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Abstract 

Background and purpose: The clinical use of the chemotherapeutic drug, doxorubicin (DXR), is significantly 

limited by its extensive multi-organ toxicity. Dipeptidyl peptidase-4 (DPP4) is over-expressed in oxidative 

stress, inflammation and apoptosis. DPP4 inhibitors have proven pleiotropic effects. The study investigates the 

protective effects of some DDP4 inhibitors; namely, saxagliptin (SAX) and vildagliptin (VIL) against DXR-

induced nephrotoxicity in rats.  

Experimental approach: Forty rats were divided into 4 groups. Group I served as normal control. 

Nephrotoxicity was induced in the remaining 3 groups by single-DXR injection (15 mg/kg, i.p.). Groups III 

and IV administered oral SAX (10 mg/ kg) and VIL (10 mg/ kg) for 2 weeks.  

Findings/Results: DXR-control rats showed deteriorated renal functions, elevated renal inflammatory 

parameters (tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL-1β), and inducible nitric oxide 

synthase (iNOS)), up-regulated nucleotide-binding oligomerization domain-like receptor containing pyrin 

domain 3 (NLRP3) inflammasome and significant tubulointerstitial injury manifested by elevated neutrophil 

gelatinase-associated lipocalin concentration and distorted renal histopathological pictures. 

Immunohistochemical studies showed increased iNOS and Bax positivity in renal tissues of DXR-control rats. 

Treatment with SAX and VIL significantly attenuated DXR-induced nephrotoxicity via alleviation of all the 

above-mentioned parameters when compared to DXR-control rats.  

Conclusion and implications: The study elucidated the possible mechanisms beyond DXR-induced 

nephrotoxicity to be through inflammation plus tubulointerstitial injury. DXR nephrotoxicity has been linked 

to TNF-α, IL-1β, and NLRP3 inflammasome up-regulation and iNOS expression. The protective role of SAX 

and VIL in mitigating the tubular injury and inflammatory effects of DXR on renal tissues has been tested and 

proved.  

Keywords: Doxorubicin; Saxagliptin; Vildagliptin; Nephrotoxicity; Inflammation; Tubulo-interstitial injury. 

INTRODUCTION 

Dipeptidyl peptidase-4 (DPP4) inhibitors are 

mainly used for the treatment of non-insulin-

dependent diabetes mellitus. DPP4 inhibitors 

exert their antidiabetic action via stimulation of 

insulin secretion from pancreatic beta cells and 

elevation of incretin hormones viz., type 1 

glucagon-like peptide-1 (GLP-1) (1). DPP-4 is 

highly abundant in the proximal tubules as well 

as mesangial cells of the kidneys. Interestingly, 

DPP-4 is over-expressed in numerous disease 

conditions including obesity, oxidative stress, 

inflammation, and apoptosis (2). Pleiotropic 

effects of DPP4 inhibitors on cardiovascular 

and renal systems mainly via GLP-1 receptor 

(GLP-1R) have been proved. GLP-1R is 

significantly expressed in glomerular 

capillaries and proximal tubular cells in diabetic 

and non-diabetic renal tissues (3).  
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DPP4 inhibitors also exert anti-

inflammatory and antifibrotic effects 

independently of GLP-1R (4). Many previous 

studies reported potential anti-inflammatory 

nephroprotective effects of DPP4 inhibitors in 

several non-diabetic animal models (5). 

Different DPP-4 inhibitors exert diverged 

actions on the kidney tissues. Some DPP-4 

inhibitors (alogliptin and anagliptin) were 

reported to decrease glomerular injury as well 

as macrophage infiltration. Thus they exerted 

potent anti-inflammatory effects on kidney 

tissues.  

Saxagliptin (SAX), along with its active 

metabolite, showed long-term inhibition of 

renal membrane-bound DPP-4 in comparison to 

other DDP-4 inhibitors. Luckily, SAX is well-

tolerated in kidney patients (6). Vildagliptin 

(VIL) showed potential nephroprotective 

effects regardless of its antidiabetic effects (7). 

Doxorubicin (DXR) has been extensively 

used as an antineoplastic anthracycline-derived 

antibiotic for treatment of many human cancers, 

including solid tumors, breast cancer as well as 

hematological malignancies (8). However, its 

clinical use as a chemotherapeutic agent is 

significantly limited due to its extensive multi-

organ toxicity. DXR has been shown to cause 

extensive dose-dependent nephrotoxicity, 

cardiotoxicity, hepatotoxicity, hematological, 

pulmonary, and nervous system toxicity (9). 

The pathophysiological mechanisms 

underlying DXR-induced nephrotoxicity are 

multifactorial and not fully clear (10). These 

include apoptosis, oxidative stress and 

tubulointerstitial inflammation which 

eventually lead to tubular fibrosis and atrophy 

with significant proteinuria and hematuria (5). 

DXR stimulates cytokines and chemokines 

production e.g. tumor necrosis factor alpha 

(TNF-α), interleukin-1 beta (IL-1β), and 

inducible nitric oxide synthase (iNOS) among 

other inflammatory mediators in renal tubular 

cells (11). Moreover, DXR aggravates free 

radical production as well as lipid and protein 

oxidation, substantially leading to apoptosis 

and eventually abrupt decrease in glomerular 

number and tubular function. Apoptotic 

changes are usually accompanied by elevated 

Bax expression. Renal tubular injury is 

accompanied by the rise of neutrophil 

gelatinase-associated lipocalin (NGAL) 

concentrations (12). Therefore, it has been 

crucial to scout for new therapeutic agents that 

can decrease DXR-induced nephrotoxicity to 

enhance its clinical use (13).  

Recent data demonstrate that nucleotide-

binding oligomerization domain (NOD)-like 

receptor containing pyrin domain 3 (NLRP3) 

inflammasome is highly up-regulated in the 

pathogenesis of acute or chronic 

nephrotoxicity. However, the molecular 

mechanisms underlying this up-regulation are 

not well-elucidated (14). Interestingly, recent 

studies linked NLRP3 up-regulation to DXR-

induced cardiotoxicity (15). However, to date, 

no data is present to link NLRP3 inflammasome 

up-regulation to DXR-induced nephrotoxicity.  

Therefore, the current study aimed at 

scouting the potential anti-inflammatory effects 

of some DDP4 inhibitors; namely, SAX and 

VIL against DXR-induced nephrotoxicity in 

rats. The study also investigated the 

involvement of NLRP3 inflammasome up-

regulation in DXR-induced nephrotoxicity and 

whether the selected DDP4 inhibitors could 

abate this up-regulation as well as the 

tubulointerstitial injury associated with 

DXR-induced nephrotoxicity in rats.  

MATERIALS AND METHODS 

Animals 

Adult male albino Wistar rats, weighing 

180-200 g, were utilized in the present study. 

Standard food pellets and tap water were  

supplied ad libitum. Animals and food pellets 

were obtained from the animal house colony of 

the National Research Centre (NRC, Egypt). 

The study was conducted in accordance with 

the National Research Centre-Medical 

Research Ethics Committee (Ethics No.

NRC-MREC) for the use of animal subjects and 

following the recommendations of the National 

Institutes of Health Guide for Care and Use of 

Laboratory Animals (NIH Publications No. 

8023, revised 1978). 

Preparation of drugs 

DXR vials (Adricin®, Hikma 

Pharmaceuticals, Egypt) were used in the 

current study. SAX (Onglyza®, AstraZeneca, 
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Canada) and VIL (Galvus®, Novartis, 

Switzerland) were orally administered in the 

current study. All other chemicals were of the 

highest commercial grade available. 

 

Experimental design 

Forty rats were weighed and randomly 

allocated into four groups (10 each). Rats of the 

1st group i.p. injections of saline and served as 

the normal control group. Acute nephrotoxicity 

was induced in rats in the remaining three 

groups using DXR in a single nephrotoxic dose 

(15 mg/kg, i.p.) (16,17). Group II received only 

saline for two weeks and served as the DXR-

control group. Groups III and IV received SAX 

(10 mg/kg, p.o.) and VIL (10 mg/ kg, p.o.) on 

daily basis for two weeks, respectively. All 

animals were sacrificed 48 h after the last drug 

administration under sodium pentobarbital 

anesthesia (50 mg/kg, i.p.). Blood samples were 

taken, and renal tissues were isolated and 

weighed. The sera and kidneys were obtained 

for biochemical, histopathological, and 

immunohistochemical investigations. 

 

Biochemical analysis 

Serum was used for estimation of serum 

creatinine and blood urea nitrogen (BUN) 

levels, using specific diagnostic kits 

(Biodiagnostic, Egypt) according to the 

manufacturer's instructions. 

Immediately after blood sampling, animals 

were sacrificed under anesthesia. The two 

kidneys from each rat were immediately 

dissected out and rinsed with phosphate-

buffered saline (PBS) to remove excess blood. 

Whole kidney weight was determined and 

weighed parts from both kidneys were 

homogenized (MPW-120 homogenizer, Med 

instruments, Poland) in PBS to obtain 20% 

homogenate that was stored overnight at -20 

°C. After two freeze-thaw cycles, performed to 

break the cell membranes, the homogenates 

were centrifuged for 5 min at 5000 g using a 

cooling centrifuge (Sigma and 

Laborzentrifugen, 2k15, Germany). The 

supernatant was removed immediately and 

assayed for TNF-α (Biolegend Inc®, USA),               

IL-1β (Cohesion Biosciences, UK), neutrophil 

gelatinase-associated lipocalin (NGAL; 

Elabscience, USA), and NOD-like receptor 

containing pyrin domain 3 (NLRP3, Lifespan 

BioSciences Inc®, USA) using enzyme-linked 

immunosorbent assay (ELISA) kits                 

according to the manufacturer's instructions                        

(Lifespan Biosciences, inc, USA; catalog                  

No. LS-F39745). 

 

Histopathological examination 

Other parts of kidneys from all groups were 

fixed in 10% neutral buffered formalin for 72 h 

at least. The tissues were subsequently exposed 

to a series of histological processing, including 

dehydration, clearing, infiltration, and 

embedding in paraffin blocks. The tissues were 

cut into 4 µm thick sections and stained with 

hematoxylin and eosin (H&E).  

For assessment of renal damage, a semi-

quantitative scoring system scaled from 0 to 3 

was used (18). A total of ten random low-power 

fields (10×) per group were examined. The 

pathological parameters used for this 

assessment were glomerular congestion, 

expansion of mesangial matrix, vacuolar 

degeneration with swelling of renal tubular 

epithelial cells intracytoplasmic aggregation of 

hyaline droplets, and apoptosis. The pathologic 

score was evaluated according to the percentage 

of tissue damage in the low power field as 

follow; 0, no definite histopathological lesion; 

1, renal damage in less than 25% of tissue; 2, 

renal damage in 25-50% of tissue; and 3, renal 

damage in ˃ 50% of tissue.  

 

Glomerular histomorphometry  

Histomorphometric analysis for estimation 

of glomerular tuft area was carried out using 

computer image analysis software (Image J). 

Images captured at 40× magnification power, 

showing glomerular tuft clearly, were collected 

and used for the analysis. The glomerular tuft 

area was measured in ten glomeruli per group 

and the obtained data was statistically analyzed. 

 
Immunohistochemical analysis of Bax and 

iNOS expression 

All the immunohistochemical procedures for 

the demonstration of Bax and iNOS expression 

in the renal tissues were carried out according 

to previously described methods (19). 

Precisely, the paraffin-embedded kidney 

sections were de-waxed and rehydrated in 

https://www.collinsdictionary.com/us/dictionary/english-thesaurus/precisely
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alcohol. The sections were then incubated with 

rabbit monoclonal anti-Bax (ab216985, abcam) 

and rabbit polyclonal anti-iNOS (ab3523, 

abcam) antibodies. The immune reaction was 

visualized using diaminobenzidine (DAB).                   

A semi-quantitative grading system, scaled 

from 0 to 3, was used to assess the immune 

reactivity depending on the percentage of 

positive cells in ten high power fields (HPF; 

40×) where 0 = no staining, 1 = positive staining 

in < 30% of cells/HPF, 2 = positive staining                    

in 30-70% of cells/HPF, and 3 = positive staining                    

in > 70% of cells /HPF (20). 

 

Statistical analysis 

All the values are presented as means ± 

standard error of means (SEM). Comparisons 

between different groups were carried out using 

one-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparison post 

hoc test. On the other hand, Bax and iNOS 

immunohistochemical staining assessment was 

analyzed by performing Kruskal-Wallis non-

parametric ANOVA test followed by Mann-

Whitney U test. In all cases, the difference was 

considered significant when P ˂ 0.05. 

GraphPad Prism® software (version 6 for 

Windows, San Diego, California, USA) was 

used to carry out these statistical tests.  

 

RESULTS 

 

Effects of SAX and VIL on renal functions 

DXR single i.p. injection (15 mg/kg) caused 

a significant increase in serum creatinine and 

BUN contents to 223% and 191%, respectively 

in comparison to the normal control rats. SAX 

treatment (10 mg/kg) significantly decreased 
serum creatinine and BUN contents to 69%                    

and 75%, respectively; while VIL treatment                

(10 mg/kg) significantly decreased in serum 

creatinine and BUN contents to 52% and 62%, 

respectively compared to DXR-control rats 

(Table 1).  

 
Table 1. Effects of SAX and VIL on renal functions in DXR-induced nephrotoxicity. Data are presented as mean ± 

SEM, n = 10. Rats of the normal control group received intraperitoneal saline. 

Groups Creatinine (mg/dL) BUN (mg/dL) 

Normal control  0.71 ± 0.01 25.67 ± 0.45 

DXR-control (15 mg/kg, i.p) 1.58a ± 0.05 49.11a ± 1.68 

DXR + SAX (10 mg/ kg, p.o.) 1.08 ab ± 0.06 36.77ab ± 1.48 

DXR + VIL (10 mg/ kg, p.o.) 0.83b ± 0.05 30.53b ± 0.78 

DXR, Doxorubicin; SAX, saxagliptin; VIL, vildagliptin;
 aP < 0.05 indicates significantly differences compared to the 

normal control group and bP < 0.05 versus DXR-control group. 

 

 

 
Fig. 1. Effects of SAX and VIL on renal tissue contents of (A) TNF-α and (B) IL-1β in DXR-induced nephrotoxicity in 

rats. Rats of the normal control group received intraperitoneal saline. DXR-control group received only saline along with 

DXR. Data are presented as mean ± SEM, n = 10. aP < 0.05 indicates significant differences in comparison with the 

normal control group and bP < 0.05 versus DXR-control group. DXR, Doxorubicin; IL-1β, interleukin-1 beta; SAX, 

saxagliptin; TNF-α, tumor necrosis factor alpha; VIL, vildagliptin. 
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Effects of SAX and VIL on inflammatory 

markers in renal tissue 

DXR injection caused a significant 

increment in renal tissue TNF-α and IL-1β 

contents to 163% and 153% respectively in 

comparison to normal control rats. SAX and 

VIL treatment significantly reduced TNF-α & 

IL-1β renal tissue contents to 82% & 83% and 

69% & 75% respectively; in comparison to 

DXR-control rats (Fig. 1). 

Effects of SAX and VIL on NLRP content in 

renal tissues  

DXR use in the selected dose significantly 

elevated renal tissue NLRP3 content to 208% in 

comparison to the normal control rats. On the 

other hand, treatment with SAX and VIL 

significantly reduced renal tissue NLRP3 

contents to 76% and 67%, respectively in 

comparison to DXR-control rats (Fig. 2). 

Effects of SAX and VIL on renal tubular 

injury marker 

DXR use caused a significant increment in 

renal tissue NGAL concentration to 174% in 

comparison to the normal control rats. While, 

SAX and VIL significantly reduced renal tissue 

NGAL concentration to 78% and 70%, 

respectively in comparison to DXR-control      

rats (Fig. 3). 

Histopathological examination and 

glomerular histomorphometry of renal tissue 

Kidneys of the normal control group showed 

normal histological structures of renal 

glomeruli and tubules (Fig. 4A). Meanwhile, 

different histopathological lesions were 

demonstrated in the glomeruli and tubules of 

DXR-control group. Glomerular lesions were 

characterized by congestion of glomerular 

capillaries (Fig. 4B) and expansion of 

mesangial matrix (Fig. 4C) with pronounced 

increase of glomerular tuft area which is 

significantly different from the normal 

control group (Table 2). The renal tubules 

revealed pronounced swelling of their 

epithelial lining with vacuolization of their 

cytoplasm in addition to the presence 

of hyaline droplets in the cytoplasm 

(Fig. 4D) as well as numerous apoptotic

figures. These histopathological lesions were 

markedly attenuated in the SAX-treated 

group, with decreased pathologic score 

of renal damage and decreased glomerular 

tuft area, which is significantly different from 

the DXR-control group (Table 2). 

Fig. 2. Effects of SAX and VIL on renal tissue NLRP3 

content in DXR-induced nephrotoxicity in rats. Rats of 

the normal control group received intraperitoneal saline. 

DXR-control group received only saline along              

with DXR. Data are presented as mean ± SEM, n = 10. 
aP < 0.05 indicates significant differences in comparison 

with the normal control group and bP < 0.05 versus DXR-

control group. DXR, Doxorubicin; NLRP3, nucleotide-

binding oligomerization domain-like receptor containing 

pyrin domain 3, SAX, saxagliptin; VIL, vildagliptin.   

Fig. 3. Effects of SAX and VIL on renal tissue NGAL 

concentration in DXR-induced nephrotoxicity in rats. 

Rats of the normal control group received intraperitoneal 

saline. DXR-control group received only saline along 

with DXR. Data are presented as mean ± SEM, n = 10. 

aP < 0.05 indicates significant differences in comparison 

with the normal control group and bP < 0.05 versus 

DXR-control group. DXR, Doxorubicin; NGAL, 

neutrophil gelatinase-associated lipocalin, SAX, 

saxagliptin; VIL, vildagliptin. 
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Fig. 4. Histopathological examination and glomerular histomorphometry of renal tissue. Renal tissues of (A) normal 

control rats showing normal histology of renal glomeruli (G) and tubules; (B-D) doxorubicin-control rats showing 

glomerular congestion (arrows), mesangial matrix expansion (arrows), and pronounced swelling of the epithelial lining 

renal tubules with cytoplasmic vacuolization (long arrows) plus the presence of hyaline droplets (short arrow), 

respectively; (E) saxagliptin-treated group showing less swollen renal tubules with mild cytoplasmic vacuolization 

(arrow); and (F) vildagliptin-treated group showing a normal histological structure of glomeruli (G) and tubules. Stain, 

H&E, scale bar = 100 µm. 

The renal tubules appeared less swollen with 

mild vacuolization of some epithelial cells (Fig. 

4E). Better improvement was demonstrated in 

VIL-treated group, with a significant reduction 

of glomerular tuft area, compared to                    

DXR-control and SAX-treated groups (Table 

2). The glomerular tuft area and tubules 

appeared closely similar to those of the normal 

group (Fig. 4F). 

Immunohistochemical expression of Bax and 

iNOS in renal tissue 

Kidneys of the normal control group showed 

no expression of Bax and iNOS in the renal 

tissue (Figs. 5A and 6A, respectively). In 

contrast, kidneys of DXR-control group 

showed increased expression of Bax and iNOS 

with a significant increase in the percentage of 

positively stained cells with strong and diffuse 

cytoplasmic staining of renal tubules (Figs. 5B 

and 6B; respectively). A significant decrease of 

Bax and iNOS expression with a pronounced 

decrease of the percentage of positively stained 

cells was recorded in the renal tissue of SAX-

treated group which is significantly different 

from the DXR-control group (Figs. 5C and 6C; 

respectively). Similarly, a significant decrease 

of Bax and iNOS expression with few renal 

tubules with cytoplasmic staining was 

demonstrated in the renal tissue of VIL-treated 

group (Figs. 5D and 6D; respectively). 

The results of Bax and iNOS expression 

demonstrated in the renal tissue of normal and 

treated groups are illustrated in Table 3. 

Table 2. The mean pathologic score of renal damage and glomerular histomorphometry were recorded in the kidneys 

of normal and treated groups. Data are presented as mean ± SEM, n = 10. Rats of the normal control group received 

intraperitoneal saline. Different lowercase letters are significantly different (P < 0.05). 

Groups Glomerular tuft area (µm2) Mean pathologic score of renal damage 

Normal control  4545.32c ± 285.37 0.1 ± 0.10 

DXR-control (15 mg/kg, i.p) 10048.81a ± 1158.94 2.8a ± 0.13 

DXR + SAX (10 mg/ kg, p.o.) 7206.09b ± 555.98 0.9b ± 0.23 

DXR + VIL (10 mg/ kg, p.o.) 6095.86b,c ± 507.78 0.4b ± 0.16 

DXR, Doxorubicin; SAX, saxagliptin; VIL, vildagliptin. 
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Fig. 5. Immunohistochemical examination of                    

Bax in renal tissue. Renal tissues, 

immunohistochemically stained with anti-Bax,                

from (A) normal control rats showing no expression           

of Bax in the renal tissue; (B) doxorubicin-control                

rats showing the increased percentage of Bax          

positively stained cells with diffuse and strong 

cytoplasmic staining of renal tubules; (C) saxagliptin-

treated group showing a pronounced decrease of the 

percentage of positively stained cells; and (D) 

vildagliptin-treated group showing few renal tubules with 

cytoplasmic staining. (Bax immunohistochemical 

staining, scale bar = 100 µm). 

Fig. 6. Immunohistochemical examination of iNOS in 

renal tissue. Renal tissues, immunohistochemically 

stained with anti-iNOS from (A) normal control rats 

showing no iNOS expression in the renal tissue; (B) 

doxorubicin-control rats showing the increased 

percentage of iNOS positively stained cells with diffuse 

cytoplasmic staining of renal tubules; (C) saxagliptin-

treated group showing marked decrease of the percentage 

of iNOS positively stained cells, and (D) vildagliptin-

treated group showing decreased of the percentage of 

iNOS positively stained cells with few renal tubules with 

cytoplasmic staining. iNOS immunohistochemical staining, 

scale bar = 100 µm. iNOS; Nitric oxide synthase.

DISCUSSION 

The clinical use of DXR; an antineoplastic 

agent; is hugely limited by its extensive multi-

organ toxicity. DXR-induced nephrotoxicity 

has been commonly reported (9). However, the 

exact molecular and pathophysiological 

mechanisms underlying DXR-induced 

nephrotoxicity are not fully elucidated (10). 

Therefore, the current study tested the 

involvement of tubulointerstitial injury as well 

as up-regulation of NLRP3 inflammasome to 

DXR-induced nephrotoxicity in order to 

enhance its clinical use. Unfortunately, the 

kidneys are highly vulnerable to inflammatory 

as well as oxidative damage; mainly owing to 

the abundance of polyunsaturated fatty acids in 

the kidney tissues (21). The study also aimed at 

scouting for new therapeutic moieties; namely 

SAX and VIL, which may possess potential 

protective effects against DXR-induced 

nephrotoxicity in rats. 

In the current work, DXR resulted in 

significant deterioration of renal functions as 

manifested by elevation of serum creatinine and 

BUN concentrations as compared to the normal 

control group. These data are in accordance 

with previous studies (9,13,17). Our results also 

demonstrated that DXR administration led to a 

significant increment in renal tissue 

concentration of inflammatory markers; TNF-α 

and IL-1β in comparison to the normal control 

group. These results are in accordance with that 

of Abd El-Aziz et al. who reported significant 

Table 3. The results of Bax and iNOS expression recorded in the renal tissue of normal and treated groups. Data are 

presented as mean ± SEM, n = 10. Rats of the normal control group received intraperitoneal saline. Different lowercase 

letters are significantly different (P < 0.05). 

Groups Bax expression (% of positive cells/HPF) iNOS expression (% of positive cells/HPF) 

Normal control  0.10 ± 0.10 0.2 ± 0.13 

DXR-control (15 mg/kg, i.p) 2.6a ± 0.16 2.7a ± 0.15 

DXR+SAX (10 mg/ kg, p.o.) 1.7b ± 0.21 1.4b ± 0.16 

DXR+VIL (10 mg/ kg, p.o.) 1.1b ± 0.10 1.1b ± 0.10 

Bax, Bcl-2 Associated X-protein; DXR, doxorubicin; iNOS; nitric oxide synthase; SAX, saxagliptin; VIL, vildagliptin. 
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production of pro-inflammatory cytokines and 

chemokines as well as NF-kB stimulation post-

DXR administration (22). Tu et al. reported 

induction of inflammatory response following 

DXR administration via macrophage 

stimulation that eventually resulted in the 

release of the inflammatory mediators IL-2 and 

TNF-α (23).  

In the current work, DRX resulted in 

significant up-regulation of NLRP3 

inflammasome as compared to normal control 

group. This is in line with previous data which 

stated that DXR administration was linked to 

activation and release of many inflammatory 

growth factors including IL-1β, IL-6, and           

TNF-α leading ultimately to up-regulation of 

NLRP3 inflammasome (24). DXR-induced 

inflammation and nephrotoxicity were found to 

be suppressed by agents that suppress NLRP3 

inflammasome; e.g. N-acetyl cysteine and other 

inhibitors of reactive oxygen species (14,25). 

Previous studies showed that activation of 

NLRP3 occurs via macrophage priming which 

occurs through activation of Toll-like receptors 

that happens after tissue destruction and cellular 

death (26). The molecular mechanisms 

underlying these processes include the 

production of ribotoxic stress. Ribotoxic 

stressors inhibit protein translation and activate 

the release of p38 and MAP3K (27). DXR has 

been proved to be a well-characterized 

ribotoxic stressor because it inhibits protein 

translation as well as activates the release of p38 

and MAP3K (28). Sauter et al. suggested that 

down-regulation of inflammasome NLRP3, as 

well as IL-1, may alleviate the inflammatory 

burden in cancer patients treated with DXR, 

thus may enhance its clinical use (24). 

Moreover, DXR resulted in significant 

tubular injury as manifested by elevated NGAL 

as compared to the normal control group. 

Histopathological examination and glomerular 

histomorphometry showed significant 

glomerular lesions as manifested by elevated 

glomerular tuft area accompanied by swelling 

and distortion of renal tubules. NGAL is 

synthesized in the distal nephron in response to 

renal injury. NGAL is reported to be promptly 

and robustly secreted following acute 

nephrotoxicity and it is a sensitive marker for 

tubular injury and inflammation (29,30). Szalay 

et al. reported significant glomerular and 

tubular damage as well as tubulointerstitial 

inflammation post-DXR administration    

in rats. Damaged renal tubules resulted in 

elevated NGAL excretion (31). Li et al. 

also reported significant tubular injury 

following DXR administration in rats (14). 

NGAL concentrations are elevated 

significantly early in the setting of tubulitis 

and other tubular injuries (32). In agreement 

with our results, Jo et al. reported that     

DXR administration caused significant 

histopathological alterations as manifested

by tubular dilation and atrophy 

accompanied by sloughing of the tubular 

epithelium (5).  

Immunohistochemical examination of renal 

tissues of DXR-treated rats showed elevated-

level of Bax and iNOS with a significant 

percentage increase of positively stained cells 

accompanied by strong and diffuse cytoplasmic 

staining of renal tubules as compared to the 

normal control group. Bax is a pro-apoptotic 

protein overexpressed post tubular cell death. 

Bax reflects the ongoing activation of 

mitochondrial apoptotic pathways (33). On the 

other hand, iNOS is a pro-inflammatory 

enzyme significantly expressed early in the 

setting of various tissue inflammations (34). El-

Agamy et al. reported consistent results where 

DXR administration was linked to elevated 

immunohistochemical expression of Bax 

in cardiac cells, as compared to the normal 

group (8). Renal tissue apoptosis, manifested     

by increased immunohistochemical Bax 

expression accompanied by decreased     

Bcl-2 expression, was recorded in 

DXR-treated rats (35). In accordance with our 

results, recent studies reported increased 

immunohistochemical iNOS expression 

following DXR administration (10,36). Of note, 

increased immunohistochemical iNOS and 

cyclooxygenase-2 expression in renal tissues 

were recorded post-DXR administration; 

presumably due to oxidative stress as well as 

inflammation (37).    

Therefore, searching for novel therapeutic 

moieties to abate DXR-induced toxicities has 

been mandatory in order to improve DXR 

clinical efficacy and tolerability (38). DPP4 

inhibitors have proven-pleiotropic and anti-
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inflammatory actions on different biological 

systems independent of their antidiabetic 

effects. DPP-4 receptors were found to be 

highly expressed in kidney tissues. Moreover, 

DPP-4 receptors are over-expressed in response 

to oxidative stress, inflammation, and apoptosis 

(2). Many agents of the DPP4 inhibitor family 

have been tested to decrease the inflammatory 

changes accompanying chemotherapeutic 

agents’ use (8). Different DPP-4 inhibitors 

exhibit extremely different nephroprotective 

potential. Higashijima et al. reported that 

alogliptin and anagliptin decrease glomerular 

injury as well as macrophage infiltration, 

eventually lead to protective anti-inflammatory 

actions on kidney tissues (2).  

This is by far the first study that investigated 

the protective anti-inflammatory effects of 

SAX and VIL against DXR-induced 

nephrotoxicity. Ribotoxic stress stimulates 

macrophages and initiates inflammation. 

Renal inflammation results in elevation of 

renal tissue TNF-α, IL-1β, as well as iNOS 

renal expression. Renal inflammation further 

potentiates macrophage stimulation caused by 

DXR. Macrophage stimulation results in 

significant NLRP3 inflammasome up-

regulation. Renal inflammation also stimulates 

tubulitis and tubular injury resulting in a 

significant elevation in NGAL concentrations. 

Eventually, renal inflammation leads to 

apoptosis as manifested by apoptotic renal 

histopathologi0cal changes as well as elevated 

Bax expression in renal tissues (Fig. 7).  

Sax’s metabolism occurs mainly via 

cytochrome P450 3A4/5. 5-hydroxy 

saxagliptin, the major metabolite of SAX is  

also a member of DPP 4 family but it is only 

half potent as SAX. SAX is then excreted via 

renal and hepatic elimination (39). SAX is 

reported to be well-tolerated in kidney patients 

(6). 

VIL undergoes extensive hepatic 

metabolism via at least four pathways prior to 

elimination. The major metabolite is not 

mediated via cytochrome P450. VIL undergoes 

extensive amide bond hydrolysis, 

glucuronidation, and oxidation (40). VIL                   

has been reported as a potent nephron-

protective agent regardless of its anti-diabetic             

properties (7). 

Fig. 7. Schematic diagram of the mechanisms underlying 

doxorubicin-induced nephrotoxicity and the possible 

anti-inflammatory effects of saxagliptin and vildagliptin 

on renal tissue. IL-1β, Interleukin-1β; iNOS, inducible 

nitric oxide synthase; NGAL: Neutrophil gelatinase-

associated lipocalin; NLRP3, NOD-like receptor 

containing pyrin domain 3; TNF-α, tumor necrosis 

factor-alpha. 

The present data revealed that administration 

of both SAX and VIL abated all these 

abnormalities initiated by DXR use. SAX and 

VIL treatment resulted in significant 

improvement of renal function as was 

manifested by reduction of serum creatinine 

and BUN when compared to DXR-control 

group. Our data highlighted that administration 

of SAX and VIL in the selected doses caused a 

significant reduction of renal inflammation as 

reflected by a reduction of DXR-induced TNF-

α, IL-1β, and NLRP3 inflammasome as well as 

immunohistochemical iNOS expression. 

Moreover, the use of SAX and VIL resulted in 

improvement of renal glomerular and tubular 

injuries as was reflected by reduced NGAL 

levels and improved histopathological pictures 

of renal tissues. Administration of SAX and 

VIL also resulted in down-regulation of Bax 

immunohistochemical expression as compared 

to the DXR-control group. The pathways 

demonstrating DXR-induced renal 

inflammation and nephrotoxicity as well as the 

anti-inflammatory reno-protective effects of 

SAX and VIL are presented in Fig. 7. Many 

studies reported similar results concerning the 

protective effects of various inhibitors of DPP4 
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family not only against DXR-induced renal 

injuries but also various chemotherapeutic-

induced multi-system abnormalities. The 

molecular mechanisms beyond the pleiotropic 

effects of DPP4 inhibition are still not well-

elucidated. However, these effects are 

hypothesized to be a mixture of their enzymatic 

as well as non-enzymatic properties on 

numerous signaling pathways (11). Both El-

Agamy et al. and Kelleni et al. reported 

protective antioxidative, anti-apoptotic, and 

anti-inflammatory effects of the DPP4 

inhibitor, sitagliptin, against DXR-induced 

cardiotoxicity in male Wistar rats (8,10). In 

accordance with our results, SAX use has been 

linked to improved renal hypertrophy, renal 

tissue macrophage infiltration, and 

histopathological markers of tubulointerstitial 

injury and thus it could presumably be used as 

an additional reno-protective drug in diabetic 

nephropathy (11). Also in agreement with our 

results, Jo et al. reported significant anti-

inflammatory nephron-protective effects of 

sitagliptin as well as linagliptin in              

DXR-induced nephropathy. It has been 

reported that VIL exerted a cardioprotective 

effect against DXR-induced cardiomyopathy 

(41). Of note, sitagliptin and linagliptin were 

able to suppress NLRP3 inflammasome 

regardless of their ability to decrease oxidative 

stress (5). Our research is the first study that 

tested the protective anti-inflammatory effects 

of SAX and VIL against DXR-induced 

nephrotoxicity, so far. 

CONCLUSION 

In summary, we have elucidated the possible 

mechanisms beyond DXR-induced 

nephrotoxicity through tubulointerstitial injury 

as well as inflammation. DXR use has been 

linked to TNF-α, IL-1β, and NLRP3 

inflammasome up-regulation as well as iNOS 

expression. The role of the selected DPP4 

inhibitors; viz. SAX and VIL in mitigating the 

unfavorable tubular injury and inflammatory 

effects of DXR on the renal tissue have been 

thoroughly tested. Therefore, based on the 

current findings, we suggest further molecular 

and clinical studies on using SAX and VIL to 

abate DXR-induced nephrotoxicity. 
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