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Abstract
Doxorubicin (DOX) is an anti-neoplastic therapy, but its use is limited by its deleterious toxic effects including nephrotoxicity 
and cardiotoxicity. This work aimed at assessing the potential protective effect of Ceratonia siliqua methanol extract (CME) 
on DOX-induced nephrotoxicity in 5 groups of Wistar rats. Nephrotoxicity was induced experimentally by intraperitoneal 
(IP) injection of DOX (15 mg/kg). DOX increased serum creatinine, urea, sodium, and potassium levels. It elevated MDA 
levels in the renal tissue but decreased the concentration of GSH and the activity of GST, CAT, and SOD. Meanwhile, it 
decreased the level of immunomodulatory anti-inflammatory mediators: IL-10 and TGF-β, as well as the activity of MPO but 
increased the level of IL-6, TNF-α, and caspase-3 in the renal tissue. DOX has upregulated COX-2, caspase-9, and Bax gene 
expression and downregulated the Bcl-2 gene expression. Immunolabeling of renal tubular epithelium in DOX-intoxicated 
rats was moderate to strong against Bax, COX-2, and NF-kβ and weak against Bcl-2. Treatment with CME significantly 
restored the levels of kidney function parameters and the levels of oxidative stress markers. It stimulated the production of 
IL-10 and TGF-β and decreased the level of IL-6 and TNF-α. CME reverted the gene expression of COX-2, caspase-9, and 
Bax. Microscopically, CME alleviated the DOX-induced renal damage. Phytochemical analysis revealed the presence of 26 
compounds in the CME. No signs of acute toxicity were recorded by CME up to 4000 mg/kg b. wt. orally into mice. Finally, 
CME could effectively alleviate the deleterious effects of DOX on the kidney. The safety of carob extract encourages its use 
in the preparation of valuable therapeutic agents.
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Introduction

The kidney is a vital organ in the body performing many 
essential functions including the regulation of the extracel-
lular environment to maintain homeostasis, elimination of 
noxious metabolites, and detoxification drugs (Ferguson 
et al. 2008). The kidney is a major target organ for exog-
enous toxicants and endogenous toxic products. Nephro-
toxicity is a renal-specific feature in which excretion does 
not go smoothly because of toxic metabolites or drugs 
(Finn and Porter 2003). Approximately 20% of nephro-
toxicity is induced by drugs, but medication for aged per-
sons increases the incidence of nephrotoxicity by up to 
66% (Kim and Moon 2012). Anticancer drugs are well 
known for their nephrotoxic effect (Naughton 2008; Nagai 
and Takano 2010). Several mechanisms are reported to 
cause nephrotoxicity. These factors include inflammation, 
changes in glomerular hemodynamics, crystal nephropa-
thy, tubular cell toxicity, and thrombotic microangiopathy 
(Schnellmann and Kelly 1999; Ferguson et al. 2008; Finn 
and Porter 2003).

Doxorubicin is a very effective therapeutic agent used 
for the management of different types of malignancies 
(Xiao et al. 2012). However, its use is associated with 
many toxic effects such as nephrotoxicity (El-Sheikh 
et al. 2012) and cardiotoxicity (Reis-Mendes et al. 2021). 
Doxorubicin has been administered for the treatment of 
various types of tumors in frequent (weekly) low doses 
(Chlebowski et al. 1984), single high doses (Benjamin 
et al. 1977), and as a continuous infusion (Garnick et al. 
1983) depending on the pharmacokinetics and biological 
properties of doxorubicin, the response rate, the duration, 
and the toxicity (Jones et al. 1987). Moreover, two major 
signaling pathways explain DOX-induced apoptosis, the 
mitochondrial pathway and the death receptor pathway 
(Ryter et  al. 2007). The mitochondrial pathway was 
reported t be the major signaling pathway that is involved in 
DOX-induced toxicities (Xiao et al. 2012). Mitochondrial 
cytochrome c is released into the cytoplasm as a result of 
mitochondrial dysfunction, in addition to the formation of 
a complex of cytochrome c, Apaf-1, and caspase-9 enzyme 
which is called apoptosome (Green and Reed 1998) that 
are the sequences of DOX induced-apoptosis through a 
mitochondrial pathway. Apoptosome activates caspase-3 
which is a protease that leads to cell death (Beere et al. 
2000). In addition DOX plays an important role in cellular 
toxicity (Arola et al. 2000) through apoptotic pathway 
activation that mediate DOX-induced oxidative stress to 
various biological macromolecules and membrane lipid 
peroxidation by reactive oxygen species (ROS) produced 
by redox cycling (Sun et al. 2016). Doxorubicin could 
induce mediators of fibrosis, inflammation, and oxidative/

nitrative stress in the progression of renal injury initiated 
by glomerular podocyte damage (Szalay et  al. 2015). 
Moreover, DOX stimulates the release of various pro-
inflammatory mediators such as cyclooxygenase-2 (COX-
2) (Abd El-Aziz et al. 2012) that are mediated mainly by 
upregulating the expression of the nuclear factor kappa-B 
(NF-κβ). It was reported that this inflammatory pathway 
plays an essential role in DOX-induced nephrotoxicity 
(Rashid et al. 2013).

Ceratonia siliqua fruit (carob) is used in the food industry 
as a flavoring, thickener, and stabilizer in food (Dakia et al. 
2007). Carob pulp (pods) is the most important edible part 
of the carob fruit. Recently, it has been reported that carob 
induces a variety of pharmacological actions including 
antimicrobial, anti-inflammatory, anti-diarrheal, anti-
ulcer, antioxidant, gastroprotective, and anti-constipation 
effects (Rtibi et  al. 2015 and 2017). It has ant-diabetic 
(Qasem et al. 2018), hepatoprotective (Souli et al. 2015; 
Martić et al. 2022), and antioxidant and cytotoxic activities 
effects (Custodio et al. 2011; Ayache et al. 2020). It has 
also been found to be effective in neurodegenerative diseases 
(Lakkab et al. 2018) and has a protective effect on colon 
adenoma cells from the genotoxic impact of H2O2 (Klenow 
et al. 2009). Ceratonia siliqua contains a large number of 
phytocomponents in all parts such as phenolics, tannins, 
flavonoids, anthocyanins, glycosides, proteins, alkaloids, and 
minerals (Goulas and Georgiou 2019). The concentration 
of phenolic constituents in carob fruit, which is mainly 
phenolic acids and tannins (Stavrou et al. 2018), depends 
on genomic and environmental factors (Goulas et al. 2016) 
and the type of the solvent used for extraction (Goulas 
and Georgiou 2019). There is no study concerned with 
the evaluation of the protective effect of Ceratonia siliqua 
methanol extract (CME) on DOX-induced nephrotoxicity. 
The objective of this work was to assess the protective effect 
of CME on DOX-induced nephrotoxicity and to elucidate its 
mechanism of action by testing the associated antioxidant, 
anti-inflammatory, immunomodulatory, and apoptotic effects 
in the rat model.

Material and methods

Plant material

Ceratonia siliqua pods (carob) were purchased from a 
local herbal market and were identified by the Staff Mem-
bers of the Department of Flora, Ministry of Agriculture, 
Giza, Egypt. A voucher sample was kept in the Pharma-
cology Department, Faculty of Veterinary Medicine, Cairo 
University. The seeds of the dried pods were removed, and 
the carob pulps were powdered in an electric blender. Two 
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hundred grams of the dried powder were extracted with 
methanol 95% for 24 h, followed by percolation 5–7 times 
till complete extraction. The extract was filtered using What-
man filter No. 40. The methanol extract was concentrated 
under reduced pressure at a temperature not more than 50 °C 
using a Rotary evaporator (Heidolph 2000, Germany). The 
concentrated pasty extract was then dried and reserved 
at − 4 °C until subsequent use. The extract was freshly sus-
pended in sterile phosphate buffer saline (pH 7.2) to a final 
concentration of 200 mg/ml. The methanol extract was used 
since it has the highest phenolic content (El Hajaji et al. 
2011) which showed very good antioxidant and anti-inflam-
matory properties (Lachkar et al. 2016).

Acute toxicity testing

Twenty mice were allocated randomly into 4 groups of 5 
mice each. Before testing, the animals were fasted for 12 h 
(Atta and El-Sooud 2004) but allowed free access to drink-
ing water. Rats in groups A, B, C, and D were orally admin-
istered 500, 1000, 2000, and 4000 mg/kg b. wt. of the carob 
pulp methanol extract, respectively. Mortality and symptoms 
of toxicity such as jerks and writhing were observed over 
24 h and daily for up to 5 days.

Phytochemistry

Gas chromatography (Agilent Technologies 7890A) 
interfaced with a mass selective detector (Agilent 7000 
Triple Quad) and Agilent HP-5  ms capillary column 
(30 m × 0.25 mm ID and 0.25 μm film thickness) was used. 
The injector and the detector temperatures were adjusted to 
200 °C and 250 °C, respectively. The flow rate was 1 ml/min. 
The acquisition mass range was 50–600. The recorded for-
mulae of the components were identified by comparing their 
mass spectra and RT with those of NIST and WILEY library.

Animals, treatments, and sampling

Thirty-five Wistar rats of 200–250 g body weight were 
purchased from Animal Breeding House, National 
Research Centre, Giza, Egypt. Animals were reared under 
strict hygienic conditions for 7 days for acclimatization. 
Animals were randomly allocated into 5 equal groups. Rats 
of the first (control) and second group (Doxorubicin) were 
given normal saline (1 ml/rat) orally by gastric gavage for 
5 days. Rats of the third group (vitamin C) were given 
vitamin C (a reference antioxidant) at a dose of 250 mg/
kg b. wt. orally. Rats in the fourth (CME500) and fifth 
(CME1000) groups were given CME at a dose of 500 and 
1000 mg/kg b. wt. respectively by the same route for the 
same period. The methanolic carob extract was used at a 
wide range of doses for a wide range of durations (Rtibi 

et al. 2015; Altınkaynak et al. 2018; Soleimanzadeh et al. 
2020). Moreover, the anti-nociceptive and anti-inflamma-
tory effects appeared after short periods (Alqudah et al. 
2022; Lachkar et al. 2016). Therefore, the used doses of 
the methanolic carob extract were selected to represent 
a low dose of 500 mg  kg−1 (group CME500) and a high 
dose of 1000 mg  kg−1 (group CME1000) given for 5 days 
according to the previous studies (Rtibi et al. 2015; Qasem 
et al. 2018). On the fifth day, rats of groups 2–5 were given 
DOX at a dose of 15 mg/kg IP, 1 h after the last treatment 
dose (Ibrahim et al. 2019). The used doxorubicin dose 
was selected because it has been reported that administra-
tion of a heavy single dose of DOX caused serious toxic 
effects on kidney tissue (Speth et al. 1988). Moreover, 
experimental nephrotoxicity can be induced by intraperi-
toneal (IP) injection of doxorubicin at such heavy dose 
(11.5 to 20 mg/kg) (Wu et al. 2021; Ibrahim et al. 2019; 
Altınkaynak et al. 2018). After 48 h, samples of blood 
were taken from the retro-orbital plexus of veins of each 
animal in all groups under light anesthesia. Blood samples 
were left to clot to obtain clear serum after centrifugation 
(4000 rpm for 10 min). Experimental groups, treatments, 
and sampling are demonstrated in Fig. 1. Serum was pre-
served at − 20 °C for further estimation of kidney function 
parameters (creatinine, urea, calcium, potassium, sodium, 
and chloride). Rats were then euthanized with pentobar-
bital sodium (150 mg/kg b. wt. IP). Both kidneys were 
removed from all rats, washed, and weighed. A portion 
of the kidney tissue of each rat was weighed and washed 
in ice-cold saline (0.9%) and was used for the preparation 
of kidney tissue homogenate. Samples were homogenized 
with 9 volumes of ice-cold 1.15% solution of potassium 
chloride in 50 mmol/l potassium phosphate buffer solu-
tion (pH 7.4) using a homogenizer (Witeg, Germany). The 
homogenate 10% (w/v) was centrifuged at 4,000 rpm for 
10 min at 4 °C using a cooling centrifuge (Sigma 3-18KS, 
Germany). The supernatant was kept at − 80 °C till used 
for assessment of oxidative stress, inflammatory/anti-
inflammatory, immune responses, and apoptotic mark-
ers within a week. Specimens of the kidney were fixed 
in 10% neutral buffered formalin and used for Immuno-
histochemistry and histopathology. The remaining kidney 
tissue sample was kept at − 80 °C and used for assessment 
of gene expression using real-time PCR.

Assessment of nephrotoxicity indices in serum

Serum creatinine (Houot 1985) and blood urea (Patton and 
Crouch 1977) levels were measured in the serum using 
kits purchased from Erba, Germany. Serum electrolytes; 
sodium, and potassium (Henary 1964), chloride (Schoenfeld 
and Lewellen 1964), and calcium (Gindler and King 1972) 
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levels were determined using kits purchased from Centronic, 
Germany.

Assessment of oxidative stress markers in kidney 
homogenate

Reduced glutathione (GSH) concentration using enzymatic 
recycling method (Rahman et al. 2006), the activities of 
superoxide dismutase (SOD) (Marklund and Marklund 
1974), glutathione-S-transferase (GST) (Habig et  al. 
1974), and the lipid peroxide by-product as malondialde-
hyde (MDA) contents (Ohkawa et al. 1979) were estimated 
in the supernatant of kidney homogenate. All analytical 
chemicals were purchased from Sigma Aldrich, USA. 
The concentration of MDA was estimated using a com-
mercial test kit obtained from Biodiagnostic Co, Egypt. 
These indices parameters were estimated using a spectro-
photometer (T80 UV/VIS PG instrument Ltd, UK), cata-
lase (CAT), and myeloperoxidase (MPO) activities were 
assessed using Sandwich-ELISA kit (SunLong Biotech 

Co, LTD, China). ELISA plates have been pre-coated with 
an antibody specific to CAT and MPO, according to the 
manufacturer’s instructions.

Assessment of inflammatory/anti‑inflammatory, 
immune response, and apoptotic markers in kidney 
tissue homogenate

The pro-inflammatory cytokines the interleukin-6 (IL-6) 
were measured by using Sandwich-ELISA rat kits (SunLong 
Biotech Co, LTD, China), as described in the manufactur-
er’s instructions. Tumor necrosis factor alpha (TNF-α) was 
measured by using a Sandwich-ELISA rat kit (Cloud-Clone 
Corp, China). ELISA plates have been pre-coated with 
specific antibodies to IL-6 or TNF-α, following the manu-
facturer’s instructions. The levels of the anti-inflammatory 
immunomodulatory mediators interleukin-10 (IL-10) and 
transforming growth factor-β (TGF-β) were also determined 
by Sandwich-ELISA rat kits (SunLong Biotech Co, LTD, 
China). ELISA plates have been pre-coated with an antibody 

Fig. 1  Experimental groups, 
treatments and sampling. 
CME500 and CME1000: rats 
treated with carob pod methanol 
extract at a dose of 500 and 
1000 mg/kg respectively
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specific to IL-10 and TGF-β, according to the manufactur-
er’s instructions. The apoptotic marker caspase-3 (Cas-3) 
was assessed by Sandwich-ELISA rat kit (SUNRED Co., 
China). ELISA plates have been pre-coated with an antibody 
specific to Cas-3. In brief, kidney tissue homogenates were 
incubated with the immobilized specific antibodies for each 
marker and visualized using horseradish peroxidase (HRP)-
Tetramethylbenzidine (HRP-TMB) reaction.

Immunohistochemistry and histopathology

B-cell lymphoma-2 protein-associated X protein (Bax), 
B-cell lymphoma-2 protein (Bcl-2), cyclooxygenase-2 
(COX-2), and nuclear factor kappa (NF-κβ) were immu-
nohistochemically stained in paraffin-embedded tissue 
sections after antigen retrieval using citrate buffer (pH 6). 
Primary antibodies against Bax (InVitrogen PA5-78,857, 
USA), Bcl-2 (InVitrogen PA5-27,094, USA), COX-2 (InV-
itrogen PA1-37,505, USA), and NF-κβ P65 (sc-8008, Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were 
applied to the slides, followed by endogenous peroxidase 
blocking by hydrogen peroxide. Secondary horseradish per-
oxidase (HRP)-labeled antibody was applied according to 
the protocol of the manufacturer (Universal PolyHRP DAB 
kit for mouse and rabbit, Genemed, Sakura Torrance, CA, 
USA). Secondary antibodies were used without primary 
antibodies in the negative control slides. The immunohis-
tochemical (IHC) technique was followed as described by 
Magaki et al. (2019). Fixed kidney tissue was dried out 
in ascending concentrations of ethanol, cleared in xylene, 
and then embedded in paraffin. The tissue was sectioned 
by microtome (Lieca 2135, Germany) into 4 µm thickness 
sections and stained by hematoxylin and eosin stain. A 
light microscope (Olympus BX43, Japan) equipped with 
a digital camera (Olympus DP27 camera) was used for 
examination (Suvarna et al. 2019).

Assessment of gene expression

The transcript level of COX-2, Cas-9, Bax, and Bcl-2 was 
assessed by the R-T PCR. The EasyRNA™ Cell/Tissue RNA 
Mini Kit (Biovision #K1337) was used for the extraction 
of the total RNA of the kidney tissue. The synthesis of the 
first-strand cDNA was carried out using SuperScript Reverse 

Transcriptases (Thermoscientific) according to the instruc-
tions of the manufacturer. Quantitative PCR was performed 
using Power Track™ SYBR Green Master Mix Applied Bio-
systems™ on an ABI Prism Step OnePlus Real-Time PCR 
System (Applied Biosystems) according to the manufactur-
er’s instructions. The primer sets used to amplify the target 
genes were designed using the primer 3 software (https:// 
prime r3. ut. ee/) using the Rattus norvegicus sequences in the 
GenBank. The primer sets of the assessed genes are listed 
in Table 1. The relative mRNA expression of the target 
genes was calculated as a fold change of the normal control 
after normalization to act as a reference transcript, using 
2 − ΔΔCT methods.

Statistics

The mean ± SD of the obtained data in each group was cal-
culated. The one-way analysis of variance (ANOVA) fol-
lowed by Duncan’s multiple range test was applied to test 
the significance of differences between means of different 
groups. The significance was set at P < 0.05 (IBM SPSS 
Statistics 24.0).

Results

Acute toxicity

No symptoms of illness or discomfort appeared for a 5-day 
observation period in mice receiving graded doses of Cer-
atonia siliqua methanol extract up to 4000 mg/kg b. wt. 
administered orally. Thus, the LD50 value by oral route can-
not be determined as no mortality was observed.

Effect of CME on serum kidney function parameters

Serum creatinine, urea, sodium, and potassium concen-
trations were significantly (P < 0.01) increased in DOX-
intoxicated rats, while serum calcium levels decreased sig-
nificantly as compared to normal control rats. Treatment of 
DOX-intoxicated rats treated with CME 500, or 1000 mg/
kg b. wt.), as well as vitamin C, significantly (P < 0.01) 

Table 1  The primer sets of the 
assessed genes

Gene Forward primer Reverse primer Product Accession No

cas-9 CTG TGT TCC AAG GTC TCG GC CCA GGC TCA CTT AGC AAG GAA 149 NM_031632.2
bax CAC GTC TGC GGG GAG TCA C TTC TTG GTG GAT GCG TCC TG 248 NM_017059.2
Bcl-2 TCG CGA CTT TGC AGA GAT GT CAA TCC TCC CCC AGT TCA CC 116 NM_016993.2
cox-2 CTC AGC CAT GCA GCA AAT CC GGG TGG GCT TCA GCA GTA AT 172 NM_017232.3
actb CCG CGA GTA CAA CCT TCT TG CAG TTG GTG ACA ATG CCG TG 297 NM_031144.3

https://primer3.ut.ee/
https://primer3.ut.ee/
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decreased serum creatinine, urea, sodium, and potassium 
while serum calcium level markedly (P < 0.01) increased 
in comparison with the DOX-intoxicated group. However, 
chloride concentration was not affected (Table 2).

Effect of CME on oxidative stress markers in kidney 
tissue homogenate

GSH and GST concentration and CAT and SOD activi-
ties were significantly (P < 0.05) decreased, and MDA was 
significantly increased in the kidney tissue homogenate of 
rats with DOX-induced nephrotoxicity. Treatment of DOX-
intoxicated rats with CME 500, and 1000 mg/kg b. wt., as 
well as vitamin C, significantly (P < 0.05) restored the values 
of oxidative stress markers (GSH, CAT, SOD, and MDA) to 
normal levels (Table 3).

Effect of CME on the inflammatory, immune 
responses, and apoptotic markers in the kidney 
tissue homogenate

The level of the anti-inflammatory immunomodula-
tory cytokine, IL-10 was decreased in the kidney tissue 

homogenate of DOX-intoxicated rats (87.08 ± 6.21 pg/
ml) as compared to the normal one (125.00 ± 14.14 pg/
ml). Moreover, the anti-inflammatory transforming growth 
factor-β (TGF-β) level was also markedly decreased in 
the kidney tissue homogenate of the DOX-intoxicated 
group (105.83 ± 27.09 pg/ml) as compared to the normal 
one (646.66 ± 3.02 pg/ml). Treatment of DOX-induced 
nephrotoxic rats with vitamin C, low or high doses of 
the CME significantly, increased the IL-10 (Fig.  2A) 
and TGF-β levels (Fig. 2B). On the other hand, the pro-
inflammatory markers IL-6 and the TNF-α were signifi-
cantly increased in the DOX group (26.25 ± 2.62 pg/ml) 
as compared to normal one (17.16 ± 0.81 pg/ml). Treat-
ment of DOX-intoxicated rats with vitamin C, low or high 
doses of CME significantly, decreased the levels of IL-6 
(Fig. 2C) and the TNF-α (Fig. 2D) as compared to DOX-
intoxicated one. MPO was decreased in the kidney tissue 
of the DOX group (9.32 ± 1.19 mU/mg) as compared to 
the normal control (11.98 ± 0.36 mU/mg). Administration 
of CME at the small (10.71 ± 0.86 mU/mg) or at the large 
dose (10.66 ± 0.81 mU/mg) restored significantly the level 
of MPO. Vitamin C (a standard drug) has normalized the 
level of MPO (Fig. 3A). On the other hand, the proapoptotic 

Table 2  Effect of carob methanol extract (CME) and vitamin C on kidney functions parameters in the serum of rats with doxorubicin-induced 
nephrotoxicity (mean ± SE, n = 6)

Means with different superscripts in the same column are significantly different at P < 0.05

Groups Creatinine
(mg/dl)

Urea
(mg/dl)

Sodium
(mEq/l)

Potassium
(mEq/l)

Chloride
(mEq/l)

Calcium
(mg/dl)

Control 0.27 ± 0.02c 38.69 ± 6.4c 134.06 ± 3.4c 4.38 ± 0.47b 100.66 ± 3.3 10.89 ± 0.2a

Doxorubicin 0.68 ± 0.13a 55.56 ± 7.0a 143.13 ± 2.8a 5.45 ± 0.78a 97.76 ± 3.8 9.87 ± 0.2c

Vitamin C (250 mg/kg b.wt.) 0.45 ± 0.06b 46.46 ± 7.2b 135.75 ± 3.1bc 4.54 ± 0.34b 98.10 ± 2.2 10.37 ± 0.1b

CME500 mg/kg b.wt. 0.52 ± 0.07b 46.69 ± 4.3b 136.54 ± 1.7bc 4.62 ± 0.25b 98.40 ± 1.3 10.42 ± 0.2b

CME1000 mg/kg b.wt. 0.53 ± 0.05b 47.10 ± 4.7b 138.89 ± 2.2b 4.92 ± 0.21ab 99.74 ± 1.8 10.57 ± 0.3b

P-value P = 0.001 P = 0.002 P = 0.001 P = 0.004 P = 0.07 P = 0.01

Table 3  Effect of carob methanol extract (CME) and vitamin C on oxidative stress markers in the kidney tissue homogenate of rats treated with 
doxorubicin-induced nephrotoxicity (mean ± SE, n = 6)

Means with different superscripts in the same column are significantly different at P < 0.05
GSH reduced glutathione, GST glutathione-s-transferase, SOD superoxide dismutase, MDA malondialdehyde

Groups GSH
(nMol/100 mg protein)

GST
(nMol/min/mg protein)

Catalase
(pg/ml)

SOD
(U/ml tissue)

MDA
(mMol/g tissue)

Control 3.00 ± 0.80c 0.32 ± 0.02a 83.33 ± 9.44b 73.80 ± 2.71b 8.48 ± 0.36b

Doxorubicin 0.70 ± 0.10d 0.26 ± 0.01b 45.00 ± 2.98d 66.60 ± 6.56c 10.18 ± 1.54a

Vitamin C (250 mg/kg b.wt.) 9.20 ± 1.10a 0.27 ± 0.042b 62.50 ± 1.77c 83.80 ± 1.60b 7.72 ± 0.33b

CME500 mg/kg b.wt. 7.80 ± 0.70b 0.32 ± 0.05a 91.50 ± 8.60a 79.20 ± 9.52b 7.87 ± 0.05b

CME1000 mg/kg b.wt. 8.90 ± 1.40a 0.25 ± 0.01b 60.00 ± 7.07c 90.80 ± 3.87a 6.55 ± 0.43c

P-value P = 0.001 P = 0.001 P = 0.001 P = 0.001 P = 0.001
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marker, Cas-3, was significantly increased in the renal tis-
sue of DOX-nephrotoxic rats as compared to the normal 
level (3.47 ± 0.19 vs 2.96 ± 0.20 U/ml, respectively). Treat-
ment of DOX-intoxicated rats with CME (low or high dose) 
as well as with vitamin C has decreased significantly the 
level of Cas-3 (Fig. 3B).

Effect on the transcript level of COX‑2, Cas‑9, Bax, 
and Bcl‑2

The DOX-intoxicated group showed significant up-regulation 
of COX-2, Cas-9, and Bax transcripts as well as a significant 
downregulation of the anti-apoptotic marker, Bcl-2. Admin-
istration of CME alleviated the injurious effects induced by 
DOX as it suppressed the over-expression of COX-2, Cas-9, 

and Bax transcripts in a dose-dependent manner and signifi-
cantly up-regulated the Bcl-2 gene (Fig. 4A–D).

Immunohistochemistry of Bax, Bcl‑2, COX‑2, 
and NF‑κβ

Immunolabeling of renal tubular epithelium in control 
against Bax, COX-2, NF-kβ, and Bcl-2 was weak to mod-
erate in control rats. Immunolabeling of tubular epithelium 
in DOX-intoxicated rats was moderate to strong against 
Bax, COX-2, NF-kβ, and Bcl-2. Immunolabeling of epi-
thelium in DOX-intoxicated rats treated with vitamin C, 
CME 500, or 1000 mg  kg−1 was mostly weak against Bax, 
COX-2, NF-kβ, and Bcl-2 (Fig. 5a–t). The area percent of 
Bax, Cox-2, and NF-κβ expression was markedly increased 

Fig. 2  Effect of carob pod 
methanol extract and vitamin 
C on cytokine levels in kidney 
tissue homogenate of doxoru-
bicin-induced nephrotoxicity in 
rats. (A) Interleukin-10 (IL-10), 
(B) transforming growth fac-
tor β (TGF-β), (C) interleu-
kin-6 (IL-6), and (D) tumour 
necrosis factor alpha (TNF-α) 
(mean ± SD, n = 7). CME500 
and CME1000: rats treated with 
carob pod methanol extract at 
a dose of 500 and 1000 mg/
kg, respectively. Means with 
different superscripts in the 
same parameter are significantly 
different at P < 0.05

Fig. 3  Effect of carob pod methanol extract and vitamin C on the 
level of (A) myeloperoxidase (MPO) and (B) caspase-3 in kidney 
tissue homogenate of doxorubicin-induced nephrotoxicity in rats 
(mean ± SD, n = 7). CME500 and CME1000: rats treated with carob 

pod methanol extract at a dose of 500 and 1000 mg/kg, respectively. 
Means with different superscripts in the same parameter are signifi-
cantly different at P < 0.05
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while the area percent of Bcl-2 was markedly decreased 
in DOX-nephrotoxic rats compared to normal ones. Treat-
ment of DOX-intoxicated rats with CME at small and large 
doses as well as vitamin C has markedly decreased the area 
percent of Bax, Cox-2, and NF-κβ expression and increased 
the area percent of Bcl-2 expression (Fig. 6a–d).

Histopathological findings

Microscopical examination of renal tissue showed nor-
mal histological structure in control rats (Fig. 7a). In the 
DOX-intoxicated group, the glomeruli were atrophied and 
showed dilated Bowman’s capsules. Moreover, the renal 
tubules were dilated and the tubular epithelium was vacu-
olated and sometimes exfoliated in the lumen. Moderate 
multifocal mononuclear leukocyte infiltration was observed 
in the interstitial tissue (Fig. 7b). In DOX-intoxicated rats 
treated with vitamin C, the histopathological lesions were 
less severe compared to the non-treated group (Fig. 7c). The 
renal lesions were alleviated partially in CME500 (Fig. 6d) 
and were alleviated almost completely in CME1000 com-
pared to DOX-intoxicated group (Fig. 7e).

Phytochemical constituents

GC/MS analysis of the methanol extract of carob pods 
revealed the presence of 26 compounds (Fig. 8, Table 4). The 
major (over 5%) components were linolenic acid (28.86%), 
malic acid (15.28%), n-hexadecanoic acid (13.29%), and 
2,3-butanediol (10.24%).

Discussion

The results of the acute toxicity of Ceratonia siliqua (carob) 
showed that the carob methanol extract caused no symptoms 
of illness or discomfort indicating that the oral administra-
tion of the methanol extract in doses up to 4000 mg/kg was 
safe. The LD50 value could not be determined also by intra-
peritoneal route in mice as no lethality was observed up to 
2000 mg/kg (Ben et al. (2020). It has been reported (Buck 
et al. 1976) that plant extracts with LD50 of more than 
5000 mg/kg are considered nontoxic. Moreover, it has been 
reported that oral administration of the methanol extract of 
carob during 14-day experimental course in rats showed no 
symptoms of toxicity up to 5000 mg/kg (Qasem et al. 2018). 
Therefore, the present results suggest that the use of carob 
extract as a potential source for therapeutic agents is safe and 
without acute toxic effects.

Nephrotoxicity induced by drugs is a major health 
problem associated with severe renal tubular impair-
ments and may lead to acute renal failure and a high rate 
of morbidity and mortality (Hussain et al. 2021). The rat 
model was successfully used to evaluate drug-induced 
amelioration of kidney function since their intra-renal 
enzyme distribution is similar to that in humans (Saad 
et al. 2009). DOX is a very effective chemotherapeutic 
agent and has useful applications for the treatment of 
several types of malignancies (Xiao et al. 2012; Zhu and 
Lin 2021); however, its use is limited by the deleteri-
ous effects on the kidney and various biological mem-
branes (Sabapathy et al. 2021; Mahzari et al. 2021). In 

Fig. 4  Effect of carob pod  
methanol extract and vitamin C  
on the transcript level of (A) 
COX-2, (B) Cas-9 (), (C) Bcl-2,  
and (D) Bax in the kidney 
tissue of rats with doxoru-
bicin-induced nephrotoxicity 
(mean ± SD, n = 7). CME500 
and CME1000: rats treated with 
carob pod methanol extract at 
a dose of 500 and 1000 mg/kg, 
respectively. COX-2, cyclooxi-
genase-2; Cas-9, caspase-9; 
Bax, B-cell lymphoma-2 
protein-associated X protein; 
Bcl-2, B-cell lymphoma-2 
protein. Means with different 
superscripts in the same param-
eter are significantly different at 
P < 0.05
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Fig. 5  Immunohistochemistry of renal tubular epithelium in differ-
ent groups showing; Bax immunolabeling which was weak in normal 
control (a), moderate in Doxorubicin-intoxicated rats (b), weak in 
vitamin C (c), carob methanol extract (CME)500 (d), and CME1000 
(e) groups; COX-2 immunolabelling which was moderate in con-
trol group (f), strong in doxorubicin group (g), and weak in Vit. C 
(h), CME500 (i), and CME1000 (j) groups; NF-kB immunolabel-
ling which was weak in the control group (k), moderate in the doxo-
rubicin group (l), weak in Vit. C (m), CME500 (n), and CME1000 

(o) groups; Bcl-2 immunolabelling which was moderate in control 
group (p), weak in doxorubicin group (q), moderate in Vitamin C 
(r), CME500 (s), and CME1000 (t) groups (immunoperoxidase and 
hematoxylin counterstain, X200). CME: carob pod methanol extract. 
CME500 and CME1000: rats treated with carob pod methanol extract 
at a dose of 500 and 1000  mg/kg, respectively. Bax, B-cell lym-
phoma-2 protein-associated X protein; COX-2, cyclooxigenase-2; 
NF-kβ, nuclear factor kappa; Bcl-2, B-cell lymphoma-2 protein
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the present work, we aim to explore the potential pre-
ventive effect of the methanol extract of Ceratonia sili-
qua (carob) against doxorubicin-induced nephrotoxicity 
by testing its effects on kidney function, inflammatory/

anti-inflammatory cytokines, oxidant/antioxidant mark-
ers, and apoptosis cascade and confirm our results by 
histopathological and immunohistochemical findings and 
by gene expression markers analysis.

Fig. 6  The area precents of (A) 
B-cell lymphoma-2 protein-
associated X protein (Bax), (B) 
cyclooxigenase-2 (COX-2), (C) 
nuclear factor kappa (NF-kβ), 
and (D) B-cell lymphoma-2 pro-
tein (Bcl-2) in different groups 
(mean ± SD, n = 7). CME500 
and CME1000: rats treated with 
carob pod methanol extract at 
a dose of 500 and 1000 mg/
kg, respectively. Means with 
different superscripts in the 
same parameter are significantly 
different at P < 0.05

Fig. 7  Histopathology of kidney from different groups: a normal 
histological structure of kidney in the normal control group; b glo-
merular atrophy, tubular dilatation, and degeneration with intersti-
tial leukocyte infiltration (arrow) in doxorubicin-intoxicated group; 
c glomerular atrophy (arrow) and tubular degeneration in vitamin 

C-treated group; d moderate tubular degeneration in CME500, and e 
mild tubular degeneration in CME1000 (H&E, X200). CME500 and 
CME1000: rats treated with carob pod methanol extracts at a dose of 
500 and 1000 mg/kg, respectively
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In this study, further evidence of DOX-induced deleteri-
ous effects on renal function as indicated by elevation of 
serum creatinine, urea, serum sodium, potassium, and cal-
cium levels is elucidated. The elevated levels of serum cre-
atinine, urea, and electrolytes are general indices of kidney 
injury impelled by drug treatment (Hussain et al. 2021; Xing 
et al. 2022). The decreased activity of renal SOD, GST, and 
CAT accompanied by GSH depletion in the DOX-intoxicated 
rats is probably due to the increased generation of reactive 
free radicals (hydroxyl and superoxide radicals) (Nagai et al. 
2018; Soltani Hekmat et al. 2021) and hence peroxidation of 
the lipid membrane and increased MDA production, the lipid 
peroxide by-product (Mahzari et al. 2021). The deleterious 
effects of DOX were also confirmed by histopathology and 
immunohistochemical analysis in the present results as well 
as in previous studies (Soltani Hekmat et al. 2021). Pre-
treatment with CME has downregulated these parameters 
to a level comparable to control and maintained a normal 
histopathological picture. Similar protective effects of Cera-
tonia siliqua have been reported against 6-hydroxydopamine 
in Zebrafish (Abidar et al. 2020).

The enhanced production of ROS, decreased antioxidant 
enzymes in the kidney tissue altering the glomerular capil-
lary permeability and inducing tubular degeneration, might 
be the underlying mechanism of DOX-induced renal damage 
(Carvalho et al. 2009; Sun et al. 2016) and the release of 
the cell cytokines including IL-1β, IL-6, and tumor necro-
sis factor alpha TNF-α, and NF-κβ. These cytokines play a 
central role in inflammation (Turner et al. 2014; Zhou et al. 
2020) and trigger apoptotic cascades and their gene expres-
sion (Xiao et al. 2012; Wu et al. 2021). On the other hand, 
the nuclear factor E2-related factor 2 (Nrf2) is the main 

Fig. 8  Gas chromatography/mass spectrometry (GC/MS) showing peaks of phytoconstituents of the methanol extract of carob pods

Table 4  8 Gas chromatography/mass spectrometry (GC/MS) show-
ing the phytoconstituents of the methanol extract of Ceratonia siliqua 
(carob pods)

No RT (min) Name Area sum%

1 4.83 2,3-Butanediol 10.24
2 5.70 Butanoic acid, 2-ethyl- 4.73
3 7.13 Malic acid 15.28
4 9.27 Ascaridiol 1.43
5 10.30 Dodecanoic acid, ethyl ester 0.50
6 10.80 Dodecanoic acid, ethyl ester 2.53
7 12.06 Myristic acid 0.35
8 12.27 D-Gluconic acid, �-lactone 1.79
9 12.70 Pentadecanoic acid 2.99
10 13.13 Flavonols 3',4',5,7-OH, 3-O araglu-

coside
0.56

11 13.70 n-Hexadecanoic acid 13.29
12 14.04 Heptadecanoic acid 2.15
13 14.50 Silybin B 0.55
14 14.80 Linolenic acid 28.86
15 15.59 Eicosanoic acid 1.07
16 16.10 D-Pinitol 1.99
17 17.05 17-Octadecynoic acid 3.00
18 17.49 Octadecanedioic acid 0.72
19 17.62 2-Hexadecanol 0.29
20 18.20 Scutellarein tetramethyl ether 0.30
21 19.79 1-Heptatriacotanol 1.53
22 20.70 Quercetin 3-glucoside 2.63
23 21.06 Phythol 0.70
24 21.44 Thunbergol 0.82
25 22.75 �-Tocopherol 0.93
26 22.90 Colchifoleine 0.79
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regulator of anti-oxidative responses (Vomund et al. 2017). 
Moreover, it has been shown that DOX caused downstream 
of the antioxidant genes and proteins, leading to the reduc-
tion of both mRNA and protein expressions of Nrf2 and 
hence intensifying the DOX-induced oxidative stress (Zhang 
et al. 2017; Kamble and Patil 2018). The observed increased 
generation of various inflammatory cytokines including 
COX-2, IL-6, and TNF-α as confirmed by upregulation of 
their gene expression triggers apoptotic cascades (Xiao et al. 
2012; Wu et al. 2021). Moreover, the increased level of these 
pro-inflammatory mediators in sequence leads to more tis-
sue injury and further stimulation of NF-κβ which amplifies 
inflammatory signals causing the production of more inflam-
matory cytokines including TNF-α) and interleukin-1β 
(IL-1β) and various chemokines which cause widespread 
inflammation and exacerbates tissue injury (Natarajan et al. 
2018) which is considered a vital pathway in DOX-induced 
nephrotoxic effect (Rashid et al. 2013). Recently, a signifi-
cant increase in the cardiorenal pro-inflammatory cytokines 
viz TNF-α and IL-6 in DOX-intoxicated rats was previously 
reported (Xing et al. 2022). The increased expression of 
the NF-κβ mediates the decreased level of the IL-10 and 
TGF-β in kidney tissue as has been reported in this study as 
well as others (Abd El-Aziz et al. 2012; Rashid et al. 2013). 
In DOX-treated rats, MPO was decreased as compared to 
normal rats. The decrease in MPO in DOX-treated animals 
may be due to early impairment of the enzyme leading to 
less subsequent oxidative stress (Reis-Mendes et al. 2021). 
The oxidative damage pathway has been thought to be a key 
anticancer mechanism of doxorubicin (Gupta and Srivas-
tava 2012; Das et al. 2022). Treatment of DOX-intoxicated 
rats with CME has restored the pro-inflammatory cytokine 
(TNF-α, IL-6) level. IL-10 is an anti-inflammatory immu-
noregulatory cytokine whose primary function is to limit 
inflammatory responses (Bedke et al. 2019). Enhanced pro-
duction of the anti-inflammatory cytokine (IL-10) mediates 
protection against several inflammatory conditions by pre-
venting tissue damage (Kalkal et al. 2022; Short et al. 2022). 
IL-10 can inhibit the release of inflammatory cytokines such 
as IL-1, TNF-α, and IL-12 by the T cells and antigen-pre-
senting cells (Cho et al. 2015; Brooks et al. 2010). It can also 
inhibit the production of chemokines, inhibit antigen presen-
tation, and regulate immunoglobulin group switch in B cells 
(particularly to the IgG4 subclass) (Akdis et al. 1998). More-
over, IL-10 has clear immunoregulatory properties (Saraiva 
and O’Garra 2010; Couper et al. 2008) and enhances the 
transcription of genes associated with cell cycle progres-
sion and anti-apoptotic genes, such as Bcl (Sinuani et al. 
2013). TGF-β is another cytokine whose functions are 
closely related to IL-10 (Li and Flavell 2008; Sinuani et al. 
2013). TGF-β and IL-10 were identified as important immu-
nomodulators anti-inflammatory that help to limit inflam-
mation by controlling the development, maintenance, and 

activity of many immune cells (Drewry and Harty 2020). 
TGF-β regulates the differentiation, proliferation, hypertro-
phy, migration, and apoptosis of intraglomerular and tubular 
cells, regulates remodeling of the extracellular matrix, and 
promotes interstitial and glomerular fibrosis and the devel-
opment of glomerulosclerosis (Böttinger 2007; Blobe et al. 
2000). The infiltration of mononuclear inflammatory cells 
into the interstitium usually proceeds fibrosis. These cells 
secrete chemokines and cytokines that enhance the differ-
entiation of the resident tubular epithelial cells into matrix-
producing fibroblasts (Liu 2006; Fan et al. 1999; Kang et al. 
2010). TGF-β and IL-10 may act synergistically to regulate 
the production of proinflammatory, chemokines cytokines, 
and nitric oxide by mononuclear cells. The decreased level 
of the IL-10 and TGF-β in the kidney of DOX-intoxicated 
rats indicates that DOX interfere with the establishment of 
adaptive immune responses. Similarly, it has been reported 
(Lubis et al. 2019) that doxorubicin suppressed the immune 
system in doxorubicin-treated rats as shown by suppression 
of phagocytosis, inhibition of lymphocyte proliferation, 
capacity and activity of macrophages, and downregulation 
of IL-10. Treatment of DOX-intoxicated rats with CME 
has enhanced the release of the anti-inflammatory and the 
immunomodulator cytokine IL-10 and the proteins TGF-β 
and inhibited the production of pro-inflammatory cytokine 
expression of TNF-α, IL1b, and IL-6 (Aboura et al. 2017), 
an effect that can counteract the DOX-induced stimulation 
of the production of the pro-inflammatory cytokines IL-6, 
COX-2, and TNF-α. The present results may be underlying 
the mechanism of the anti-inflammatory effects exhibited 
by Ceratonia siliqua leaves ethanol extracts (Alqudah et al. 
2022).

Apoptosis is a process of controlled cell death in multicel-
lular organisms, and its management is critical for normal 
growth, development, homeostasis, and cancer treatment. 
Changes in normal apoptosis can result in aberrant cell 
growth, excessive cell division, and mutation accumula-
tion. Several molecular factors such as Bcl-2 and Bax play 
a crucial role in the implementation of apoptosis (Youle 
and Strasser 2008). Bax is an important initiator of mito-
chondrial-regulated cell death through its lethal activity of 
the outer membrane of the mitochondria. The physiologi-
cal function of Bax is to ensure tissue homeostasis, and 
its dysregulation leads to abnormal cell death (Spitz and 
Gavathiotis 2021). Caspases are a large family of cysteine 
proteases that are essential for the initiation and execution 
of apoptosis (Fan et al. 2005; Sakamaki and Satou 2009). 
Apoptosis induced by DOX was evaluated by analysis of 
COX-2, Cas-9, Bax, and Bcl-2 gene expression as well as by 
immunohistochemical analysis of Bax, COX-2, NF-kβ, and 
Bcl2. DOX decreased anti-apoptotic Bcl-2 gene expression 
and upregulated both Cox-2, Bax, and Cas-9 genes. DOX-
induced apoptosis is linked to the generation of ROS (Simon 
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et al. 2000; Ozben 2007). Bcl-2 protein is a crucial regulator 
in the apoptotic pathway which triggers and accelerates cell 
death. DOX inhibits the expression of Bcl-2 antiapoptotic 
protein by forming Bcl-2/Bax heterodimers (Morgan et al. 
2021). The caspase family is a group of cysteine proteases 
that trigger apoptosis. The activation of caspases leads to the 
induction of apoptotic pathways (Ebedy et al. 2022).

CME downregulated significantly the expression lev-
els of the Bax, COX-2, and caspases, an effect which 
might be the underlying mechanism by which CME sup-
pressed the DOX-induced nephrotoxicity. Bax, a mem-
ber of Bcl-2 family proteins, undergoes conformational 
changes and becomes translocated to the mitochondria 
to initiate apoptosis when activated. In the present study, 
immunohistochemical studies as well as gene expression 
showed increased Bax positivity in renal tissues of DOX 
-intoxicated rats. This result is following other research 
which indicated that DOX mediates apoptosis through 
the activation of Bax (Mostafa et al. 2021). The DOX-
intoxicated rats treated with vitamin C, CME 500, and 
CME 1000 mg/kg b.wt. decreased Bax expression as com-
pared to the DOX-intoxicated group. On the other side, 
the decreased gene expression of Bcl-2 in the DOX group 
was similar to that previously reported by Vu et al. (2020) 
indicating induction of apoptosis. This detrimental effect 
of DOX was however relieved in the vitamin C and CME 
1000 mg/kg -treated rats.

The NF-kβ is believed to be responsible signifi-
cantly for controlling the transcription of various pro-
inflammatory cytokines (Baldwin 1996). The results 
of this study confirm that DOX-induced nephrotoxicity 
is through stimulation of the NF-κβ signaling pathway 
(Wang et  al. 2002; Mantawy et  al. 2014) which was 
significantly decreased by vitamin C and CME treat-
ment. The protective effect of CME could be attributed 
to its active constituents. One of the major constituents 
is linolenic acid (28.86%) which had presented cardio-
protective and radioprotective effects (Poorani et al. 
2020). Moreover, it decreased the levels of inf lam-
matory cytokines and chemokines in an in vitro study 
(Morin et al. 2022). Ceratonia siliqua contains diverse 
bioactive phytoconstituents with high antioxidant activ-
ity such as phenolic compounds, flavonoids, alkaloids, 
and tannins (Lakkab et al. 2018). The antioxidant activ-
ity of Ceratonia siliqua has been reported to be strongly 
related to the high level of its phenolic compounds 
(Lachkar et al. 2016). In this study, methanol extract 
was used since it has the highest phenolic content (El 
Hajaji et al. 2011). Therefore, it could be suggested that 
the protective effect against lipid peroxidation caused 
by ROS in tissue and prevention of the depletion of the 
antioxidant enzyme; SOD, CAT, and GSH are attributed 
mostly to its phenolic content. In addition, Ceratonia 

siliqua aqueous pod extract was reported to protect the 
gastric mucosa via its anti-inflammatory and antioxi-
dant activities maintaining a normal macroscopic and 
histological picture (Lachkar et  al. 2016). Plant f la-
vonoids have also been reported to alleviate gingival 
inf lammation via the suppression of nuclear NF-κβ 
translocation and myeloperoxidase activity (Guglian-
dolo et al. 2019). The reported α-linolenic acid as a 
major component is an omega-3-fatty acid known to 
induce anti-inf lammatory activity (Otuechere and 
Farombi 2020) which may explain the reported inhibi-
tion of the pro-inflammatory mediators.

Conclusions

In a rat model of DOX-induced nephrotoxicity, the meth-
anol extract of carob showed dose-dependent positive 
impacts with promising anti-inflammatory, antioxidant, 
and antiapoptotic activities as evidenced also by preserv-
ing the histopathological features of the kidney tissue. Fur-
ther in-depth studies are required to explore the bioactive 
constituents in the methanol extract of carob pods aiming 
at the preparation of useful therapeutic agents.
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scientific research.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abd El-Aziz TA, Mohamed RH, Pasha HF, Abdel-Aziz HR (2012) 
Catechin protects against oxidative stress and inflammatory-
mediated cardiotoxicity in adriamycin-treated rats. Clin Exp 
Med 12:233–240. https:// doi. org/ 10. 1007/ s10238- 011- 0165-2

Abidar S, Boiangiu RS, Dumitru G, Todirascu-Ciornea E, Amakran 
A, Cioanca O, Hritcu L, Nhiri M (2020) The aqueous extract 
from Ceratonia siliqua leaves protects against 6-hydroxydopa-
mine in zebrafish: understanding the underlying mechanism. 
Antioxidants 99(4):304. https:// doi. org/ 10. 3390/ antio x9040 304

Aboura I, Nani A, Belarbi M, Murtaza B, Fluckiger A, Dumont A, 
Benammar C, Tounsi MS, Ghiringhelli F, Rialland M, Khan 
NA, Hichami A (2017) Protective effects of polyphenol-rich 
infusions from carob (Ceratonia siliqua) leaves and cladodes 
of Opuntia ficus-indica against inflammation associated with 
diet-induced obesity and DSS-induced colitis in Swiss mice. 
Biomed Pharmacother 96:1022–1035. https:// doi. org/ 10. 
1016/j. biopha. 2017. 11. 125

Akdis CA, Blesken T, Akdis M, Wüthrich B, Blaser K (1998) Role of 
interleukin 10 in specific immunotherapy. J Clin Invest 102:98–
106. https:// doi. org/ 10. 1172/ JCI22 50

Alqudah A, Qnais EY, Wedyan MA, Oqal M, Alqudah M, AbuDalo R, 
Al-Hashimi N (2022) Ceratonia siliqua leaves ethanol extracts 
exert anti-nociceptive and anti-inflammatory effects. Heliyon 
8(8):e10400. https:// doi. org/ 10. 1016/j. heliy on. 2022. e1040

Altınkaynak Y, Kural B, Akcan BA, Bodur A, Özer S, Yuluğ E, 
Munğan S, Kaya C, Örem A (2018) Protective effects of L-thea-
nine against doxorubicin-induced nephrotoxicity in rats. Biomed 
Pharmacother 108:1524–1534. https:// doi. org/ 10. 1016/j. biopha. 
2018. 09. 171

Arola OJ, Saraste A, Pulkki K, Kallajoki M, Parvinen M, Voipio-Pulkki 
LM (2000) Acute doxorubicin cardiotoxicity involves cardio-
myocyte apoptosis. Cancer Res 60:1789–1792

Atta AH, El-Sooud KA (2004) The antinociceptive effect of some 
Egyptian medicinal plant extracts. J Ethnopharmacol 95(2–
3):235–238. https:// doi. org/ 10. 1016/j. jep. 2004. 07. 006

Ayache SB, Saafi EB, Emhemmed F, Flamini G, Achour L, Muller CD 
(2020) Biological activities of aqueous extracts from carob plant 
(Ceratonia siliqua L.) by antioxidant, analgesic and proapoptotic 
properties evaluation. Molecules 25(14):3120. https:// doi. org/ 10. 
3390/ molec ules2 51431 20

Baldwin AS Jr (1996) The NF-kappa B and I kappa B proteins: new 
discoveries and insights. Annu Rev Immunol 14:649–683. 
https:// doi. org/ 10. 1146/ annur ev. immun ol. 14.1. 649

Bedke T, Muscate F, Soukou S, Gagliani N, Huber S (2019) IL-
10-producing T cells and their dual functions. Semin Immunol 
44:101335. https:// doi. org/ 10. 1016/j. smim. 2019. 101335

Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T, 
Tailor P, Morimoto RI, Cohen GM, Green DR (2000) Heat-
shock protein 70 inhibits apoptosis by preventing recruitment of 
propase-9 to the Apaf-1 apoptosome. Nat Cell Biol 2:469–475. 
https:// doi. org/ 10. 1038/ 35019 501

Benjamin RS, Riggs CE Jr, Bachur NR (1977) Plasma pharmacoki-
netics of adriamycin and its metabolites in humans with normal 
hepatic and renal function. Cancer Res 37(5):1416–1420

Blobe GC, Schiemann WP, Lodish HF (2000) Role of transform-
ing growth factor beta in human disease. N Engl J Med 
342(18):1350–1358. https:// doi. org/ 10. 1056/ NEJM2 00005 04342 
1807

Böttinger EP (2007) TGF-beta in renal injury and disease. Semin 
Nephrol 27(3):309–320. https:// doi. org/ 10. 1016/j. semne phrol. 
2007. 02. 009

Brooks DG, Walsh KB, Elsaesser H, Oldstone MBA (2010) IL-10 
directly suppresses CD4 but not CD8 T cell effector and mem-
ory responses following acute viral infection. Proc Natl Acad 
Sci USA 107:3018–3023. https:// doi. org/ 10. 1073/ pnas. 09145 
00107

Buck WB, Osweiter GD, Van Gelder AG (1976) Clinical and diagnos-
tic veterinary toxicology, 2nd edn. Kendall/Hunt, Iowa, p 380 

Carvalho C, Santos RX, Cardoso S, Correia S, Oliveira PJ, Santos MS, 
Moreira PI (2009) Doxorubicin: the good, the bad and the ugly 
effect. Curr Med Chem 16(25):3267–3285. https:// doi. org/ 10. 
2174/ 09298 67097 88803 312

Chlebowski RT, Brzechwa-Adjukiewicz A, Cowden A, Tong M, 
Chan KK (1984) Doxorubicin (75 mg/m2) for hepatocellular 
carcinoma: clinical and pharmacokinetic results. Cancer Treat 
Rep 68(3):487–491

Cho MJ, Ellebrecht CT, Payne AS (2015) The dual nature of inter-
leukin-10 in pemphigus vulgaris. Cytokine 73(2):335–341. 
https:// doi. org/ 10. 1016/j. cyto. 2014. 11. 002

Couper KN, Blount DG, Riley EM (2008) IL-10: the master regula-
tor of immunity to infection. J Immunol 180(9):5771–5777. 
https:// doi. org/ 10. 4049/ jimmu nol. 180.9. 5771

Custodio L, Fernandes E, Escapa AL, Fajardo A, Aligue R, Alberi-
cio F, Neng NR, Nogueira JM, Romano A (2011) Antioxidant 
and cytotoxic activities of carob tree fruit pulps are strongly 
influenced by gender and cultivar. J Agric Food Chem 
59(13):7005–7012. https:// doi. org/ 10. 1021/ jf200 838f

Dakia PA, Wathelet B, Paquot M (2007) Isolation and chemical eval-
uation of carob (Ceratoniasiliqua L.) seed germ. Food Chem 
102(4):1368–1374. https:// doi. org/ 10. 1016/j. foodc hem. 2006. 
05. 059

Das T, Mishra S, Nag S, Saha KD (2022) Green-synthesized gold 
nanoparticles from black tea extract enhance the chemosensi-
tivity of doxorubicin in HCT116 cells via a ROS-dependent 
pathway. RSC Adv 12(15):8996–9007. https:// doi. org/ 10. 1039/ 
d1ra0 8374k

Drewry LL, Harty JT (2020) Balancing in a black box: Potential 
immunomodulatory roles for TGF-β signaling during blood-
stage malaria. Virulence 11(1):159–169. https:// doi. org/ 10. 
1080/ 21505 594. 2020. 17265 69

Ebedy YA, Elshazly MO, Hassan NH, Ibrahim MA, Hassanen EI 
(2022) Novel insights into the potential mechanisms underly-
ing carbendazim-induced hepatorenal toxicity in rats. J Bio-
chem Mol Toxicol 2022:e23079. https:// doi. org/ 10. 1002/ jbt. 
23079

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10238-011-0165-2
https://doi.org/10.3390/antiox9040304
https://doi.org/10.1016/j.biopha.2017.11.125
https://doi.org/10.1016/j.biopha.2017.11.125
https://doi.org/10.1172/JCI2250
https://doi.org/10.1016/j.heliyon.2022.e1040
https://doi.org/10.1016/j.biopha.2018.09.171
https://doi.org/10.1016/j.biopha.2018.09.171
https://doi.org/10.1016/j.jep.2004.07.006
https://doi.org/10.3390/molecules25143120
https://doi.org/10.3390/molecules25143120
https://doi.org/10.1146/annurev.immunol.14.1.649
https://doi.org/10.1016/j.smim.2019.101335
https://doi.org/10.1038/35019501
https://doi.org/10.1056/NEJM200005043421807
https://doi.org/10.1056/NEJM200005043421807
https://doi.org/10.1016/j.semnephrol.2007.02.009
https://doi.org/10.1016/j.semnephrol.2007.02.009
https://doi.org/10.1073/pnas.0914500107
https://doi.org/10.1073/pnas.0914500107
https://doi.org/10.2174/092986709788803312
https://doi.org/10.2174/092986709788803312
https://doi.org/10.1016/j.cyto.2014.11.002
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.1021/jf200838f
https://doi.org/10.1016/j.foodchem.2006.05.059
https://doi.org/10.1016/j.foodchem.2006.05.059
https://doi.org/10.1039/d1ra08374k
https://doi.org/10.1039/d1ra08374k
https://doi.org/10.1080/21505594.2020.1726569
https://doi.org/10.1080/21505594.2020.1726569
https://doi.org/10.1002/jbt.23079
https://doi.org/10.1002/jbt.23079


83435Environmental Science and Pollution Research (2023) 30:83421–83438 

1 3

El Hajaji H, Lachkar N, Alaoui K, Cherrah Y, Farah A, Ennabili A, 
Ennabili A, ElBali B, Lachkar M (2011) Antioxidant activity, 
phytochemical screening, and total phenolic content of extracts 
from three genders of carob tree barks growing in Morocco. 
Arab J Chem 4(3):321–324. https:// doi. org/ 10. 1016/j. arabjc. 
2010. 06. 053

El-Sheikh AA, Morsy MA, Mahmoud MM, Rifaai RA, Abdelrahman 
AM (2012) Effect of coenzyme-q10 on Doxorubicin-induced 
nephrotoxicity in rats. Adv Pharmacol Sci 2012:981461. 
https:// doi. org/ 10. 1155/ 2012/ 981461

Fan JM, Ng YY, Hill PA, Nikolic-Paterson DJ, Mu W, Atkins RC, 
Lan HY (1999) Transforming growth factor-beta regulates 
tubular epithelial-myofibroblast transdifferentiation in vitro. 
Kidney Int 56(4):1455–1467. https:// doi. org/ 10. 1046/j. 1523- 
1755. 1999. 00656.x

Fan T-J, Han L-H, Cong R-S, Liang J (2005) Caspase family pro-
teases and apoptosis. Acta Biochim Biophys Sin (shanghai) 
37(11):719–727. https:// doi. org/ 10. 1111/j. 1745- 7270. 2005. 
00108.x

Ferguson MA, Vaidya VS, Bonventre JV (2008) Biomarkers of 
nephrotoxic acute kidney injury. Toxicology 245(3):182–193. 
https:// doi. org/ 10. 1016/j. tox. 2007. 12. 024

Finn WF, Porter GA (2003) Urinary biomarkers and nephrotoxicity. 
In: de Broe ME, Porter GA, Bennett WM, Verpooten GA (eds) 
Clinical Nephrotoxins.  2nd edn. Springer, Dordrecht, Kluwer 
Academic Publishers, Netherlands, pp. 621–655 https:// doi. 
org/ 10. 1007/1- 4020- 2586-6_ 33

Garnick MB, Weiss GR, Steele GD Jr, Israel M, Schade D, Sack MJ, 
Frei E 3rd (1983) Clinical evaluation of long-term, continuous-
infusion doxorubicin. Cancer Treat Rep 67(2):133–142

Gindler EM, King JD (1972) Rapid colorimetric determination of 
calcium in biologic fluid with Methyl thymol blue. Am J Clin 
Pathol 58(4):376–382. https:// doi. org/ 10. 1093/ ajcp/ 58.5. 376

Goulas V, Georgiou E (2019) Utilization of carob fruit as sources of 
phenolic compounds with antioxidant potential: extraction opti-
mization and application in food models. Foods 9(1):20. https:// 
doi. org/ 10. 3390/ foods 90100 20

Goulas V, Sylos E, Chatziathanasiadou MV, Mavromoustakos T, Tza-
kos AG (2016) Functional components of carob fruit: linking the 
chemical and biological space. Int J Mol Sci 17(11):1875. https:// 
doi. org/ 10. 3390/ ijms1 71118 75

Green DR, Reed JC (1998) Mitochondria and apoptosis. Science 
281(5381):1309–1312. https:// doi. org/ 10. 1126/ SCIEN CE. 281. 
5381. 1309

Gugliandolo E, Fusco R, D’Amico R, Peditto M, Oteri G, Di Paola R, 
Cuzzocrea S, Navarra M (2019) Treatment with a flavonoid-rich 
fraction of bergamot juice improved lipopolysaccharide-induced 
periodontitis in rats. Front Pharmacol 9:1563. https:// doi. org/ 10. 
3389/ fphar. 2018. 01563

Gupta P, Srivastava SK (2012) Antitumor activity of phenethyl iso-
thiocyanate in HER2-positive breast cancer models. BMC Med 
10:80. https:// doi. org/ 10. 1186/ 1741- 7015- 10- 80

Habig WH, Pabst MJ, Jakoby WB (1974) Glutathione-S-transferases, 
the first enzymatic step in mercapturic acid formation. J Biol 
Chem 249(22):7130–7139

Henary RJ (1964) Clinical Chemistry and Principle Techniques, 1st 
edn. Harper and Roe, New York

Houot O (1985) Kinetic determination of creatinine. In: Siest G, 
Henny J, Schiele F, Young DS (eds) Interpretation of Clinical 
Laboratory Tests. Biochemical publications, California, USA, 
pp 220–234

Hussain MA, Abogresha NM, Abdel Kader G, Hassan R, Abdelaziz 
EZ, Greish SM (2021) Antioxidant and anti-inflammatory effects 
of crocin ameliorate doxorubicin-induced nephrotoxicity in rats. 
Oxid Med Cell Longev 2021:8841726. https:// doi. org/ 10. 1155/ 
2021/ 88417 26

Ibrahim KM, Mantawy EM, Elanany MM, Abdelgawad HS, Khalifa 
NM, Hussien RH, Alagroudy NN, El-Demerdash E (2019) Pro-
tection from doxorubicin-induced nephrotoxicity by clindamycin: 
novel antioxidant, anti-inflammatory and anti-apoptotic roles. 
Naunyn Schmiedebergs Arch Pharmacol 18: https:// doi. org/ 10. 
1007/ s00210- 019- 01782-4

Jones RB, Holland JF, Bhardwaj S, Norton L, Wilfinger C, Strashun 
A (1987) A Phase I-II study of intensive-dose adriamycin for 
advanced breast cancer. J Clin Oncol 5(2):172–177. https:// doi. 
org/ 10. 1200/ JCO. 1987.5. 2. 172

Kalkal M, Chauhan R, Thakur RS, Tiwari M, Pande V, Das J (2022) 
IL-10 producing regulatory B cells mediated protection against 
murine malaria pathogenesis. Biology (basel) 11(5):669. https:// 
doi. org/ 10. 3390/ biolo gy110 50669

Kamble SM, Patil CR (2018) Asiatic acid ameliorates doxorubicin-
induced cardiac and hepato-renal toxicities with Nrf2 transcrip-
tional factor activation in rats. Cardiovasc Toxicol 18:131–141. 
https:// doi. org/ 10. 1007/ s12012- 017- 9424-0

Kang YS, Li Y, Dai C, Kiss LP, Wu C, Liu Y (2010) Inhibition of 
integrin-linked kinase blocks podocyte epithelial-mesenchymal 
transition and ameliorates proteinuria. Kidney Int 78(4):363–373. 
https:// doi. org/ 10. 1038/ ki. 2010. 137

Kim SY, Moon A (2012) Drug-induced nephrotoxicity and its biomark-
ers. Biomol Ther (seoul) 20(3):268–272. https:// doi. org/ 10. 4062/ 
biomo lther. 2012. 20.3. 268

Klenow S, Jahns F, Pool-Zobel BL, Glei M (2009) Does an extract 
of carob (Ceratonia siliqua L.) have chemopreventive potential 
related to oxidative stress and drug metabolism in human colon 
cells? J Agric Food Chem. 57(7):2999–3004. https:// doi. org/ 10. 
1021/ jf802 872b

Lachkar N, Al-Sobarry M, El Hajaji H, Lamkinsi T, Lachkar M, Cher-
rah Y, Alaoui K (2016) Anti-inflammatory and antioxidant effect 
of Ceratonia siliqua L. methanol barks extract. J Chem Pharm 
Res 8(3):202–210

Lakkab I, Hajaji HE, Lachkar N, Bali BE, Lachkar M, Ciobica A 
(2018) Phytochemistry, bioactivity: suggestion of Ceratonia 
siliqua L. as neurodegenerative disease therapy. J Complement 
Integr Med 15(4). https:// doi. org/ 10. 1515/ jcim- 2018- 0013

Li MO, Flavell RA (2008) Contextual regulation of inflammation: 
a duet by transforming growth factor-beta and interleukin-10. 
Immunity 28(4):468–476. https:// doi. org/ 10. 1016/j. immuni. 
2008. 03. 003

Liu Y (2006) Renal fibrosis: new insights into the pathogenesis and 
therapeutics. Kidney Int 69(2):213–217. https:// doi. org/ 10. 1038/ 
sj. ki. 50000 54

Lubis MR, Haryani R, Safriana S, Satria D (2019) Ethanolic extract of 
herb Pugun tanoh (Picria fel-terrae Lour.) modulates TCD4+ and 
TCD8+ cell profile of doxorubicin-induced immuno-suppressed 
rats. Open Access Maced J Med Sci 7(22):3774. https:// doi. org/ 
10. 3889/ oamjms. 2019. 501

Magaki S, Hojat SA, Wei B, So A, Yong WH (2019) An introduction to the 
performance of immunohistochemistry. In: Yong W (Eds) Biobank-
ing. Methods in Molecular Biology, vol 1897. Humana Press, New 
York, NY. https:// doi. org/ 10. 1007/ 978-1- 4939- 8935-5_ 25

Mahzari S, Hosseinian S, Hadjzadeh MA, Mohebbati R, Noshahr 
ZS, Rad AK (2021) Kidney dysfunction and oxidative stress in 
doxorubicin-induced nephrotic rat: protective role of sesame oil. 
Saudi J Kidney Dis Transpl 32(5):1243–1252. https:// doi. org/ 10. 
4103/ 1319- 2442. 344743

Mantawy EM, El-Bakly WM, Esmat A, Badr AM, El-Demerdash E 
(2014) Chrysin alleviates acute doxorubicin cardiotoxicity in rats 
via suppression of oxidative stress, inflammation and apoptosis. 
Eur J Pharmacol 728:107–118. https:// doi. org/ 10. 1016/j. ejphar. 
2014. 01. 065

Marklund S, Marklund G (1974) Involvement of the superoxide anion 
radical in the autoxidation of pyrogallol and a convenient assay 

https://doi.org/10.1016/j.arabjc.2010.06.053
https://doi.org/10.1016/j.arabjc.2010.06.053
https://doi.org/10.1155/2012/981461
https://doi.org/10.1046/j.1523-1755.1999.00656.x
https://doi.org/10.1046/j.1523-1755.1999.00656.x
https://doi.org/10.1111/j.1745-7270.2005.00108.x
https://doi.org/10.1111/j.1745-7270.2005.00108.x
https://doi.org/10.1016/j.tox.2007.12.024
https://doi.org/10.1007/1-4020-2586-6_33
https://doi.org/10.1007/1-4020-2586-6_33
https://doi.org/10.1093/ajcp/58.5.376
https://doi.org/10.3390/foods9010020
https://doi.org/10.3390/foods9010020
https://doi.org/10.3390/ijms17111875
https://doi.org/10.3390/ijms17111875
https://doi.org/10.1126/SCIENCE.281.5381.1309
https://doi.org/10.1126/SCIENCE.281.5381.1309
https://doi.org/10.3389/fphar.2018.01563
https://doi.org/10.3389/fphar.2018.01563
https://doi.org/10.1186/1741-7015-10-80
https://doi.org/10.1155/2021/8841726
https://doi.org/10.1155/2021/8841726
https://doi.org/10.1007/s00210-019-01782-4
https://doi.org/10.1007/s00210-019-01782-4
https://doi.org/10.1200/JCO.1987.5.2.172
https://doi.org/10.1200/JCO.1987.5.2.172
https://doi.org/10.3390/biology11050669
https://doi.org/10.3390/biology11050669
https://doi.org/10.1007/s12012-017-9424-0
https://doi.org/10.1038/ki.2010.137
https://doi.org/10.4062/biomolther.2012.20.3.268
https://doi.org/10.4062/biomolther.2012.20.3.268
https://doi.org/10.1021/jf802872b
https://doi.org/10.1021/jf802872b
https://doi.org/10.1515/jcim-2018-0013
https://doi.org/10.1016/j.immuni.2008.03.003
https://doi.org/10.1016/j.immuni.2008.03.003
https://doi.org/10.1038/sj.ki.5000054
https://doi.org/10.1038/sj.ki.5000054
https://doi.org/10.3889/oamjms.2019.501
https://doi.org/10.3889/oamjms.2019.501
https://doi.org/10.1007/978-1-4939-8935-5_25
https://doi.org/10.4103/1319-2442.344743
https://doi.org/10.4103/1319-2442.344743
https://doi.org/10.1016/j.ejphar.2014.01.065
https://doi.org/10.1016/j.ejphar.2014.01.065


83436 Environmental Science and Pollution Research (2023) 30:83421–83438

1 3

for superoxide dismutase. Eur J Biochem 47(3):469–474. https:// 
doi. org/ 10. 1111/j. 1432- 1033. 1974. tb037 14.x

Martić N, Zahorec J, Stilinović N, Andrejić-Višnjić B, Pavlić B, Kladar 
N, Šoronja-Simović D, Šereš Z, Vujčić M, Horvat O, Rašković 
A (2022) Hepatoprotective effect of carob pulp flour (Ceratonia 
siliqua L.) extract obtained by optimized microwave-assisted 
extraction. Pharmaceutics. 14(3):657. https:// doi. org/ 10. 3390/ 
pharm aceut ics14 030657

Morgan AM, Hassanen EI, Ogaly HA, Al Dulmani SA, Al-Zahrani 
FAM, Galal MK, Kamel S, Rashad MM, Ibrahim MA, Hussien 
AM (2021) The ameliorative effect of N-acetylcysteine against 
penconazole induced neurodegenerative and neuroinflammatory 
disorders in rats. J Biochem Mol Toxicol 35(10):e22884. https:// 
doi. org/ 10. 1002/ jbt. 22884

Morin S, Simard M, Rioux G, Julien P, Pouliot R (2022) Alpha-lino-
lenic acid modulates T cell incorporation in a 3D tissue-engi-
neered psoriatic skin model. Cells 11(9):1513. https:// doi. org/ 
10. 3390/ cells 11091 513

Mostafa RE, Morsi AH, Asaad GF (2021) Anti-inflammatory effects of 
saxagliptin and vildagliptin against doxorubicin-induced nephro-
toxicity in rats: attenuation of NLRP3 inflammasome up-regula-
tion and tubulo-interstitial injury. Res Pharm Sci 16(5):547–558. 
https:// doi. org/ 10. 4103/ 1735- 5362. 323920

Nagai J, Takano M (2010) Molecular-targeted approaches to reduce 
renal accumulation of nephrotoxic drugs. Expert Opin Drug 
Metab Toxicol 6(9):1125–1138. https:// doi. org/ 10. 1517/ 17425 
255. 2010. 497140

Nagai K, Fukuno S, Otani K, Nagamine Y, Omotani S, Hatsuda Y, 
Myotoku M, Konishi H (2018) Prevention of doxorubicin-
induced renal toxicity by the anine in rats. Pharmacology 101(3–
4):219–224. https:// doi. org/ 10. 1159/ 00048 6625

Natarajan K, Abraham P, Kota R, Isaac B (2018) NF-κB-iNOS-
COX2-TNF α inflammatory signaling pathway plays an impor-
tant role in methotrexate induced small intestinal injury in rats. 
Food Chem Toxicol 118:766–783. https:// doi. org/ 10. 1016/j. 
fct. 2018. 06. 040

Naughton CA (2008) Drug-induced nephrotoxicity. Am Fam Physician 
78(6):743–750

Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in 
animal tissues by thiobarbituric acid reaction. Anal Biochem 
95(2):351–358. https:// doi. org/ 10. 1016/ 0003- 2697(79) 90738-3

Otuechere CA, Farombi EO (2020) Pterocarpusmildbraedii (Harms) 
extract resolves propanil-induced hepatic injury via repression 
of inflammatory stress responses in Wistar rats. J Food Biochem 
44(12):e13506. https:// doi. org/ 10. 1111/ jfbc. 13506

Ozben T (2007) Oxidative stress and apoptosis: impact on cancer 
therapy. J Pharm Sci 96(9):2181–2196. https:// doi. org/ 10. 1002/ 
jps. 20874

Patton CJ, Crouch SR (1977) Spectrophotometric and kinetics investi-
gation of the Berthelot reaction for the determination of ammo-
nia. Anal Chem 49(3):464–469. https:// doi. org/ 10. 1021/ ac500 
11a034

Poorani R, Bhatt AN, Das UN (2020) Modulation of pro-inflammatory 
and pro-resolution mediators by γ-linolenic acid: an important 
element in radioprotection against ionizing radiation. Arch Med 
Sci 16(6):1448–1456. https:// doi. org/ 10. 5114/ aoms. 2020. 92469

Qasem MA, Noordin MI, Arya A, Alsalahi A, Jayash SN (2018) Evalu-
ation of the glycemic effect of Ceratonia siliqua pods (Carob) on 
a streptozotocin-nicotinamide induced diabetic rat model. PeerJ 
6:e4788. https:// doi. org/ 10. 7717/ peerj. 4788

Rahman I, Kode A, Biswas SK (2006) Assay for quantitative deter-
mination of glutathione and glutathione disulfide levels using 
enzymatic recycling method. Nat Protoc 1(6):3159–3165. https:// 
doi. org/ 10. 1038/ nprot. 2006. 378

Rashid S, Ali N, Nafees S, Ahmad ST, Arjumand W, Hasan SK, Sultana 
S (2013) Alleviation of doxorubicin-induced nephrotoxicity and 

hepatotoxicity by chrysin in Wistar rats. Toxicol Mech Methods 
23(5):337–345. https:// doi. org/ 10. 3109/ 15376 516. 2012. 759306

Reis-Mendes A, Padrão AI, Duarte JA, Gonçalves-Monteiro S, Duarte-
Araújo M, Remião F, Carvalho F, Sousa E, Bastos ML, Costa VM 
(2021) Role of inflammation and redox status on doxorubicin-
induced cardiotoxicity in infant and adult CD-1 male mice. Bio-
molecules 11(11):1725. https:// doi. org/ 10. 3390/ biom1 11117 25

Rtibi K, Jabri MA, Selmi S, Souli A, Sebai H, El-Benna J, Amri M, 
Marzouki L (2015) Gastroprotective effect of carob (Ceratonia 
siliqua L.) against ethanol-induced oxidative stress in rat. BMC 
Complement Altern Med B 15:292. https:// doi. org/ 10. 1186/ 
s12906- 015- 0819-9

Rtibi K, Selmi S, Grami D, Amri M, Eto B, El-Benna J, Sebai H, 
Marzouki L (2017) Chemical constituents and pharmacological 
actions of carob pods and leaves (Ceratoniasiliqua L.) on the gas-
trointestinal tract: a review. Biomed Pharmacother 93:522–528. 
https:// doi. org/ 10. 1016/j. biopha. 2017. 06. 088

Ryter SW, Kim HP, Hoetzel A, Park JW, Nakahira K, Wang X, Choi 
AM (2007) Mechanisms of cell death in oxidative stress. Anti-
oxid Redox Signal 9(1):49–89. https:// doi. org/ 10. 1089/ ars. 
2007.9. 49

Saad AA, Youssef MI, El-Shennawy LK (2009) Cisplatin induced dam-
age in kidney genomic DNA and nephrotoxicity in male rats: the 
protective effect of grape seed proanthocyanidin extract. Food 
Chem Toxicol 47(7):1499–1506. https:// doi. org/ 10. 1016/j. fct. 
2009. 03. 043

Sabapathy RE, Morsi AH, Asaad GF (2021) Anti-inflammatory effects 
of saxagliptin and vildagliptin against doxorubicin-induced 
nephrotoxicity in rats: attenuation of NLRP3 inflammasome 
up-regulation and tubulo-interstitial injury. Res Pharm Sci 
16(5):547–558. https:// doi. org/ 10. 4103/ 1735- 5362. 323920

Sakamaki K, Satou Y (2009) Caspases: evolutionary aspects of their 
functions in vertebrates. J Fish Biol 74(4):727–753. https:// doi. 
org/ 10. 1111/j. 1095- 8649. 2009. 02184.x

Saraiva M, O’Garra A (2010) The regulation of IL-10 production by 
immune cells. Nat Rev Immunol 10(3):170–181. https:// doi. org/ 
10. 1038/ nri27 11

Schnellmann RG, Kelly KJ (1999) Pathophysiology of nephrotoxic 
acute renal failure. In: Berl T, Bonventre JV (eds) Acute renal 
failure. Blackwell Science, Philadelphia

Schoenfeld RG, Lewellen CJ (1964) A colorimetric method for deter-
mination of serum chloride. Clin Chem 10(6):533–539. https:// 
doi. org/ 10. 1093/ clinc hem/ 10.6. 533

Short WD, Steen E, Kaul A, Wang X, Olutoye OO 2nd, Vangapandu 
HV, Templeman N, Blum AJ, Moles CM, Narmoneva DA, 
Crombleholme TM, Butte MJ, Bollyky PL, Keswani SG, Balaji 
S (2022) IL-10 promotes endothelial progenitor cell infiltration 
and wound healing via STAT3. FASEB J. 36(7):e22298. https:// 
doi. org/ 10. 1096/ fj. 20190 1024RR

Simon HU, Haj-Yehia A, Levi-Schaffer F (2000) Role of reactive oxy-
gen species (ROS) in apoptosis induction. Apoptosis 5(5):415–
418. https:// doi. org/ 10. 1023/a: 10096 16228 304

Sinuani I, Beberashvili I, Averbukh Z, Sandbank J (2013) Role of 
IL-10 in the progression of kidney disease. World J Transplant 
3(4):91–98. https:// doi. org/ 10. 5500/ wjt. v3. i4. 91

Soleimanzadeh A, Kian M, Moradi S, Mahmoudi S (2020) Carob 
(Ceratonia siliqua L.) fruit hydro-alcoholic extract alleviates 
reproductive toxicity of lead in male mice: evidence on sperm 
parameters, sex hormones, oxidative stress biomarkers and 
expression of Nrf2 and iNOS. Avicenna J Phytomed 10(1):35–49

Soltani Hekmat A, Chenari A, Alipanah H, Javanmardi K (2021) Pro-
tective effect of alamandine on Doxorubicin-induced nephrotox-
icity in rats. BMC Pharmacol Toxicol 22(1):31. https:// doi. org/ 
10. 1186/ s40360- 021- 00494-x

Souli A, Sebai H, Chehimi L, Rtibi K, Tounsi H, Boubaker S, Sakly 
M, El-Benna J, Amri M (2015) Hepatoprotective effect of carob 

https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.3390/pharmaceutics14030657
https://doi.org/10.3390/pharmaceutics14030657
https://doi.org/10.1002/jbt.22884
https://doi.org/10.1002/jbt.22884
https://doi.org/10.3390/cells11091513
https://doi.org/10.3390/cells11091513
https://doi.org/10.4103/1735-5362.323920
https://doi.org/10.1517/17425255.2010.497140
https://doi.org/10.1517/17425255.2010.497140
https://doi.org/10.1159/000486625
https://doi.org/10.1016/j.fct.2018.06.040
https://doi.org/10.1016/j.fct.2018.06.040
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1111/jfbc.13506
https://doi.org/10.1002/jps.20874
https://doi.org/10.1002/jps.20874
https://doi.org/10.1021/ac50011a034
https://doi.org/10.1021/ac50011a034
https://doi.org/10.5114/aoms.2020.92469
https://doi.org/10.7717/peerj.4788
https://doi.org/10.1038/nprot.2006.378
https://doi.org/10.1038/nprot.2006.378
https://doi.org/10.3109/15376516.2012.759306
https://doi.org/10.3390/biom11111725
https://doi.org/10.1186/s12906-015-0819-9
https://doi.org/10.1186/s12906-015-0819-9
https://doi.org/10.1016/j.biopha.2017.06.088
https://doi.org/10.1089/ars.2007.9.49
https://doi.org/10.1089/ars.2007.9.49
https://doi.org/10.1016/j.fct.2009.03.043
https://doi.org/10.1016/j.fct.2009.03.043
https://doi.org/10.4103/1735-5362.323920
https://doi.org/10.1111/j.1095-8649.2009.02184.x
https://doi.org/10.1111/j.1095-8649.2009.02184.x
https://doi.org/10.1038/nri2711
https://doi.org/10.1038/nri2711
https://doi.org/10.1093/clinchem/10.6.533
https://doi.org/10.1093/clinchem/10.6.533
https://doi.org/10.1096/fj.201901024RR
https://doi.org/10.1096/fj.201901024RR
https://doi.org/10.1023/a:1009616228304
https://doi.org/10.5500/wjt.v3.i4.91
https://doi.org/10.1186/s40360-021-00494-x
https://doi.org/10.1186/s40360-021-00494-x


83437Environmental Science and Pollution Research (2023) 30:83421–83438 

1 3

against acute ethanol-induced oxidative stress in rat. Toxicol 
Ind Health 31(9):802–810. https:// doi. org/ 10. 1177/ 07482 33713 
475506

Speth PAJ, van Hoesel QGCM, Haanen C (1988) Clinical pharmacoki-
netics of doxorubicin. Clin Pharmacokinet 15(1):15–31. https:// 
doi. org/ 10. 2165/ 00003 088- 19881 5010- 00002

Spitz AZ, Gavathiotis E (2021) Physiological and pharmacological modu-
lation of BAX. Trends Pharmacol Sci 43(3):206–220. https:// doi. 
org/ 10. 1016/j. tips. 2021. 11. 001

Stavrou IJ, Christou A, Kapnissi-Christodoulou CP (2018) Polyphenols 
in carobs: a review on their composition, antioxidant capacity 
and cytotoxic effects, and health impact. Food Chem 269:355–
374. https:// doi. org/ 10. 1016/j. foodc hem. 2018. 06. 152

Sun J, Sun G, Cui X, Meng X, Qin M, Sun X (2016) Myricitrin protects 
against Doxorubicin-induced cardiotoxicity by counteracting oxi-
dative stress and inhibiting mitochondrial apoptosis via ERK/P53 
pathway. Evid-Based Complement Altern Med 2016:6093783. 
https:// doi. org/ 10. 1155/ 2016/ 60937 83

Suvarna KS, Layton C, Bancroft JD (2019) Bancroft’s theory and prac-
tice of histological techniques E-Book. 8th edn, Elsevier (Pub-
lisher), pp. 536. https:// doi. org/ 10. 1016/ B978-0- 7020- 6864-5. 
01001-X.

Szalay CI, Erdélyi K, Kökény G, Lajtár E, Godó M, Révész C, Kaucsár 
T, Kiss N, Sárközy M, Csont T, Krenács T, Szénási G, Pacher 
P, Hamar P (2015) Oxidative/nitrative stress and inflammation 
drive progression of doxorubicin-induced renal fibrosis in rats 
as revealed by comparing a normal and a fibrosis-resistant rat 
strain. PLoS One 10(6):e0127090. https:// doi. org/ 10. 1371/ journ 
al. pone. 01270 90

Turner MD, Nedjai B, Hurst T, Pennington DJ (2014) Cytokines and 
chemokines: at the crossroads of cell signalling and inflamma-
tory disease. Biochimica et Biophysica Acta (BBA)-Mol Cell Res 
https:// doi. org/ 10. 1016/j. bbamcr. 2014. 05. 014 .2563-2582:(11)1843

Vomund S, Schäfer A, Parnham MJ, Brüne B, von Knethen A (2017) 
Nrf2, the master regulator of anti-oxidative responses. Int J Mol 
Sci 18(12):2772. https:// doi. org/ 10. 3390/ ijms1 81227 72

Vu M, Kassouf N, Ofili R, Lund T, Bell C, Appiah S (2020) Doxoru-
bicin selectively induces apoptosis through the inhibition of a 
novel isoform of Bcl-2 in acute myeloid leukaemia MOLM-13 

cells with reduced Beclin 1 expression. Int J Oncol 57(1):113–
121. https:// doi. org/ 10. 3892/ ijo. 2020. 5052

Wang S, Kotamraju S, Konorev E, Kalivendi S, Joseph J, Kalyanaraman 
B (2002) Activation of nuclear factor-kappaB during doxorubicin-
induced apoptosis in endothelial cells and myocytes is pro-apop-
totic: the role of hydrogen peroxide. Biochem J 367(Pt 3):729–740. 
https:// doi. org/ 10. 1042/ BJ200 20752

Wu Q, Li W, Zhao J, Sun W, Yang Q, Chen C, Xia P, Zhu J, Zhou 
Y, Huang G, Yong C, Zheng M, Zhou E, Gao K (2021) Api-
genin ameliorates doxorubicin-induced renal injury via inhibi-
tion of oxidative stress and inflammation. Biomed Pharmacother 
137:111308. https:// doi. org/ 10. 1016/j. biopha. 2021. 111308

Xiao J, Sun G-B, Sun B, Wu Y, He L, Wang X, Chen RC, Cao L, 
Ren XY, Sun XB (2012) Kaempferol protects against doxoru-
bicin-induced cardiotoxicity in vivo and in Vitro. Toxicology 
292(1):53–62. https:// doi. org/ 10. 1016/J. TOX. 2011. 11. 018

Xing W, Wen C, Wang D, Shao H, Liu C, He C, Olatunji OJ (2022) 
Cardiorenal protective effect of costunolide against doxorubicin-
induced toxicity in rats by modulating oxidative stress, inflam-
mation and apoptosis. Molecules 27(7):2122. https:// doi. org/ 10. 
3390/ molec ules2 70721 22

Youle RJ, Strasser A (2008) The BCL-2 protein family: opposing activ-
ities that mediate cell death. Nat Rev Mol Cell Biol 9(1):47–59. 
https:// doi. org/ 10. 1038/ nrm23 08

Zhang Y, Xu Y, Qi Y, Xu L, Song S, Yin L, Tao X, Zhen Y, Han X, 
Ma X, Liu K, Peng J (2017) Protective effects of dioscin against 
doxorubicin-induced nephrotoxicity via adjusting FXR-medi-
ated oxidative stress and inflammation. Toxicology 378:53–64. 
https:// doi. org/ 10. 1016/j. tox. 2017. 01. 007

Zhou Y, Cui C, Ma X, Luo W, Zheng SG, Qiu W (2020) Nuclear factor 
κB (NF-κB)–mediated inflammation in multiple sclerosis. Front 
Immunol 11:391. https:// doi. org/ 10. 3389/ fimmu. 2020. 00391

Zhu L, Lin M (2021) The synthesis of nano-doxorubicin and its anti-
cancer effect. Anticancer Agents Med Chem 21(18):2466–2477. 
https:// doi. org/ 10. 2174/ 18715 20621 66620 12291 15612

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/0748233713475506
https://doi.org/10.1177/0748233713475506
https://doi.org/10.2165/00003088-198815010-00002
https://doi.org/10.2165/00003088-198815010-00002
https://doi.org/10.1016/j.tips.2021.11.001
https://doi.org/10.1016/j.tips.2021.11.001
https://doi.org/10.1016/j.foodchem.2018.06.152
https://doi.org/10.1155/2016/6093783
https://doi.org/10.1016/B978-0-7020-6864-5.01001-X
https://doi.org/10.1016/B978-0-7020-6864-5.01001-X
https://doi.org/10.1371/journal.pone.0127090
https://doi.org/10.1371/journal.pone.0127090
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.3390/ijms18122772
https://doi.org/10.3892/ijo.2020.5052
https://doi.org/10.1042/BJ20020752
https://doi.org/10.1016/j.biopha.2021.111308
https://doi.org/10.1016/J.TOX.2011.11.018
https://doi.org/10.3390/molecules27072122
https://doi.org/10.3390/molecules27072122
https://doi.org/10.1038/nrm2308
https://doi.org/10.1016/j.tox.2017.01.007
https://doi.org/10.3389/fimmu.2020.00391
https://doi.org/10.2174/1871520621666201229115612


83438 Environmental Science and Pollution Research (2023) 30:83421–83438

1 3

Authors and Affiliations

Attia H. Atta1  · Shimaa A. Atta2 · Marwa S. Khattab3 · Tamer H. Abd El‑Aziz4 · Samar M. Mouneir1 · 
Marwa A. Ibrahim5 · Soad M. Nasr4 · Shimaa R. Emam1

 * Attia H. Atta 
 attaattia52@cu.edu.eg

 Shimaa A. Atta 
 attashimaa@yahoo.com

 Marwa S. Khattab 
 marwakhattab@cu.edu.eg

 Tamer H. Abd El-Aziz 
 tamer_ghname@yahoo.com

 Samar M. Mouneir 
 samar_mouneir@yahoo.com

 Marwa A. Ibrahim 
 marwa199@gmail.com

 Soad M. Nasr 
 soadnasr@yahoo.com

 Shimaa R. Emam 
 shaimaaramadan644@gmail.com

1 Pharmacology Department, Faculty of Veterinary Medicine, 
Cairo University, Giza 1211, Egypt

2 Immunology Department, Theodor Belharz Research 
Institute, Giza 12411, Egypt

3 Pathology Department, Faculty of Veterinary Medicine, 
Cairo University, Giza 1211, Egypt

4 Department of Parasitology and Animal Diseases, National 
Research Centre, 33 Bohouth St, DokkiGiza 12622, Egypt

5 Biochemistry and Molecular Biology Department, Faculty 
of Veterinary Medicine, Cairo University, Giza 1211, Egypt

http://orcid.org/0000-0003-1449-0293

	Ceratonia siliqua pods (Carob) methanol extract alleviates doxorubicin-induced nephrotoxicity via antioxidant, anti-inflammatory and anti-apoptotic pathways in rats
	Abstract
	Introduction
	Material and methods
	Plant material
	Acute toxicity testing
	Phytochemistry
	Animals, treatments, and sampling
	Assessment of nephrotoxicity indices in serum
	Assessment of oxidative stress markers in kidney homogenate
	Assessment of inflammatoryanti-inflammatory, immune response, and apoptotic markers in kidney tissue homogenate
	Immunohistochemistry and histopathology
	Assessment of gene expression
	Statistics

	Results
	Acute toxicity
	Effect of CME on serum kidney function parameters
	Effect of CME on oxidative stress markers in kidney tissue homogenate
	Effect of CME on the inflammatory, immune responses, and apoptotic markers in the kidney tissue homogenate
	Effect on the transcript level of COX-2, Cas-9, Bax, and Bcl-2
	Immunohistochemistry of Bax, Bcl-2, COX-2, and NF-κβ
	Histopathological findings
	Phytochemical constituents

	Discussion
	Conclusions
	References


