that the kidney of DS group showed degenerated renal 
corpuscles, degenerated proximal tubules, small-sized 

glomerulus, wide Bowman’s space, destructed parietal 
layer of Bowman’s capsule and detached macula densa 
cells of juxtaglomerular apparatus (Fig. 2B, E and H). The 
kidney of DS group also showed renal tubules with mildly 
edematous epithelial lining, intra-tubular cellular debris 
and intra-tubular hyaline casts (Fig.  3B). The kidney of 
DS + Cur group showed restoration of the typical archi-
tecture of renal corpuscles, proximal tubules, normal 
size of the glomerulus and Bowman’s space, continuous 
healthy parietal layer of Bowman’s capsule and normal 
macula densa cells of juxtaglomerular apparatus (Fig. 2C, 
F and I). Also, the kidney of the DS + Cur group showed 
normal renal tubules with few or no intra-tubular cellular 
debris and intra-tubular hyaline casts (Figs. 3C).

Fig. 2 Photomicrographs of paraffin sections stained with Hematoxylin and Eosin (HX&E) illustrated the protective effect of curcumin on diclofenac 
sodium induced renal damage in rat. A The kidney of control (Ctrl) group showed normal architecture of renal corpuscles (RC) and proximal tubules 
(PT). B The kidney of diclofenac sodium (DS) group showed degenerated renal corpuscles (DRC) and degenerated proximal tubules (DPC). C The 
kidney of diclofenac sodium + curcumin (DS + Cur) group showed restoration of the normal architecture of renal corpuscles (RC) and proximal 
tubules (PC). D The kidney of Ctrl group showed normal‑sized glomerulus (G) and Bowman’s space (BS), along with continuous healthy parietal 
layer of Bowman’s capsule (arrow) and normal proximal tubules (PT). E The kidney of DS group showed small‑sized glomerulus (G), wide Bowman’s 
space (BS), destructed parietal layer of Bowman’s capsule (arrow) and degenerated proximal tubules (DPC). F The kidney of DS + Cur group showed 
the restoration of the normal size of the glomerulus (G) and Bowman’s space (BS), along with continuous healthy parietal layer of Bowman’s capsule 
(arrow) and normal proximal tubules (PT). G The kidney of Ctrl group showed normal‑sized glomerulus (G) and Bowman’s space (BS) and normal 
macula densa cells of juxtaglomerular apparatus (MD). H The kidney of DS group showed small‑sized glomerulus (G), wide Bowman’s space (BS) 
and detached macula densa cells of juxtaglomerular apparatus (DMD). I The kidney of DS + Cur group showed restoration of the normal size of 
the glomerulus (G) and Bowman’s space (BS) and normal macula densa cells of juxtaglomerular apparatus (MD). Original magnification (A–C) X200, 
scale bar = 100 μm, (D–I) X400, scale bar = 50 μm
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The morphometrical measurements revealed that the 
number of the renal corpuscles per unit area and glo-
merular podocytes significantly decreased (Fig.  4B and 
C, respectively). In contrast, the size of Bowman’s space 
and glomerular vessels increased dramatically in the DS 
group compared to the control one. Cur supplementa-
tion restored these morphometric features to normal 
(Fig.  3D and 5D, respectively). A significant decrease in 
the renal corpuscles and glomerulus size was found in the 
DS group versus the control one. At the same time, the 
administration of Cur returned these outcome measures 
to the baseline levels (Fig. 5E and F, respectively). Alter-
natively, there were insignificant changes in the thick-
ness of the epithelium and brush borders of the proximal 
tubules in the different groups (Fig.  6G and H, respec-
tively). Nevertheless, there was a significant increase in 
the diameter of the lumen of the proximal tubules in the 
DS group in comparison with the control one, and Cur 
restored it near to normal (Fig. 6I).

Typical collagen contents in glomeruli was found 
in the kidney of the control group. It also exhibited a 

normal basement membrane of the  renal tubules and 
of the parietal layer of the Bowman’s capsule (Fig. 5A). 
The kidney of the DS group showed fewer collagen con-
tents in glomeruli. It also displayed a thin, disrupted 
basement membrane of the  renal tubules and of  the 
parietal layer of the Bowman’s capsule (Fig.  5B). In 
contrast, the supplementation with Cur rescued these 
changes (Fig. 5C).

The kidney of the control group showed average-sized 
glomerular capillaries and normal proximal tubules 
with intense PAS-positive brush borders, narrow 
lumen and continuous PAS-positive renal tubular base-
ment membrane (Fig. 6A and D). However, the kidney 
of the DS group showed large-sized (widened) glomer-
ular capillaries and proximal tubules with decreased 
PAS-positive brush borders, wide lumen and disrupted 
renal tubular basement membrane (Fig.  6B and E). In 
contrast, the kidney of the DS + Cur group showed 
restoration of the average-sized glomerular capillaries 
and normal proximal tubules with intense PAS-positive 
brush borders, narrow lumen and continuous healthy 

Fig. 3 Photomicrographs of paraffin sections stained with Hematoxylin and Eosin (HX&E) illustrated the protective effect of curcumin (Cur) on 
diclofenac sodium (DS) induced renal damage in rat. A The kidney of control (Ctrl) group showed normal‑sized glomerulus (G), Bowman’s space 
(BS) and renal tubules (RT). B The kidney of DS group showed small‑sized glomerulus (G) and wide Bowman’s space (BS) and renal tubules with 
mildly edematous epithelial lining (arrow), intra‑tubular cellular debris (arrowhead) and intra‑tubular hyaline casts (H). C The kidney of diclofenac 
sodium + curcumin (DS + Cur) group showed restoration of the normal size of the glomerulus (G), Bowman’s space (BS) and normal renal tubules 
(RT). Original magnification X400, scale bar = 50 μm. D Histogram showed that the size of Bowman’s space significantly increased in DS group 
compared to the control group, and oral supplementation of Cur restored the normal size of the Bowman’s space. Results are expressed as 
mean ± SEM (6 mice/group). Data are analyzed by one‑way ANOVA followed by Duncan posttest. aindicates significant difference between control 
and DS groups at p < 0.05; bindicates significant difference between DS and DS + Cur groups at p < 0.05
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PAS-positive renal tubular basement membrane 
(Fig. 6C and F).

Effect of curcumin on immunostaining of superoxide 
dismutase 2 and glutathione reductase of kidney 
in diclofenac sodium‑challenged mice
To examine the anti-oxidative effect of Cur, we stained 
paraffin sections with SOD2 and GR immunostaining. 
We found that the kidney of the control group exhibited a 
slight SOD2 and GR immunostaining in the renal corpus-
cles and tubules (Fig. 7A and D, respectively). While, the 
kidney of DS group showed mild SOD2 and GR immu-
noexpression in the renal corpuscles and tubules (Fig. 7B 
and E, respectively). On the other hand, the kidney of 
DS + Cur group displayed a minor SOD2 and GR immu-
nostaining in the renal corpuscles and tubules (Fig.  7C 
and F, respectively).

Effect of curcumin on apoptosis
The kidney of the control group exhibited fewer apop-
totic cells in the renal corpuscles and tubules (Fig. 8A and 

D) than those observed in the DS group (Fig. 8B and E). 
In contrast, the kidney of the DS + Cur group exhibited 
few apoptotic cells in the renal corpuscles and tubules 
(Fig. 8C and F).

All the renal damages induced by DS were mild to 
moderate, and there were renal compensatory changes to 
overcome these damages.

Effect of curcumin on kidney functional and redox 
parameters in diclofenac sodium‑challenged mice
Table  1 shows the changes in kidney function and the 
parameters of redox homeostasis in the DS-challenged 
mice. The plasma urea level was insignificantly changed 
in the DS group in comparison with the control one. 
However, a significant decrease in plasma urea level was 
observed in the DS + Cur group relative to the control 
and DS groups. The comparison between all the experi-
mental groups revealed the absence of significant dif-
ferences in plasma creatinine and renal LPO levels. The 
disturbance in reductive/oxidative balance in the kid-
ney of DS-exposed mice was evident by a significant 
elevation in GSH level and reduction in CAT activity in 

Fig. 4 A Photograph showed the measured morphometric parameters in the renal corpuscles. B Histogram showed that the number of the 
renal corpuscles per unit area significantly decreased in diclofenac sodium (DS) group compared to the control (Ctrl) group, and curcumin (Cur) 
restored the number of renal corpuscles to normal. 3C: Histogram showed that the number of glomerular podocytes significantly decreased in DS 
group while oral supplementation of Cur prevented this decrease and kept the normal number of glomerular podocytes. Results are expressed as 
mean ± SEM (6 mice/group). Data are analyzed by one‑way ANOVA followed by Duncan posttest. aindicates significant difference between control 
and DS groups at p < 0.05; bindicates significant difference between DS and DS + Cur groups at p < 0.05
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comparison with the control group. Oral supplemen-
tation with Cur protected against renal redox imbal-
ance as manifested by restoring the renal GSH toward 
the control level. However, the renal CAT activity of the 
DS + Cur group was significantly lower than that of the 
control and DS groups. The TAC of the DS and DS + Cur 
groups was significantly higher than that of the control 
group, without a significant difference between DS and 
DS + Cur groups.

Discussion
The key outcome of this study is the renoprotection of 
Cur against renal deteriorations driven by DS in mice 
by restoring the normal histo-architecture and redox 
homeostasis and suppressing apoptotic cascade. These 

outcomes open new opportunities in the front for fur-
ther research investigating the potential protective effects 
of this natural supplement on other DS-related health 
hazards.

The histopathological lesions in the kidney of DS-intox-
icated mice are consistent with Peter and Prince (2018) 
and Shafeek et al. (2019). Taken into account the plenty 
of polyunsaturated fatty acids in renal tissues, DS spe-
cifically invades the renal microenvironment to induce 
oxidative and nitrosative stress compromising the renal 
cytological patterns, blood flow in addition to glomeru-
lar capillary ultrafiltration coefficient (Aycan et al., 2018; 
Garcia-Cohen et  al., 2000; Kubo et  al., 1997). The renal 
microvasculature is constricted and perfusion is impaired 
owing to the ability of DS to suppress generation of 

Fig. 5 Photomicrographs of paraffin sections stained with Crossmon’s trichrome technique illustrated the protective effect of curcumin (Cur) on 
diclofenac sodium (DS) induced renal damage in rat. A The kidney of control (Ctrl) group showed normal collagen contents in glomeruli (G) in the 
continuous renal tubular basement membrane (arrow) and in the continuous basement membrane of the parietal layer of the Bowman’s capsule 
(arrowhead). B The kidney of DS group showed a less collagen contents in glomeruli (G) in the thin disrupted renal tubular basement membrane 
(arrow) and in the thin disrupted basement membrane of the parietal layer of the Bowman’s capsule (arrowhead). C The kidney of diclofenac 
sodium + curcumin (DS + Cur) group showed restoration of the normal collagen contents in glomeruli (G) in the continuous renal tubular 
basement membrane (arrow) and in the continuous basement membrane of the parietal layer of the Bowman’s capsule (arrowhead). Original 
magnification X400, scale bar = 50 μm. D Histogram showed that the size of glomerular vessels significantly increased in DS group compared to 
the control group, and oral supplementation of Cur restored the normal size of the glomerular vessels. E Histogram showed that the size of the 
renal corpuscles significantly decreased in DS group compared to the control group, and oral supplementation of Cur restored the normal size of 
the renal corpuscles. F Histogram showed that the size of the glomerulus significantly decreased in DS group compared to the control group, and 
oral supplementation of Cur restored the normal size of the glomerulus. Results are expressed as mean ± SEM (6 mice/group). Data are analyzed 
by one‑way ANOVA followed by Duncan posttest. aindicates significant difference between control and DS groups at p < 0.05; bindicates significant 
difference between DS and DS + Cur groups at p < 0.05; cindicates significant difference between control and DS + Cur groups at p < 0.05
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vasodilator prostaglandins in the kidneys (Mizuno et al., 
2012). This pathological condition promotes renal tubu-
lar damage and impairs regenerative ability, which is the 
leading cause of renal interstitial fibrosis (Wang et  al., 
2012). Depletion of intracellular ATP synthesis in renal 

tubular epithelial cells adds another dimension to the 
nephrotoxic nature of DS (Bao et al., 2012). From a dif-
ferent perspective, excretion and accumulation of the 
detoxification products of DS have been closely impli-
cated in renal dysfunction and might have direct harmful 

Fig. 6 Photomicrographs of paraffin sections stained with periodic acid Schiff (PAS) illustrated the protective effect of curcumin (Cur) on diclofenac 
sodium (DS) induced renal damage in rat. A The kidney of control (Ctrl) group showed normal‑sized glomerulus (G) and glomerular capillaries 
(C). B The kidney of DS group showed small‑sized glomerulus (G) and large‑sized (widened) glomerular capillaries (C). C The kidney of diclofenac 
sodium + curcumin (DS + Cur) group showed restoration of the normal‑sized glomerulus (G) and glomerular capillaries (C). D The kidney of control 
(Ctrl) group showed normal proximal tubules with intense PAS‑positive brush borders (BB), narrow lumen (blue star) and continuous healthy 
PAS‑positive renal tubular basement membrane (arrow). E The kidney of DS group showed proximal tubules with decreased PAS‑positive brush 
borders (BB), wide lumen (blue star) and disrupted renal tubular basement membrane (arrow). F The kidney of DS + Cur group showed restoration 
of the normal proximal tubules with intense PAS‑positive brush borders (BB), narrow lumen (blue star) and continuous healthy PAS‑positive renal 
tubular basement membrane (arrow). Original magnification X400, scale bar = 50 μm. G and H: Histograms showed that there were no significant 
changes in the thickness of epithelium and brush borders (respectively) of the proximal tubules in the different groups. I: histogram showed 
that there was a significant increase in the diameter of the lumen of the proximal tubules in DS group compared to the control group, and oral 
supplementation of Cur restored the diameter of the lumen of the proximal tubules near to normal. Results are expressed as mean ± SEM (6 mice/
group). Data are analyzed by one‑way ANOVA followed by Duncan posttest. aindicates significant difference between control and DS groups at 
p < 0.05; bindicates significant difference between DS and DS + Cur groups at p < 0.05
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effects (Ahmed et al., 2017; Rankin et al., 2008). In addi-
tion, CAT deficiency in the DS group rendered the renal 

tissues more susceptible to oxidative injury and renal 
fibrosis (Kobayashi et al., 2005).

Fig. 7 Photomicrograph of superoxide dismutase 2 (SOD2) (A–C) and glutathione reductase (GR) (D–F) immunostaining in the kidney. A The 
kidney of control (Ctrl) group showed slight SOD2 immunostaining in the renal corpuscles (RC) and tubules (PT). B The kidney of diclofenac 
sodium (DS) group showed mild SOD2 immunoexpression (arrowheads) in the renal corpuscles (RC) and tubules (PT). C The kidney of diclofenac 
sodium + curcumin (DS + Cur) group showed slight SOD2 immunostaining in the renal corpuscles (RC) and tubules (PT). D The kidney of Ctrl group 
showed slight GR immunostaining in the renal corpuscles (RC) and tubules (PT). E The kidney of DS group showed mild GR immunoexpression 
(arrowheads) in the renal corpuscles (RC) and tubules (PT). F The kidney of DS + Cur group showed slight GR immunostaining in the renal 
corpuscles (RC) and tubules (PT). Original magnification, X200, scale bar = 100 μm

Fig. 8 Fluorescent photomicrograph of TUNEL assay in the paraffin sections of kidney. A (low magnification) & D (high magnification): The kidney 
of control (Ctrl) group showed few numbers of apoptotic cells in the renal corpuscles (RC, arrowhead) and tubules (RT, arrow). B (low magnification) 
& E (high magnification): The kidney of diclofenac sodium (DS) group showed high number of apoptotic cells in the renal corpuscles (RC, 
arrowheads) and tubules (RT, arrow). C (low magnification) & F (high magnification): The kidney of diclofenac sodium + curcumin (DS + Cur) group 
showed few numbers of apoptotic cells in the renal corpuscles (RC, arrowheads) and tubules (RT, arrow). Original magnification in A–C, X200, scale 
bar = 100 μm, in D–F X400, scal bar = 50um
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The essential structural constituent in the glomerular 
basement membrane is collagen, which is responsible 
for ultrafiltration barrier integrity. Loss of this integrity 
results in a defect in one of the essential functional cri-
teria of glomerular membranes, such as selective per-
meability (Miner, 2012). The renal tubular basement 
membrane is responsible for conserving cellular attach-
ment, growth, proliferation and angiogenesis and assists 
as a growth factor storehouse (van Genderen et  al., 
2018). Structural and compositional basement mem-
brane defects have been linked to kidney dysfunction 
and adverse renal outcomes (Jones et al., 2016). Collagen 
fibers represent the basement membrane’s main con-
stituent, forming an extensively cross-linked network to 
provide a mechanical scaffold (Bhave et al., 2017). Deple-
tion of collagen content in the basal lamina of glomerular 
membrane and tubular epithelial cells indicates glomeru-
lar hyperpermeability and disturbance in the processes 
of renal handling (Abd-Elkareem et al., 2020; Kotb et al., 
2018; Zayed et al., 2018). DS has a suppressive impact on 
the cellular protein synthesizing machinery by blocking 
DNA synthesis and mRNA translation, evoking lysoso-
mal damage to release proteolytic enzymes and irrevers-
ible protein modification (Barcelos et al., 2017; Dastidar 
et al., 2000; Nouri & Heidarian, 2019; Pourahmad et al., 
2011).

The significant expansion in Bowman’s space following 
DS exposure could result from glomerular atrophy. The 
presence of glomerular edema may explain the increase 
in capsular area. Glomerular edema results from obstruc-
tion in the renal tubules (Zayed et al., 2018), evident by 
the presence of edematous epithelial lining, intra-tubular 
cellular debris and intra-tubular hyaline casts in the renal 
tubules. Redox disturbance is a main causative factor in 

renal obstruction by hindering fluid outflow (Jin et  al., 
2018).

As evident by our findings, dilatation of the glomeru-
lar tuft is involved in increased vascular permeabil-
ity, allowing translocation of fluid from the glomerular 
space to the renal tubules (Cara-Fuentes et al., 2016). DS 
causes dilation of glomerular blood vessels correspond-
ing to a previous histological ultrastructural study (Taib 
et al., 2004). This outcome could antagonize the effect of 
vasoconstrictor agents through a decline in the levels of 
prostanoid-derived agents (Annuk et al., 2002). Increased 
intra-glomerular hydrostatic pressure, as implied by the 
dilation of glomerular blood vessels, could underlie the 
separation of viable and non-viable podocytes from the 
glomerular basal lamina via induction of apoptosis and 
structural modifications in adhesion proteins (Hamad 
et al., 2017).

According to our findings concerning the immunoex-
pression of enzymatic antioxidants, induction of oxida-
tive stress in the renal tissues could be responsible for 
the decline in glomerular podocyte count by suppressing 
essential podocyte-related proteins and up-regulating 
chemokine receptors, which further aggravates podocyte 
injury through the vicious circle of activation of NADPH 
oxidase and production of reactive oxidants (Mo et  al., 
2017). Podocyte depletion leads to instability of the glo-
merular filtration apparatus, culminating in proteinuria 
and glomerulosclerosis (Nagata, 2016).

The apparent enhancement in the renal histo-archi-
tecture and morphometrical aspects of DS-exposed 
mice following Cur supplementation is in line with other 
investigators (Ahmed et  al., 2017). Quenching the free 
oxidants, vasodilation of the renal microvasculature and 
blocking the apoptotic pathways by Cur (Shao et al., 2019; 
Trujillo et al., 2016; Wu et al., 2017) could normalize the 

Table 1 Effects of curcumin on kidney function parameters and oxidant/antioxidant balance of diclofenac sodium‑challenged mice

Results are expressed as mean ± SEM (6 mice/group)

Data are analyzed by one-way ANOVA followed by Duncan posttest

DS Diclofenac sodium; Cur curcumin; TAC  total antioxidant capacity; LPO lipid peroxides; CAT  catalase; GSH reduced glutathione
a indicates significant difference between control and DS groups at p < 0.05
b indicates significant difference between DS and DS + Cur groups at p < 0.05
c indicates significant difference between control and DS + Cur groups at p < 0.05

Parameter Group

Control DS DS + Cur p value

Plasma urea level (mg/dl) 53.761 ± 3.556 65.000 ± 6.380 33.561 ± 3.049bc 0.001

Plasma creatinine level (mg/dl) 0.407 ± 0.024 0.422 ± 0.014 0.486 ± 0.031 0.098

Plasma TAC level (mM/l) 0.043 ± 0.005 0.068 ± 0.005a 0.062 ± 0.007c 0.022

Renal LPO level (nmol/mg protein) 2.193 ± 0.306 1.864 ± 0.167 1.673 ± 0.187 0.302

Renal CAT activity (U/mg protein) 3.843 ± 0.193 2.655 ± 0.383a 0.935 ± 0.162bc 0.000

Renal GSH level (μg/mg protein) 34.494 ± 1.604 61.039 ± 6.927a 33.165 ± 3.670b 0.002
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renal histopathological changes. The cytoprotective influ-
ence of Cur could explain the absence of intra-tubular 
cast and debris and the restoration of normal histologi-
cal features of glomerular corpuscles and renal tubule. 
Reduction in cell detachment and cast development may 
arise from attenuation in tubular blockage and conse-
quent enhancement of renal functionality. The role of 
Cur in DNA repair, cell energy preservation and conser-
vation of tissue integrity (Ahmed-Farid et al., 2017) could 
be implicated in this outcome.

DS increased the protein expression of renal SOD2 
and GR and the level of renal GSH in our experimental 
model. SOD2 is a crucial mitochondrial enzymatic anti-
oxidant that is indispensable for mitigating DS-induced 
apoptosis (Cecere et al., 2010). GSH is a central partici-
pant in the cellular redox network by scavenging reac-
tive oxygen and nitrogen species (Couto et al., 2016). It is 
binding under the catalytic effect of glutathione-S-trans-
ferase allows xenobiotic harmful complexes to convert to 
a highly soluble harmless ones predisposing to its elimi-
nation (Dasari et  al., 2018). A compensatory activation 
and up-regulation in gamma-glutamylcysteine synthetase 
and cystine/glutamate transporter (Kim et al., 2001; Ray 
et  al., 2002) could be contributory factors in increasing 
renal GSH levels. DS triggers intracellular reactive oxygen 
and nitrogen species over generation leading to oxidative 
stress (Aycan et al., 2018). As stimulation of antioxidant 
defensive mechanisms was an essential prerequisite to 
counteract the harmful effects of peroxidative damage, 
peroxidative insult induces up-regulation in antioxidant 
defenses by stimulation of redox-dependent transcription 
mediators (Done & Traustadóttir, 2016). For instance, 
DS up-regulates the transcript abundance of nuclear 
factor erythroid 2-related factor 2 (Bao et  al., 2017), 
which controls the expression of a network of genes 
initiating acclimatization to oxidative stress. In light of 
our observations, it seems that redox imbalance follow-
ing DS dosage prompts redox stabilizers such as GSH, 
GR and SOD2 to afford the cells with a firewall against 
the harmful influences of reactive oxidants (El-Shafei & 
Saleh, 2016). Although the insignificant changes in renal 
LPO levels in the DS group in comparison with the con-
trol one contradicts previous observations (Borghi et al., 
2018; El-Shafei & Saleh, 2016), peroxidative interactions 
on the other biological molecules, including protein and 
DNA cannot be omitted.

Down-regulation of GR following Cur administration 
is in harmony with that observed previously (Manal, 
2016). In the current study, reduced immunostaining of 
SOD2 and GR in the renal tissue after Cur supplemen-
tation contrasts the up-regulation in gene expression 
of hepatic antioxidants in aflatoxin B1 intoxicated rats 
(El‐Bahr, 2015). This conflicting finding might be owing 

to alterations in experimental design. The minor immu-
nostaining of SOD2 and GR in the DS + Cur group 
reflects the inhibition of free radical overgeneration by 
preserving mitochondrial function and down-regulat-
ing some NADPH subunits (Trujillo et  al., 2013). From 
another prospective, the reduction in the immunoex-
pression of GR explain the drop in GSH level taken into 
consideration that GR is responsible for maintaining the 
normal supply of GSH (Couto et al., 2016).

The apoptotic impact of DS on renal tissues goes hand 
to hand with a previous report (Shafeek et  al., 2019). 
From another perspective, the reduction in the immu-
noexpression of GR explains the drop in GSH level, 
considering that GR is responsible for maintaining the 
normal supply of GSH (Couto et al., 2016). This outcome 
is mediated by mitochondrial damage, loss of lysosomal 
membrane integrity and escape of hydrolyzing proteases 
which result in the emission of cytochrome C from the 
mitochondrial compartment motivating downstream 
apoptotic effectors (Pourahmad et  al., 2011). Overpro-
duction of free radicals, depletion of ATP content, induc-
tion of nuclear fragmentation, overexpression of death 
ligand tumor necrosis factor-alpha and activation of c‐
Jun NH2‐terminal protein kinase (Ng et al., 2006; Shafeek 
et al., 2019; Singh et al., 2011) might be also responsible 
for the apoptotic nature of DS. Conversely, Cur mark-
edly decreased the TUNEL-positive cells similar to that 
observed in a glycol-induced nephrotoxic rat model by 
activation of PI3K/Akt pathway resulting in attenuation 
in release of pro-apoptotic caspases, inhibition of tumor 
necrosis factor-gamma signaling pathway and reduction 
of Bax/Bcl-2 ratio (Awad & El-Sharif, 2011; Huang et al., 
2018; Wu et al., 2017). A close inspection of our findings 
revealed that the marked elevation in CAT activity fol-
lowing Cur supplementation could play a role in coun-
teracting apoptosis by maintaining low levels of reactive 
oxygen species and controlling chromosomal stability 
(Kang et al., 2013).

In contradiction of a broad spectrum of scientific 
articles (Borghi et  al., 2018; Mousa et  al., 2020; Peter & 
Prince, 2018), the absence of significant modulation in 
plasma urea and creatinine levels in the DS group rep-
resents a surprise. Nevertheless, the dramatic increase 
in the size of Bowman’s space and glomerular vessels 
in parallel with a significant increase in the diameter of 
the lumen of the proximal tubules could be part of com-
pensatory mechanisms that stabilize urea and creatinine 
in the bloodstream. According to our histopathologi-
cal examination, the injurious modifications in the renal 
tissues of mice inflicted with DS were of a reasonable 
degree. Based on our findings, the compensatory up-reg-
ulation in SOD2 and GR and a pronounced increase in 
TAC could play a pivotal role in minimizing the adverse 
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changes of renal damage biomarkers in the face of DS 
exposure. El-Shafei and Saleh (2016) found an insignifi-
cant change in serum creatinine level of DS-challenged 
rats. It seems that DS needs an extended period to reach 
threshold of end-stage renal failure. For example, as an 
index of kidney injury, the glomerular filtration rate must 
be reduced to about one-half of its standard value before 
this become enough to alter plasma urea and creatinine 
concentrations (Baum et  al., 1975). Adaptive mecha-
nisms, including hypertrophy, decrease in vascular resist-
ance and tubular reabsorption in remaining nephrons, 
allow maintenance of internal homeostasis, even when 
the kidney mass is reduced to 20–25% of normal (Hall & 
Hall, 2020). Urea is a principal nitrogenous waste prod-
uct of protein metabolism. The ability of Cur to decrease 
plasma urea levels is similar to prior findings (Ahmed 
et al., 2017) due to increased renal urea clearance (Tirkey 
et  al., 2005). The significant drop in plasma urea in the 
DS + Cur group contributes in limiting reactive oxidant 
generation and apoptosis in the kidneys (Vanholder et al., 
2018).

Conclusions
The adverse renal consequences of DS were ameliorated 
by oral intake of Cur in mice by rebalancing redox poten-
tial, blocking programmed cell death and providing cyto-
protection. These outcomes are of utmost significance in 
opening windows toward incorporating Cur in fighting 
the DS-related defects and touching a new ground for 
exploring its usefulness in combating the other danger-
ous effects of DS.
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