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Abstract
Objective  Chicoric acid (CA) is a natural product with promising antioxidant and anti-inflammatory properties; however, its 
protective effect on methotrexate (MTX)-induced acute kidney injury (AKI) hasn’t been reported. We investigated the effect 
of CA on MTX-induced AKI in rats, pointing to the role of NF-κB/NLRP3 inflammasome and Nrf2/ARE/HO-1 signaling.
Materials and methods  Wistar rats received 25 mg/kg and 50 mg/kg CA for 15 days and a single injection of MTX at day 
16. At day 19, the rats were killed, and samples were collected for analyses.
Results  MTX induced a significant increase in serum creatinine and urea, and kidney Kim-1, reactive oxygen species (ROS), 
malondialdehyde and nitric oxide levels. In addition, MTX-induced rats exhibited multiple histopathological alterations, 
diminished antioxidant defenses, and decreased expression of Nrf2, NQO-1 and HO-1. CA prevented histological altera-
tions, ameliorated kidney function markers, attenuated ROS production and lipid peroxidation, and boosted antioxidant 
defenses. CA suppressed the expression of NF-κB p65, NLRP3, caspase-1 and IL-1β in the kidney of MTX-induced rats. 
Furthermore, CA inhibited MTX-induced apoptosis as evidenced by the decreased expression of BAX and caspase-3, and 
increased Bcl-2 gene expression.
Conclusions  CA prevented MTX-induced AKI through activation of Nrf2/ARE/HO-1 signaling, and attenuation of ROS-
induced activation of NF-κB/NLRP3 inflammasome signaling.
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Introduction

The kidney is a frequent site of drug toxicity due to its role 
in the concentration and excretion of drugs and toxic agents. 
The use of drugs is associated frequently with nephrotoxic-
ity which assist the progress and development of acute and 
chronic kidney diseases (CKD) [1]. Tubular toxicity, intersti-
tial nephritis, glomerular effects, urinary crystallization, and 
other manifestations associated with nephrotoxicity can lead 
to acute kidney injury (AKI), a rapidly growing health prob-
lem with socioeconomic consequences [2]. Drug-induced 
AKI accounts for 19–26% in adults [3] and 16% in pediatric 
cases of AKI [4]. AKI is associated with the development 
and progression of CKD and its related increased mortal-
ity [5]. The nephrotoxic potential of drugs is affected by 
the pharmacological properties, molecular characteristics, 
metabolism, dose, duration, route of administration, and 
other factors [6, 7]. Numerous drugs have been reported 
to be inherently nephrotoxic [6]. The metabolism of these 
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drugs in the kidney produces various metabolites which can 
cause kidney injury through different mechanisms, including 
excessive production of reactive oxygen species (ROS) and 
oxidative damage [6]. The dihydrofolate reductase inhibitor 
methotrexate (MTX) and its 7-hydroxy metabolite have the 
tendency to crystallize and precipitate in the renal tubules in 
the setting of low urinary pH and sluggish urine flow rates 
[6]. Although crystallization in the renal tubules is the most 
commonly described mechanism of MTX nephrotoxicity 
[8], other mechanisms have been reported. MTX induces 
mitochondrial dysfunction [9], activates neutrophils [10] and 
triggers NADPH oxidase activity [11], resulting in excessive 
production of ROS. In addition, it has direct effects on the 
mesangial cells, tubular epithelial cells and afferent capil-
lary constriction [12]. MTX is widely used in the treatment 
of multiple diseases, including cancer, rheumatoid arthritis, 
lupus erythematosus, and psoriasis [13, 14]; however, the 
adverse effects and toxicity often limit its therapeutic appli-
cations. Several studies have demonstrated AKI in 2–12% 
patients who received high dose MTX [15, 16]. For instance, 
9.1% of patients with lymphoma on MTX therapy have been 
reported to develop renal injury [16].

Oxidative stress and inflammation have been implicated 
in MTX nephrotoxicity. Excess ROS can result in multiple 
deleterious effects and activate nuclear factor-kappaB (NF-
κB) leading to increased production of pro-inflammatory 
cytokines [17]. NF-κB can activate NLRP3 inflamma-
some, a multiprotein oligomer promotes the maturation 
of pro-inflammatory cytokines [18]. This protein complex 
includes nucleotide-binding domain and NOD-like recep-
tors (NLRs) that contain leucine-rich repeats, apoptosis-
associated speck-like protein (ASC) and pro-caspase-1. In 
response to an inflammatory signal, the inflammasome func-
tions as a molecular scaffold for the activation of caspase-1 
which promotes the maturation of interleukin (IL)-1β and 
IL-18 from their inactive precursors [19]. IL-1β and other 
cytokines released as a result of the activation of inflamma-
some can promote programmed pro-inflammatory cell death 
called pyroptosis [20]. Multiple studies have reported that 
NLRP3 inflammasome is implicated in kidney diseases [21, 
22]. ROS have been suggested to integrate different signals 
and elicit inflammasome activation [23]. Therefore, attenu-
ation of drug-induced oxidative stress and its subsequent 
NF-κB/NLRP3 inflammasome activation can protect the 
kidney against inflammation and cell death.

Chicoric acid (CA), a dicaffeyltartaric acid, is a natural 
compound with promising beneficial properties. It occurs 
in a variety of plant species used in folk medicine, such as 
Cichorium intybus L., Ocimum basilicum L. and Echinacea 
purpurea [24]. CA exhibits multiple biological activities, 
including antioxidant, anti-inflammatory, anti-atheroscle-
rotic, and antidiabetic [25–28]. In a mouse model of diabe-
tes, CA ameliorated hyperglycemia and activated antioxidant 

defenses in the muscle [29]. CA improved glucose toler-
ance, insulin sensitivity and mitochondrial function in diet-
induced obese mice [30]. In addition, it protected against 
in vivo cerebral ischemia/reperfusion (I/R) injury via its 
antioxidant effect [31]. Despite these beneficial effects, the 
potential protective effect of CA against MTX nephrotoxic-
ity hasn’t been studied. Therefore, this study was designed to 
investigate the protective effect of CA on MTX nephrotoxic-
ity, pointing to the involvement of NF-κB/NLRP3 inflam-
masome signaling. In addition, we evaluated whether treat-
ment with CA activates the nuclear factor erythroid 2-related 
factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling in the 
kidney of MTX-induced rats. Nrf2 is a transcription factor 
that regulates the expression of antioxidant enzymes and 
protect against oxidative damage [32]. Under normal condi-
tions, Nrf2 is sequestered in the cytosol by Kelch-like ECH-
associated protein 1 (Keap1) and cullin 3. Upon exposure to 
mild oxidative stress, ROS disrupt the Keap1-Cullin 3 ubiq-
uitination system and Nrf2 translocate into the nucleus, com-
plex with a small MAF protein, bind to antioxidant response 
element (ARE), and activate the expression of antioxidant 
genes [33]. Therefore, activation of Nrf2/ARE/antioxidant 
signaling by CA can attenuate MTX-induced oxidative 
stress, inflammation and kidney injury.

Materials and methods

Experimental animals

Adult male Wistar rats, weighing 150–160 g, obtained from 
the National Research Centre (NRC, Giza, Egypt), were 
included in this study. The animals were housed in standard 
cages, supplied a standard chow diet and water ad libitum, 
and maintained on a 12-h light/dark cycle at normal tem-
perature (23  ±  2  °C) and humidity (50–60%). The ani-
mals were acclimatized for 1 week before the start of the 
experiment.

Experimental design and treatments

Twenty-four rats were divided into four groups (n = 6) as 
follows (Fig. 1):

Control: received 0.5% carboxymethyl cellulose (CMC) 
for 15 days via oral gavage and a single intraperitoneal (i.p.) 
injection of physiological saline at day 16.

MTX: received 0.5% CMC for 15 days and a single ip 
injection of MTX (20 mg/kg; Shanxi PUDE Pharmaceutical 
Company, China) at day 16.

MTX + 25 mg/kg CA: received 25 mg/kg CA in 0.5% 
CMC for 15 days and MTX at day 16.

MTX + 50 mg/kg CA: received 50 mg/kg CA in 0.5% 
CMC for 15 days and MTX at day 16.
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The MTX-induced AKI model was established as reported 
previously [34], and the doses of CA were selected based on 
previous studies showed the in vivo antioxidant effect of CA 
at doses between 10 and 100 mg/kg/day [29, 31]. CA (≥ 98% 
purity) was obtained from Chengdu Purify Phytochemicals 
Ltd (Chengdu, China) and dissolved in 0.5% CMC. Previous 
studies have dissolved CA in drinking water and saline [26, 
28, 29]. At the end of the experiment (day 19), the animals 
were killed under anesthesia and blood samples were col-
lected. Serum was isolated from blood and kept at − 20 °C 
until used for the measurement of creatinine, urea, and tumor 
necrosis factor alpha (TNF-α) levels. The animals were imme-
diately dissected, and kidneys were excised and washed in cold 
phosphate buffered saline (PBS). Samples from the kidney 
were fixed in 10% neutral buffered formalin for histological 
examination, whereas other samples were kept at − 80 °C. For 
Western blotting and biochemical assays, samples from the 
kidney were homogenized in RIPA buffer supplemented with 
proteinase inhibitors or PBS (10% w/v), respectively.

Biochemical assays

Measurement of kidney function markers, caspase‑3 
and cytokines

Creatinine [35] and urea [36] were assayed using reagent kits 
purchased from Spinreact (Girona, Spain). TNF-α and IL-1β 

were measured using ELISA kit (R&D systems, USA). Kid-
ney injury molecule-1 (Kim-1) and caspase-3 levels were 
determined using ELISA kits supplied by Cusabio (Wuhan, 
China). All assays were carried out according to the manu-
facturers’ instructions.

Measurement of oxidative stress and antioxidant markers

ROS were measured using the fluorescent probe 2′,7′-dichlo-
rodihydrofluorescein diacetate (H2DCF-DA) [37, 38]. 
To 1 ml PBS, 100 µl of the kidney homogenate and 5 µl 
H2DCF-DA (final concentration 10 µM) were added, and the 
mixture was incubated for 30 min protected from light. The 
fluorescence intensity was measured at excitation 490 nm 
and emission 540 nm using a plate reader. Malondialde-
hyde (MDA) [39] and NO, assayed using Griess reagent 
[40], reduced glutathione (GSH) [41], superoxide dismutase 
(SOD) [42], catalase (CAT) [43] and glutathione peroxi-
dase (GPx) [44] were measured in the kidney homogenate 
samples.

Histological examination

The kidney samples were fixed in 10% neutral buffered for-
malin for 48 h and then processed via routine histological 
procedures (dehydration, clearing and paraffin embedding). 

Fig. 1   Schematic diagram showing the experimental design



514	 S. M. Abd El‑Twab et al.

1 3

5 μm sections were cut, stained with hematoxylin and eosin 
(H&E), and examined using a light microscope.

Quantitative reverse transcription polymerase chain 
reaction (qRT‑PCR)

The gene expression levels of Nrf2, HO-1, NAD(P)H qui-
none dehydrogenase 1 (NQO-1), B cell lymphoma 2 (Bcl-2) 
and Bcl-2-associated X protein (Bax) were assessed by qRT-
PCR as previously described [45]. Total RNA, isolated from 
the frozen kidney samples using TRIzol reagent (Invitrogen, 
USA), was purified by RNeasy purification kit (Qiagen, Ger-
many), and quantitated by measuring absorbance at 260 and 
280 nm. RNA samples with A260/280 ≥ 1.8 were selected 
for cDNA synthesis. Two μg RNA was reverse transcribed 
into cDNA using RevertAidTM First Strand cDNA Syn-
thesis Kit (Fermentas, USA). The amplification of cDNA 
was performed by SYBR Green master mix (Fermentas, 
USA) and the primers set listed in Table 1, using β-actin as 
a house-keeping gene. The obtained amplification data were 
analyzed by the 2−ΔΔCt method [46].

Western blotting

The expression levels of NF-κB p65, NLRP3, caspase-1 
and Nrf2 were estimated in the kidney samples of control 
and experimental rats. Protein content was determined in 
the kidney homogenate using Bradford reagent and 50 μg 
protein was separated using SDS-PAGE. The isolated pro-
teins were transferred to PVDF membranes followed by 
blocking for 1 h in 5% milk/Tris-buffered saline-tween 20 
(TBST) at room temperature. The membranes were probed 
with primary antibodies (Novus Biologicals, USA) over-
night at 4  °C, washed in TBST and incubated with the 
secondary antibodies (Novus Biologicals, USA). After 
washing with TBST, the membranes were developed using 
enhanced chemiluminescence kit (BIO-RAD, USA). The 

band intensity was determined using ImageJ (version 1.32j; 
NIH, USA) and presented as percent of control.

Statistical analysis

GraphPad Prism 5 software (San Diego, CA, USA) was 
used for the statistical analysis. The results were presented 
as mean  ±  the standard error of the mean (SEM). All statis-
tical comparisons were performed using one-way ANOVA 
test followed by Tukey’s post hoc analysis. A P value less 
than 0.05 was considered significant.

Results

CA prevents MTX‑induced kidney injury in rats

To evaluate the protective effect of CA on MTX-induced 
AKI, we determined the levels of creatinine, urea, and 
Kim-1, and performed a histological study (Fig. 2). MTX-
induce rats showed a significant increase in serum creati-
nine (P < 0.001; Fig. 2A) and urea (P < 0.001; Fig. 2B) when 
compared with the control group. Similarly, the administra-
tion of MTX induced a significant increase in Kim-1 levels 
in the kidney of rats (P < 0.001; Fig. 2C). Pre-treatment of 
the MTX-induced rats with either 25 mg/kg or 50 mg/kg CA 
ameliorated the levels of creatinine, urea and Kim-1 signifi-
cantly (P < 0.001).

The ameliorative effect of CA on MTX-induced kidney 
injury was confirmed by the histological examination. While 
the H&E-stained section from the control group revealed 
normal structure of the glomeruli and renal tubules (Fig. 2D, 
a), MTX-induced rats showed interstitial hemorrhage, 
inflammatory cell infiltration, glomerular atrophy, dilation 
of renal tubules and Bowman’s capsule, congested blood 
vessels and others (Fig. 2D, b–d). Rats received 25 mg/kg 
(Fig. 2D, e) and 50 mg/kg CA (Fig. 2D, f) showed a remark-
able improvement in the histological structure of the kidney.

CA attenuates MTX‑induced oxidative stress 
and inflammation in rats

The administration of MTX promoted a significant increase 
in the production of ROS in the kidney of rats when com-
pared with the control group (P < 0.001; Fig. 3A). Conse-
quently, MDA levels showed a significant increase in the 
kidney of MTX-induced rats (P < 0.001; Fig. 3B). Pre-treat-
ment of the rats with 25 mg/kg and 50 mg/kg CA remarkably 
(P < 0.001) prevented MTX-induced excess production of 
ROS (Fig. 3A) and lipid peroxidation (Fig. 3B). In addition, 
both doses of CA significantly (P < 0.001) reduced NO lev-
els in the kidney of MTX-induced rats (Fig. 3C).

Table 1   Primers used for qRT-PCR

Gene Sequence (5′–3′)

NRF2 F: TTG​TAG​ATG​ACC​ATG​AGT​CGC​
R: TGT​CCT​GCT​GTA​TGC​TGC​TT

NQO-1 F: GGC​CAT​CAT​TTG​GGC​AAG​TC
R: TCC​TTG​TGG​AAC​AAA​GGC​GA

HO-1 F: GTA​AAT​GCA​GTG​TTG​GCC​CC
R: ATG​TGC​CAG​GCA​TCT​CCT​TC

BAX F: AGG​ACG​CAT​CCA​CCA​AGA​AG
R: CAG​TTG​AAG​TTG​CCG​TCT​GC

BCL-2 F: ACT​CTT​CAG​GGA​TGG​GGT​GA
R: TGA​CAT​CTC​CCT​GTT​GAC​GC

β-actin F: AGG​AGT​ACG​ATG​AGT​CCG​GC
R: CGC​AGC​TCA​GTA​ACA​GTC​CG
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The pro-inflammatory cytokine TNF-α was significantly 
(P < 0.001) increased in the serum of MTX-induced rats 
when compared with the control group as represented in 
Fig. 3D. Rats received CA before the administration of MTX 
showed a significant (P < 0.001) amelioration of serum 
TNF-α levels.

CA enhances antioxidants in the kidney 
of MTX‑induced rats

Given the significant amelioration of ROS, MDA and NO in 
the kidney of MTX-induced rats treated with CA, we deter-
mined the changes in GSH and antioxidant enzymes (Fig. 4). 
The kidney of rats received MTX showed remarkable 

reduction in GSH (P < 0.001; Fig. 4A), SOD (P < 0.001; 
Fig. 4B), CAT (P < 0.001; Fig. 4C) and GPx (P < 0.001; 
Fig. 4D) when compared with the control rats. Pre-treatment 
of the MTX-administered rats with 25 mg/kg and 50 mg/kg 
CA ameliorated GSH (P < 0.01; P < 0.01), SOD (P < 0.001; 
P < 0.001), CAT (P < 0.001; P < 0.001) and GPx (P < 0.001; 
P < 0.001). The 50 mg/kg CA exerted a significant effect on 
SOD activity (P < 0.05) when compared with the lower dose.

CA suppresses NF‑κB/NLRP3 inflammasome 
signaling in the kidney of MTX‑induced rats

The expression levels of NF-κB p65 was significantly 
(P < 0.001; Fig.  5A, B) increased in the kidney of 

Fig. 2   CA prevents MTX-induced kidney injury in rats. A–c Pre-
treatment with CA ameliorated serum creatinine (A) and urea 
(B), and kidney Kim-1 levels (C) in MTX-induced rats. Data are 
expressed as Mean ± SEM, n = 6. ***P < 0.001. D CA inhibits MTX-
induced histopathological changes in the kidney of rats. Photomicro-
graphs of sections in the kidney of control rats (D/a) showing normal 
glomeruli (G) and renal tubules, (D/b–d) MTX-induced rats show-

ing interstitial hemorrhage (black arrow), glomerular atrophy (arrow 
head), dilation of renal tubules and Bowman’s capsule (red arrow), 
congested blood vessels and inflammatory cell infiltration, and (D/e, 
f) MTX-induced rats pre-treated with 25 mg/kg (D/e) and 50 mg/kg 
CA (D/f) showed improved histological structure of the kidney. Scale 
bar = 50 μm
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MTX-induced rats when compared with the control group. 
Similarly, MTX-induced rats exhibited significant up-
regulation in the expression levels of NLRP3 (P < 0.001; 
Fig. 5A, C), caspase-1 p20 (P < 0.001; Fig. 5A, D) and IL-1β 
(P < 0.001; Fig. 5E). Rats received 25 mg/kg and 50 mg/kg 
CA showed remarkable decrease in the expression levels 
of NF-κB p65 (P < 0.001; P < 0.001), NLRP3 (P < 0.001; 
P < 0.001), caspase-1 p20 (P < 0.001; P < 0.001) and IL-1β 
(P < 0.001; P < 0.001). CA exerted a dose-dependent 
decrease in the expression of caspase-1 p20 in the kidney of 
MTX-induced rats (P < 0.01; Fig. 5D).

CA prevents MTX‑induced apoptosis in the kidney 
of rats

The kidney of MTX-induced rats showed a significant 
down-regulation of the mRNA abundance of the anti-
apoptosis marker Bcl-2 when compared with the control 
rats (P < 0.001; Fig. 6A). In contrast, MTX induced a 
significant increase in Bax mRNA expression (P < 0.001; 
Fig. 6B), Bax/Bcl-2 ratio (P < 0.001; Fig. 6C) and protein 
levels of caspase-3 (P < 0.001; Fig. 6D). Pre-treatment 
of the MTX-induced rats with 25 mg/kg and 50 mg/kg 

CA increased the expression levels of Bcl-2 (P < 0.05; 
P < 0.01), and decreased Bax (P < 0.001; P < 0.001), 
Bax/Bcl-2 ratio (P < 0.001; P < 0.001) and caspase-3 
(P < 0.001; P < 0.001).

CA activates Nrf2/ARE/antioxidant signaling 
in the kidney of MTX‑induced rats

Rats received MTX showed decreased mRNA (P < 0.01; 
Fig. 7A) and protein expression (P < 0.001; Fig. 7B) lev-
els of Nrf2 in the kidney when compared with the control 
group. Pre-treatment of the MTX-induced rats with 25 mg/
kg and 50 mg/kg CA resulted in a significant increase in the 
gene (P < 0.01; P < 0.001) and protein (P < 0.01; P < 0.001) 
expression levels of Nrf2.

mRNA abundance of NQO-1 (Fig.  7C) and HO-1 
(Fig. 7D) showed a significant (P < 0.01; P < 0.01) decrease 
in the kidney of MTX-induced rats when compared with 
the control group. In contrast, MTX-induced rats pre-
treated with 25 mg/kg and 50 mg/kg CA showed remarkable 
improvement in the expression levels of NQO-1 (P < 0.05; 
P < 0.05) and HO-1 (P < 0.05; P < 0.01).

Fig. 3   CA attenuates MTX-induced oxidative stress and inflammation in rats. CA significantly reduced kidney A ROS, B MDA and C NO lev-
els, and D serum TNF-α in MTX-induced rats. Data are expressed as Mean ± SEM, n = 6. ***P < 0.001
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Discussion

CA is a hydroxycinnamic acid with antioxidant and anti-
inflammatory efficacies. Recent studies have demonstrated 
the ability of CA to ameliorate nonalcoholic steatohepatitis 
[47], lipopolysaccharide (LPS)-induced acute lung injury 
(ALI) [26] and oxidized LDL (oxLDL)-induced endothe-
lial dysfunction [25] through suppression of oxidative stress 
and inflammation. However, its protective effect on MTX-
induced AKI hasn’t been studied. We investigated the role 
of CA in attenuating MTX nephrotoxicity in rats, pointing to 
the involvement of oxidative stress, NF-κB/NLRP3 inflam-
masome axis and Nrf2/ARE/HO-1 signaling.

Rats received a single injection of MTX showed renal 
dysfunction evidenced by the significant increase in serum 
creatinine and urea as previously reported [45, 48]. MTX 
nephrotoxicity was confirmed by the increased levels of the 
transmembrane protein Kim-1 and the histological altera-
tions in the kidney of rats. The microscopic examination 
revealed several histological alterations, including inflam-
matory cells infiltration, interstitial hemorrhage, glomerular 

atrophy, dilation of renal tubules and Bowman’s capsule, 
congested blood vessels and others. The proximal convo-
luted tubules (PCT) are vulnerable to drug toxicity due to 
their role in the uptake and metabolism of drugs. Kim-1 is 
a sensitive marker of renal injury and has been reported to 
increase in response to injury of the PCT [49]. In support 
of our findings, MTX injection caused glomerular atrophy, 
focal tubular necrosis, interstitial hemorrhage, proteinaceous 
material in renal tubules and hypertrophy of glomerular 
tuft as demonstrated by previous studies [11, 45, 48]. The 
nephrotoxicity of MTX and its 7-hydroxy metabolite is 
directly attributed to their precipitation and crystallization 
in renal tubules [12]. The tendency of MTX to crystallize in 
the renal tubules is promoted by the low urine volume, acidic 
pH and high concentration of MTX [6].

CA significantly prevented MTX-induced kidney injury 
and alleviated serum levels of creatinine and urea, dem-
onstrating its renoprotective efficacy. The protective role 
of CA against drug-induced kidney injury hasn’t been 
adequately studied. Our findings introduced an evidence 
that CA can prevent MTX nephrotoxicity. The beneficial 

Fig. 4   CA enhances antioxidant defenses in the kidney of MTX-induced rats. Pre-treatment with CA significantly alleviated A GSH, B SOD, C 
CAT and D GPx in the kidney of MTX-induced rats. Data are expressed as Mean ± SEM, n = 6. *P < 0.05, **P < 0.01 and ***P < 0.001
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effects of CA could be explained through its potent antiox-
idant and anti-inflammatory effects. MTX promotes ROS 
generation and oxidative stress via activation of NADPH 
oxidase [11] and neutrophils [10], and impairment of the 
mitochondrial function [9]. Excess ROS can damage cel-
lular lipids, proteins and DNA, leading to cell death. In 

this context, our findings showed increased MDA, a lipid 
peroxidation marker, in the kidney of MTX-induced rats. 
In addition, the antioxidants GSH, SOD, CAT and GPx 
were significantly declined in response to MTX admin-
istration. GSH is kept in its reduced form via the action 
of glutathione reductase using NADPH [50]. Therefore, 

Fig. 5   CA suppresses NF-κB/NLRP3 inflammasome signaling in the 
kidney of MTX-induced rats. A representative gel images of NF-κB 
p65, NLRP3, caspase-1 p20 and β-actin. CA suppressed the expres-

sion of B NF-κB p65, C NLRP3, D caspase-1 p20 and E IL-1β in 
the kidney of MTX-induced rats. Data are expressed as mean ± SEM, 
n = 6. **P < 0.01 and ***P < 0.001
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increased NADPH oxidase activity and ROS production 
explains the decreased levels of GSH. ROS can also induce 
oxidative damage of the cellular proteins, including anti-
oxidant enzymes [51] which were diminished in the cur-
rent study in conjunction with excessive ROS production. 
GSH and antioxidant enzymes prevent ROS-induced mito-
chondrial dysfunction and renal impairment [52]. Inter-
estingly, pre-treatment with CA attenuated MTX-induced 
ROS and NO production, and lipid peroxidation, and 
boosted antioxidant defenses in the kidney of rats. Accord-
ingly, CA attenuated ROS generation and enhanced cellu-
lar antioxidants in oxLDL-induced endothelial cells [25], 
doxorubicin (DOX)-treated human skin fibroblast cell line 
[53], and platelet-derived growth factor type BB (PDGF-
BB)-induced vascular smooth muscle cells (VSMCs) [54]. 
In addition, CA improved mitochondrial function in palmi-
tate-induced myotubes [30], activated antioxidants in the 
muscle of diabetic mice [29], and suppressed ROS levels 
in cerebral I/R injury in rats [31]. Therefore, attenuation of 
oxidative damage mediated to a great extent the protective 
effect of CA against MTX nephrotoxicity.

Previous studies have demonstrated that inflammation is 
implicated in MTX-induced liver and kidney injury [34, 45, 
48, 55]. Our findings showed increased serum levels of the 
pro-inflammatory cytokine TNF-α and activated NF-κB/
NLRP3 inflammasome signaling in the kidney of MTX-
induced rats, demonstrating an inflammatory response. 
Increased levels of pro-inflammatory cytokines is a result 
of ROS-mediated activation of NF-κB, a redox sensitive 
transcription factor promoting the expression of inflamma-
tory mediators and inducible NO synthase (iNOS) [17]. In 
accordance with our findings, NF-κB activation has been 
demonstrated in AKI in human [17] and animals [56]. 
Inflammatory cytokines can activate neutrophils and mac-
rophages, increase ROS, and subsequently provoke neutro-
phil infiltration in the kidney [10]. In addition to NF-κB 
activation, ROS can integrate different signals resulting in 
inflammasome activation [23]. Here, MTX-induced rats 
showed increased expression of NLRP3, caspase-1 and 
IL-1β. These findings indicated that the activation of NF-κB/
NLRP3 inflammasome signaling plays a role in MTX 
nephrotoxicity. NLRP3 inflammasome is a multiprotein 

Fig. 6   CA prevents MTX-induced apoptosis in the kidney of rats. 
Pre-treatment with CA significantly increased the expression of Bcl-2 
(A), and decreased Bax mRNA expression (B), Bax/Bcl-2 ratio (C) 

and caspase-3 protein levels (D) in the kidney of MTX-induced rats. 
Data are expressed as mean ± SEM, n = 6. *P < 0.05, **P < 0.01 and 
***P < 0.001
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oligomer activated by NF-κB and promotes the secretion of 
IL-1β and IL-18 [18]. These cytokines induce pro-inflam-
matory cell death [20]; therefore, NLRP3 inflammasome has 
been implicated in the progression of chronic nephropathies 
[18]. Both ROS and IL-1β can activate cell death pathways 
[20, 57]. Our study demonstrated increased expression of 
the pro-apoptotic markers Bax and caspase-3, along with 
down-regulation of the anti-apoptotic protein Bcl-2 in the 
kidney of MTX-induced rats. Bax is activated by ROS and 
pro-inflammatory cytokines, resulting in increased release 
of cytochrome c from the mitochondria and activation of 
caspase-3. In contrast, Bcl-2 inhibits the activation of cas-
pases by suppressing the release of cytochrome c from the 
mitochondria [58]. The balance between members of the 
Bcl-2 protein family controls the susceptibility of cells to 

apoptosis [59, 60]. The kidney of MTX-induced rats in this 
study showed increased Bax/Bcl-2 ratio, demonstrating acti-
vated apoptosis. Therefore, activation of NF-κB and its sub-
sequent stimulation of NLRP3 inflammasome and release 
of inflammatory cytokines provoked apoptosis in the kid-
ney of MTX-induced rats. Increased ROS production could 
be considered as the main culprit behind activation of the 
NF-κB/NLRP3 inflammasome signaling in the kidney of 
MTX-induced rats.

CA prevented MTX-induced activation of NF-κB/NLRP3 
inflammasome signaling and production of pro-inflamma-
tory cytokines. In addition, CA mitigated apoptosis in the 
kidney of rats through suppression of Bax and caspase-3, 
and up-regulation of Bcl-2. In agreement with these find-
ings, treatment of endothelial cells with CA suppressed 

Fig. 7   CA activates Nrf2/ARE/antioxidant signaling in the kidney of 
MTX-induced rats. CA increased the mRNA abundance of A Nrf2, C 
NQO-1 and D HO-1 in the kidney of MTX-administered rats. B The 

protein expression of Nrf2 was significantly increased in the kidney 
of MTX-administered rats pre-treated with CA. Data are expressed as 
mean ± SEM, n = 6. *P < 0.05, **P < 0.01 and ***P < 0.001
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oxLDL-induced activation of NF-κB, Bax and caspase-3 
[25]. In PDGF-BB-induced VSMCs, CA inhibited ROS/
NF-κB/mTOR/P70S6K signaling cascade [54], and sup-
pressed NF-κB and inflammatory mediators and cytokines 
in the liver of methionine/choline-deficient (MCD) diet-fed 
mice, MCD-treated HepG2 and AML-12 cells [47], and the 
brain of LPS-induced mice [28]. Our findings conferred new 
information that CA can inhibit NLRP3 inflammasome acti-
vation in the kidney of MTX-induced rats secondary to sup-
pression of oxidative stress.

To further explore the underlying mechanism, we deter-
mined the effect of CA on Nrf2/ARE/HO-1 signaling in 
the kidney of MTX-induced rats. Our findings showed 
decreased expression of Nrf2, NQO-1 and HO-1, an effect 
that was reversed in CA-treated rats. Previous work from 
our lab showed the negative impact of MTX on Nrf2 sign-
aling in the kidney of rats [45, 48]. Although activated 
by mild ROS levels, sustained oxidative stress has been 
reported to suppress Nrf2 activation [34, 37, 38, 48, 55, 
61–67]. Therefore, it is noteworthy to assume that acti-
vation of Nrf2 by CA inhibited ROS-induced activation 
of NF-κB/NLRP3 inflammasome signaling, production 
of inflammatory mediators and apoptosis in the kidney 
of MTX-induced rats. This notion is supported by previ-
ous studies showed activation of NLRP3 by Nrf2 knock-
down in cerebral I/R [68] and brain injury [69]. Very 
recently, Ding et al. [2] demonstrated that CA inhibited 
LPS-induced NLRP3 inflammasome activation and acti-
vated Nrf2 pathway in a mouse model of LPS-induced 

ALI. Given that the activation of NLRP3 inflammasome 
is promoted by NF-κB [18], the inhibition of NF-κB acti-
vation by Nrf2 can result in suppression of NLRP3. Nrf2 
activates the expression of antioxidant enzymes leading to 
inhibition of ROS-induced activation of NF-κB and libera-
tion of thioredoxin-interacting protein (TXNIP) which can 
interact with NLRP3 and elicits the assembly of inflam-
masome [70].

In conclusion, our findings show the involvement of 
NF-κB/NLRP3 inflammasome signaling activation, oxida-
tive stress and inflammatory cytokines in MTX nephrotox-
icity. CA prevented MTX-induced AKI through attenua-
tion of ROS production, inflammation, and apoptosis. CA 
activated Nrf2/ARE/HO-1 signaling, enhanced antioxidant 
defenses and inhibited ROS-induced activation of NF-κB/
NLRP3 inflammasome signaling in the kidney of MTX-
induced rats (summarized mechanistic pathways are rep-
resented in Fig. 8). Therefore, our study conferred new 
information on the protective mechanism of CA against 
MTX nephrotoxicity. CA could be used as an adjuvant 
therapy or a supplement to protect against AKI in patients 
who receive MTX, pending further studies to assess its 
exact mechanisms of action.
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Fig. 8   A proposed schematic 
diagram illustrating the protec-
tive mechanism of CA against 
MTX-induced AKI. MTX 
methotrexate, ROS reactive 
oxygen species, NF-κB nuclear 
factor-kappaB, Bax Bcl-
2-associated X protein, NLRP3 
nucleotide-binding domain, 
leucine-rich-containing family, 
pyrin domain (PYD)-contain-
ing-3, IL-1β interleukin-1beta, 
Nrf2 nuclear factor (erythroid-
derived 2)-like 2, Keap-1 Kelch-
like-ECH-associated protein 
1, ARE antioxidant response 
element, Cyt c cytochrome c 
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