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prolonged use causes nephrotoxicity [2]. Tacrolimus causes 
arteriolar vasoconstriction that results in decreased renal 
blood flow and glomerular filtration; and the consequent 
hemodynamic alterations cause ischemia, tubular dysfunc-
tion, and apoptosis which ultimately promote tissue fibrosis 
and kidney damage [3, 4].

The pathogenesis of the nephrotoxic effect of tacrolimus 
remains unclear. However, oxidative stress is suggestive as 
a common mechanism that has been reported in many stud-
ies [5–7]. In addition, hypoxia has been hypothesized as a 
major contributor to TAC-induced renal injury that results 
in tissue deterioration, and fibrosis [8]. HIF-1α is a crucial 
nuclear transcription factor involved in maintaining O2 
homeostasis, and cellular adaptation to hypoxia. It is evi-
dent that HIF-1α may promote extracellular matrix remod-
eling to mediate renal fibrosis by inducing inflammation, 

Introduction

Tacrolimus is the most frequently utilized immunosuppres-
sive calcineurin inhibitor in solid organ transplantation; it 
increases grafted organ survival and is used as a treatment 
option for various autoimmune disorders [1]. However, 
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Abstract
Background Tacrolimus (TAC) is a frequently used immunosuppressive medication in organ transplantation. However, its 
nephrotoxic impact limits its long-term usage. This study aims to investigate the effect of linagliptin (Lina) on TAC-induced 
renal injury and its underlying mechanisms.
Methods and results Thirty-two Sprague Dawley rats were treated with TAC (1.5 mg/kg/day, subcutaneously) and/or Lina 
(5 mg/kg/day, orally) for 4 weeks. Histological examination was conducted, and serum and urinary biomarkers were mea-
sured to assess kidney function and integrity. Furthermore, ELISA, Western blot analysis and immunohistochemical assay 
were employed to determine signaling molecules of oxidative stress, profibrogenic, hypoxic, and apoptotic proteins. Tacro-
limus caused renal dysfunction and histological deterioration evidenced by increased serum creatinine, blood urea nitrogen 
(BUN), urinary cystatin C, and decreased serum albumin as well as elevated tubular injury and interstitial fibrosis scores. 
Additionally, TAC significantly increased the expression of collagen type-1, alpha-smooth muscle actin (α-SMA), plasmino-
gen activator inhibitor-1 (PAI-1), and transforming growth factor-beta1 (TGF-β1) renal content. Moreover, TAC decreased 
the expression of nuclear factor erythroid-2-related factor2 (Nrf2), heme oxygenase 1 (HO-1), and mitochondrial superoxide 
dismutase (SOD2). In addition, TAC increased protein expression of hypoxia-inducible factor1-alpha (HIF-1α), connective 
tissue growth factor (CTGF), inducible nitric oxide synthase (iNOS), 8-hydroxy-2-deoxyguanosine (8-OHdG), as well as 
nitric oxide (NO), 4-hydroxynonenal, caspase-3 and Bax renal contents. Furthermore, TAC decreased Bcl-2 renal contents. 
The Lina administration markedly attenuated these alterations.
Conclusion Lina ameliorated TAC-induced kidney injury through modulation of oxidative stress, hypoxia, and apoptosis 
related proteins.
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epithelial-mesenchymal transition, and collagen deposition 
[9]. It was also reported that HIF-1α upregulates various 
pro-fibrogenic factors, such as CTGF, and PAI-1, during the 
progression of kidney injury [10].

Dipeptidyl peptidase-4 (DPP-4) is a multifunctional 
aminopeptidase protein that is highly expressed in kidney 
endothelial, and proximal tubular cells [11]. Linagliptin is 
a selective and potent xanthine-based DPP-4 inhibitor. The 
protective effects of Lina on renal impairment were clini-
cally proven and extensively studied in different experimen-
tal models of acute and chronic kidney diseases [12, 13]. 
Collectively, these effects were attributed to its antioxidant 
and free radical scavenging activity, anti-inflammatory, and 
anti-fibrotic properties. In addition, a recent report showed 
that Lina abrogates hypoxia-induced neuronal damage, 
and potentiates Nrf-2/ HO-1 signaling in a non-diabetic rat 
model of Parkinson’s disease [14].

To the best of our knowledge, no previous work has 
described the protective effects of Lina against TAC neph-
rotoxicity. Therefore, this study aims to evaluate the impact 
of the antidiabetic DPP-4 inhibitor, Lina on TAC-induced 
kidney injury beyond the improvement of glycemic control 
and emphasize the modulatory effects on Nrf2/HO-1 and 
HIF-1α/CTGF/PAI-1 axis.

Materials and methods

Chemicals

Tacrolimus (Prograf®) was purchased from Astellas 
Toyama Co. Ltd. (Japan); and linagliptin was provided by 
Honour Lab Limited (Telangana, India). Any other chemi-
cals or reagents were of analytical grade, and obtained from 
local commercial sources. The designated dose of Lina was 
suspended in distilled water while TAC was diluted in olive 
oil to a final concentration of 1 mg/ml.

Animal care

Thirty-two adult male Sprague Dawley rats approximately 
weighing 200–220 g were obtained from the Laboratory 
Animal Colony of Helwan (Cairo, Egypt). The animals 
were housed for two weeks for acclimatization with regular 
12/12 h light/dark cycles, in a constant room temperature of 
25 ± 2 °C, and a relative humidity of 55 ± 5%. They were 
also kept with free access to tap water ad libitum, and low 
salt diet pellets (Raw Bright International Company, She-
bin EL Kom, Menoufia, Egypt). A low-salt diet was used to 
increase TAC nephropathy [15].

Study design and treatment protocol

Thirty-two adult rats were randomly and equally allocated 
into 4 groups (n = 8/group), and treated once daily for 4 
weeks as follows:

Group 1(Control): Rats received olive oil (1 ml/ kg/day, 
subcutaneously).

Group 2 (Lina): Rats received linagliptin (5 mg/kg/day, 
p.o.).

Group 3 (TAC): Rats received tacrolimus (1.5 mg/kg/day, 
subcutaneously).

Group 4 (TAC + Lina): Rats received TAC (1.5 mg/kg/day, 
subcutaneously) followed by Lina (5 mg/kg/day, p.o.). 
The appropriate dosing and duration of treatment drugs 
were chosen according to the previous studies [16, 17], 
and were additionally confirmed based on our primary 
pilot study (data not shown).

Sampling collections

To obtain urine samples, the animals were housed individu-
ally in metabolic cages just 24 h before euthanasia. Then, 
urines were collected, and centrifuged at 5000 x g for 10 min 
to remove urine debris. After that, they were kept frozen at 
-20 °C until used for further investigations.

Under mild ether anesthesia, sufficient volumes of blood 
were withdrawn from the retro-orbital venous plexus of each 
rat, and put into non-heparinized micro-capillaries [18]. The 
sera were separated using a cooling centrifuge (Z446-K, 
Hermle Labortechnik, Germany) at 3000 rpm for 15 min 
at 4 °C. Next, they were stored at -20 °C for biochemical 
analysis. Subsequently, the rats were euthanized by cervi-
cal dislocation technique according to the standard animal 
euthanasia method guidelines developed by the Canadian 
Council on Animal Care. After that, the rats’ kidneys were 
collected, weighed, longitudinally sectioned, and divided 
into parts. A portion was fixed in a 10% neutral buffered for-
malin solution and processed for immunohistochemical and 
histological evaluation. Finally, the remainder were kept at 
-80° C for total protein determination, ELISA assay, and 
Western blot analysis.

Assessment of kidney function biomarkers

Urinary and serum creatinine (Scr) were measured using 
a quantitative kinetic method assay kit obtained from a 
local supplier (Biodiagnostic, Catalog No. CR2050, Giza, 
Egypt). In addition, BUN (Catalog No. 318-001) and serum 
albumin (Catalog No. 211-001) were quantified colorimetri-
cally according to the standard manufacturer’s instructions 
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(Spectrum Diagnostics, Cairo, Egypt). BUN/ Scr ratio as 
well as creatinine clearance (ClCr) were calculated as pre-
viously described [19, 20]. Additionally, urinary cystatin 
C was estimated using an ELISA assay Kit (MyBioSource 
Inc., Catalog No. MBS704068, CA, USA), according to the 
supplier’s directions.

Determination of nitric oxide content in kidney 
tissues

Nitric oxide was evaluated by measuring the level of nitrite, 
a by-product of NO in the kidney tissue homogenate using 
Griess reagent, as described by Miranda et al. [21], accord-
ing to manufacturer’s directions (Biodiagnostic, Catalog 
No. NO25-33, Giza, Egypt).

Histopathological examination

The formalin-fixed and paraffin-embedded (FFPE) kidney 
sections were cleared in xylene, and rehydrated in ascend-
ing grades of ethyl alcohol, and 5 μm tissue sections were 
stained with either hematoxylin & eosin (HE) to examine 
the renal injury, or Masson’s trichrome to assess the level of 
collagen deposition, according to standard methods of assay 
[22].

A semi-quantitative evaluation was performed at six non-
overlapping fields that were randomly selected from cortical 
regions under the light microscope (Olympus IX71, Japan).

The captured photographs were used to investigate the 
severity of histopathological changes in kidney tissues by 
a pathologist blinded to the identity of the treatment pro-
tocol. The microscopic alterations have received the fol-
lowing score: (1) normal histology, alterations affect less 
than 25% of the cross-section; (2) changes affect 25–50% 
of the section; (3) changes affect 50–75% of the section; 
and (4) changes affect more than 75% of the cross-section. 
Moreover, for Masson’s staining, at least ten random non-
overlapping fields were selected under the light microscope 
at 400x magnification (Leica DM500, Leica Biosystems, 
Germany). Tubulointerstitial fibrosis was distinct by a 
matrix-rich expansion of the interstitium shown in blue 
color. Furthermore, the degree of collagen deposition in 
each group was measured using a computed image analyzer 
(Leica LMD Software, Germany), and expressed as a rela-
tive ratio of the total cortical area.

ELISA assays

The renal content of TGF-β1 was estimated using a rat trans-
forming growth factor β1 ELISA kit obtained from Cusa-
bio® (Catalog No. CSB-E04727r, Houston, Texas, USA). 
Moreover, the renal caspase-3 content was determined by 

a rat caspase-3 ELISA kit provided by Kamiya Biomedi-
cal Company (Catalog No. KT 9429; Seattle, WA, USA). 
In addition, the apoptotic marker, Bax (Catalog No. 
MBS2512405), and the anti-apoptotic marker, Bcl2 (Cata-
log No. MBS2515143) as well as the kidney tissue content 
of 4-hydroxynonenal (Catalog No. MBS3808906) were 
determined using rat ELISA Kits, according to manufactur-
er’s instructions (MyBioSource Inc., San Diego, CA, USA).

Immunohistochemical investigation

The immunohistochemical assay method was performed 
according to Abd El-Lateef et al. [23]. The heat-induced 
epitope retrieval technique was applied to FFPE tissue 
sections at 95 °C for 5 min. kidney sections were incu-
bated with the primary antibodies obtained from Santa 
Cruz Biotechnology Inc. (Heidelberg, Germany) including 
COL1α1(sc-293,182), PAI1 (sc-5297), Nrf2(sc-365,949), 
HO-1(sc-390,991), SOD2(sc-137,254), iNOS (sc-7271), 
and 8-OHdG (sc-66,036) along with α-SMA (Dako IR611) 
that purchased from Agilent Technologies Inc. (Santa Clara, 
CA, USA) at dilutions of 1:100 for 1 h at 37 °C. After wash-
ing, the sections were incubated with HRP-conjugated goat 
anti-rat IgG secondary antibody obtained from Thermo 
Fisher Scientific (Cat. No. 31,470; MA, USA) at a dilu-
tion of 1:10000. Then, the tissue sections were auto-stained 
with a high-sensitivity visualization system (Envision™ 
FLEX, High pH, and Link system, Agilent Technologies, 
USA) for 30 min at 37 °C. The sectioned slides were exam-
ined using a light microscope to assess the expression of 
tested antibodies in all treated groups. At least ten images 
from non-overlapping fields were captured at 400x magni-
fication. Eventually, the immunoreactivity was assessed by 
estimating the area percentage of positively immunostained 
cells utilizing ImageJ software (Madison, WI, USA), and 
the color deconvolution plugin.

Western blot analysis

The Western blotting technique was performed as previ-
ously described [3]. Briefly, kidney tissue was homoge-
nized, and total protein was estimated using the Bradford 
method [24]. Then twenty µg of protein from each homoge-
nate was loaded onto gradient polyacrylamide gels (4–12%; 
Bio-Rad Laboratories), and transferred to nitrocellulose 
membranes. Next, the membranes were blocked in 3% 
bovine serum albumin for 1 h, and then probed overnight 
at 4 °C with rat monoclonal antibodies obtained from Santa 
Cruz Biotechnology Inc. (Heidelberg, Germany) including 
HIF-1α (Catalog No. sc-13,515), and CTGF (Catalog No. 
sc-101,586) at dilutions of 1:1000, and β-actin (Catalog No. 
sc-47,778, 1:5000). Next day, the membranes were washed 
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the Kruskal-Wallis test followed by Dunn’s post-hoc test. 
Statistical significance was set at P < 0.05.

Results

Effect of Lina administration on kidney function 
indicators

Data analysis of the kidney injury biomarkers (Scr, BUN/
Scr ratio, and urinary cystatin C) indicated a statistically 
significant increase in the levels of these biomarkers in the 
TAC-treated group amounting to 83%, 85%, and 591%, 
respectively, compared to the control group. Additionally, 
the serum albumin, and ClCr showed a statistically signifi-
cant reduction to 17%, and 44%, respectively. Conversely, 
Lina co-treatment remarkably decreased the levels of Scr, 
BUN/Scr ratio, and urinary cystatin C to 35%, 28%, and 
48.7%, respectively. In addition, the co-treatment group 
manifested a higher level of ClCr amounting to 48%, com-
pared to the TAC group (Fig. 1).

using tris-buffered saline with 0.1% tween 20 for 5 min. 
After that, the membranes were incubated with horserad-
ish peroxidase conjugated to goat anti-rat-IgG-AP second-
ary antibody (Cat. No. A18868, Thermo Fisher Scientific, 
MA, USA) against the blotted target protein for 1 h at 
dilution of 1:5000 at room temperature. The signals were 
detected using an enhanced chemiluminescence detection 
reagent (Bio-Rad Laboratories, Catalog No. 170–5060, CA, 
USA). The signal intensity was analyzed using ChemiDoc 
MP Imager (Bio-Rad Laboratories, CA, USA) and quanti-
fied using the Image Lab Software (Bio-Rad Laboratories, 
CA, USA). The protein expression levels were normalized 
to β-actin.

Statistical analysis

The results are expressed as means ± standard deviations 
(SD). All analyses were performed using GraphPad Prism 
software version 8.0.2 (San Diego, CA, USA). Differ-
ences among groups were statistically analyzed by one-way 
analysis of variance (ANOVA), followed by the Tukey-
Kramer post-hoc test for multiple comparisons. The non-
parametric data for tubular injury score were analyzed by 

Fig. 1 Effect of Lina treatment 
on kidney function biomarkers 
in TAC-induced renal injury in 
rats. (A)Serum creatinine (mg/
dl), (B) BUN/Creatinine ratio, 
(C) Creatinine Clearance (ml/
min/100 g BW), (D) Serum 
albumin (g/dl), (E) ELISA assay 
of urinary cystatin C (ng/ml). 
Data are presented as means ± SD 
(n = 6 per group) and statisti-
cally analyzed by a one-way 
ANOVA test, followed by a post 
hoc Tukey-Kramer multiple 
comparison test. a: significantly 
different from control group, b: 
significantly different from TAC 
group at P < 0.05
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alterations were improved by Lina co-treatment (Fig. 2D). 
In addition, Lina administration significantly decreased the 
tubular injury score (Fig. 2I), when compared to the TAC 
group. The Masson’s trichrome stain was used to evaluate 
the effect of Lina treatment on the tubulointerstitial fibrosis 
caused by TAC (Fig. 2E-H). Our results have indicated a 
significant increase in collagen deposition in the tubuloin-
terstitial region following TAC treatment, as evidenced by 
an increase in blue staining (733%), compared to the con-
trol group. In contrast, the tissue sections from the Lina 
co-treated group showed a significant decrease in extracel-
lular matrix expansion by 55%, compared to the TAC group 
(Fig. 2J).

Effect of Lina on histopathological changes induced 
by TAC

Microscopical analysis of H&E stained kidney sections 
revealed obvious tissue deterioration as well as a statistically 
significant increase in tubular injury score in the TAC group. 
This is in comparison to the control group (Fig. 2A), where 
renal sections from TAC-treated rats (Fig. 2C) showed glo-
merular, tubular, and interstitial injury comprising atrophied 
glomeruli with widened Bowman’s spaces, proximal tubules 
with complete loss of brush borders, marked apoptotic epi-
thelial lining, marked interstitial inflammatory infiltrate, and 
striped fibrous lesions. On the contrary, these pathological 

Fig. 2 Histopathological examination of kidney tissue sections col-
lected from different treatment groups of male Sprague Dawley rats. 
(A-D): Representative micrographs for kidney tissue section stained 
with H& E; (I): Representative semi-quantitative tubular injury score 
(n = 6 per group). The images were captured under a light microscope 
at 400x magnification. The scale bar represents 50 μm. (A; Control): 
kidney showing average glomeruli (G), with average Bowman’s 
spaces (BS), and proximal tubules (P) with preserved brush borders; 
(B; Lina): kidney showing average G with average BS, average P with 
preserved brush borders (black arrow), and mildly dilated congested 
interstitial blood vessel (blue arrow); (C; TAC): kidney showing atro-
phied glomerulus with widened BS, proximal tubules with complete 
loss of brush borders (black arrows) and markedly apoptotic epithe-
lial lining (blue arrow), and marked interstitial inflammatory infiltrate 

(yellow arrow); (D; TAC + Lina): kidney showing proximal tubules 
with apoptotic epithelial lining (black arrow) and mild interstitial 
inflammatory infiltrate (blue arrow). Data are expressed as mean ± SD. 
Statistical significance was determined by the Kruskal-Wallis test 
(non-parametric one-way ANOVA), followed by Dunn’s post-hoc test 
for the multiple comparisons between the groups at P < 0.05. (E-H): 
Representative photographs of kidney tissue sections stained with 
Masson’s trichrome captured under a Leica microscope at 400x mag-
nification, scale bar represents 50 μm. (J) represents the quantitative 
score of tubulointerstitial collagen content in the renal cortex (n = 10 
per group). The data are represented as mean ± SD. Statistical signifi-
cance was determined by one-way ANOVA followed by theTukey-
Kramer test for multiple comparison at P < 0.05. a: significantly differ-
ent from the control group, b: significantly different from TAC group
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Effect of Lina on TAC-induced oxidative stress in rat 
kidney tissues

Tacrolimus caused a significant increase in the level of renal 
4-hydroxynonenal, a sensitive marker of lipid peroxidation, 
and the immunostaining reactivity of 8-OHdG, an indi-
cator for DNA oxidation (Fig. 4C), by 373%, and 616%, 
respectively, when compared to the control group (Fig. 4J 
and M). Besides, TAC administration caused a marked 
decrease in the protein expression level of SOD2 in kidney 
tissues to 86% (Fig. 5K, P). In contrast, administration of 
Lina disclosed a significant decrease in the renal content of 
4-hydroxynonenal, and the area % of the immunostaining 
reactivity of 8-OHdG to 58%, and 51%, respectively. Also, 
it demonstrated a remarkable increase in protein expres-
sion of SOD2 to 411%, when compared to the TAC group 
(Figs. 5L and 4D and M).

Effect of Lina on the profibrotic molecules induced 
by TAC

To confirm the histological findings, the expression of colla-
gen type-1, and the pro-fibrotic marker α-SMA were deter-
mined by immunohistochemical staining. In addition, the 
renal content of TGF-β1 was identified by ELISA (Fig. 3). 
The TAC-treated group showed a marked cytoplasmic 
immunostaining reactivity for collagen type-1 in tubules 
(Fig. 3C, J), and a marked reactivity for α-SMA in glom-
eruli and tubules (Fig. 3G, K), with a statistically significant 
increase to 539%, and 360%, respectively. Moreover, the 
renal content of TGF-β1 increased to 854%, when com-
pared to the control group (Fig. 3L). On the other hand, Lina 
co-treatment significantly decreased the expression levels of 
collagen type1 and α-SMA to 43%, and 42%, respectively, 
and the renal content of TGF-β1 to 65%, compared to the 
TAC-treated rats (Fig. 3D, H).

Fig. 3 Effect of Lina treatment on profibrotic markers in TAC-induced 
renal fibrosis in rats. (I, J, K) are representatives of immunohisto-
chemical staining of kidney tissues of different groups. (A-D) col-
lagen type1, (E-H) α-SMA, and (J, K) their quantitative analysis. 
Data are represented as % of positively immunostained cells, results 
are representatives of at least 10 photographs for each group. Scale 

bars represent 50 μm. (L) Representative of TGF-β1 contents in kid-
ney tissues determined by ELISA assay (n = 6). Results are expressed 
as mean ± SD; statistical significance was determined by one-way 
ANOVA followed by Tukey-Kramer multiple comparison test. a: sig-
nificantly different from the control group, b: significantly different 
from the TAC group at P < 0.05
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remarkable nuclear reactivity for Nrf2 in glomeruli, and 
tubules (Fig. 5A). These events were intensely attenuated by 
co-administration with Lina that showed a moderate immu-
nostaining reactivity in glomeruli, and tubules (Fig. 5D, N). 
Moreover, the protein expression level of HO-1 decreased 
to 79% with TAC treatment, as evidenced by negative cyto-
plasmic immunostaining reactivity (Fig. 5G, O). On the 
other hand, treatment with Lina significantly increased the 
area % expression of HO-1 to 189%, compared to the TAC 
group (Fig. 5H, O).

Effect of Lina on Nrf2 and HO-1 enzyme 
immunostaining reactivity in TAC-treated rats

The Nrf2 is a transcription factor that is necessary for regu-
lating the expression of many antioxidant proteins that pro-
tect against oxidative damage. We investigated whether Lina 
activated the Nrf2 and the downstream heme oxygenase 1 
enzyme. Our immunohistochemical assay showed that the 
protein expression level of Nrf2 was decreased by treatment 
with TAC. This is proved by a marked decrease in nuclear 
immunostaining reactivity in glomeruli, and in tubules to 
56% (Fig. 5C, N). In comparison, the control groups showed 

Fig. 4 Effect of Lina treatment on the transcription factor Nrf2 and 
downstream antioxidants in TAC-induced oxidative stress in rats. 
(M) Representative immunohistochemical staining of kidney tissues. 
(A-D) Nrf2, (E-H) HO-1, (I-L) SOD2 and (N, O, P) the correspond-
ing quantitative analysis. Original magnification 400x. (A, E, I) kid-
ney sections of control and (B, F,J) kidney sections of Lina showing 
marked nuclear reactivity in glomeruli and tubules for Nrf2, marked 
cytoplasmic staining for HO-1 in glomeruli and tubules and marked 
cytoplasmic staining for SOD2 in tubules; (C, G, K) kidney sections of 
TAC showing moderate nuclear reactivity for Nrf2 in in tubules, mod-

erate cytoplasmic reactivity for HO-1 in tubules and weak reactivity 
for SOD2 in tubules; (D, H, L) kidney sections of TAC + Lina showing 
moderate tubular reactivity for all markers in tubules. Data are repre-
sented as % of positively immunostained cells, results are expressed as 
mean ± SD, and are representatives of at least 10 photographs for each 
group. Scale bars represent 50 μm. Statistical significance was deter-
mined by one-way ANOVA followed by the Tukey-Kramer multiple 
comparison test. a: significantly different from the control group, b: 
significantly different from TAC group at P < 0.05
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Effect of Lina administration on tissue levels of 
apoptotic markers

Following TAC administration, the caspase-3, and Bax 
contents in kidney tissues markedly increased to 433%, 
and 225%, respectively. At the same time, the renal content 
of Bcl2 decreased to 71%, and the Bax/ Bcl2 ratio notably 
increased to 983%, when compared with the control group. 
In contrast, treatment with Lina caused a significant decline 
in renal contents of caspase-3, Bax, and Bax/ Bcl2 ratio to 
62%, 35%, and 72%, respectively. Nevertheless, it led to 
a significant increase in Bcl2 renal content to 131%, when 
compared with the TAC group (Fig. 6).

Effect of Lina on NO content and immunostaining 
reactivity of iNOS in TAC-treated rats

As presented in Fig. 5, administration of TAC resulted in 
increasing total nitrite content in kidney tissues to 160%, 
and the protein expression level of iNOS to 130%, as evi-
denced by a marked cytoplasmic immunostaining reactivity 
in glomeruli and tubules, when compared with the con-
trol group (Fig. 4G, K, L). On the contrary, co-treatment 
with Lina significantly decreased the total nitrite content 
(Fig. 4H, L), and the area % of the expression of iNOS to 
41%, in comparison to the TAC group.

Fig. 5 Effect of Lina treatment on oxidative stress biomarkers in TAC-
induced renal injury in rats. (I) representatives of immunohistochemi-
cal staining of kidney tissues of different groups. (A-D) 8-OHdG, 
(E-H) iNOS, and (J, K) the corresponding quantitative analysis. 
Data are represented as % of positively immunostained cells, results 
are representatives of at least 10 photographs for each group. Scale 

bars represent 50 μm. (L, M) Representative colorimetric and ELISA 
assay of renal contents of NO and 4-Hydroxynonenal (n = 6). Results 
are expressed as mean ± SD, statistical significance was determined 
by one-way ANOVA followed by Tukey-Kramer multiple comparison 
test. a: significantly different from the control group, b: significantly 
different from the TAC group at P < 0.05
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has been documented that tacrolimus induces a permanent 
nephrotoxicity identified through vascular resistance, isch-
emia, hypoxia, apoptosis, and interstitial fibrosis that ulti-
mately contribute to chronic kidney dysfunction [4, 6, 26].

The present study has been carried out to explore the 
potential protective role of Lina in a rat model of TAC-
induced renal injury and to elucidate the underlying molec-
ular mechanisms.

Our results have proved that Lina exhibited anti-oxidant 
and antiapoptotic properties. Furthermore, Lina treatment 
modulated hypoxia, and its associated target proteins which 
contribute to fibrosis progression.

In the current study, treatment with TAC for 4 weeks 
showed a significant increase in Scr and BUN/ Scr ratio as 
well as urinary cystatin C levels accompanied by a signifi-
cant decrease in ClCr and serum albumin compared with the 
control group, indicating kidney dysfunction. Our findings 
are similar to what has been previously reported [6, 27].

Lina’s renoprotective efficacy was confirmed by 
improved kidney dysfunction as demonstrated by improve-
ments in the aforementioned renal biomarkers. These results 
are consistent with those of previous studies [12, 28].

Interstitial collagen deposition, striped fibrosis, tubular 
atrophy, and thickened glomeruli are the main histopatho-
logical alterations considered specific for TAC nephrotoxic-
ity. This has been confirmed in our results and is consistent 
with previously reported literature [29].

Furthermore, TGFβ-1, a profibrotic cytokine, is a criti-
cal regulator of kidney fibrosis, and in the production 
and degradation of ECM. TGFβ-1 can induce fibroblast 

Effect of Lina on hypoxia and related profibrogenic 
proteins induced by TAC

To investigate the effects of Lina on hypoxia, and its related 
signaling proteins in TAC-treated rats, we measured the pro-
tein expression of HIF-1α, CTGF, and PAI-1 in kidney tis-
sues. Our results have revealed that the protein expression 
levels of HIF-1α, and CTGF increased in the renal tissues 
of the TAC group to 91%, and 235%, respectively, when 
compared to the control group (Fig. 7F, G). Moreover, our 
immunohistochemical examination of the kidney sections 
of TAC showed a marked cytoplasmic reactivity of PAI-1 
(a fibrinolysis inhibitor that inhibits the degradation of 
the extracellular matrix, and matrix metalloproteinases) in 
tubules with a statistically significant increase in the area % 
of immunostaining reactivity to 188%, in comparison to the 
control group (Fig. 7E). Conversely, the Lina co-treatment 
significantly decreased the corresponding protein expres-
sion levels of HIF-1α, and CTGF to 35%, and 50%, respec-
tively (Fig. 7I, J), as well as the area % of tubular expression 
of PAI-1 in kidney tissues to 37%, when compared to the 
TAC group (Fig. 7H).

Discussion

Although serious side effects hinder its long-term admin-
istration, tacrolimus remains the best immunosuppressant 
medication for preventing graft rejection after transplanta-
tion, and for a wide range of autoimmune diseases [5, 25]. It 

Fig. 6 Effect of Lina treatment on apoptotic markers in TAC-induced 
renal injury in rats. (A-D) Representative ELISA assay of renal con-
tents of caspase-3, Bax, Bcl2, and Bax/ Bcl2 ratio respectively. Data 
are presented as means ± SD (n = 6 per group) and statistically ana-

lyzed by a one-way parametric ANOVA test, followed by a post hoc 
Tukey-Kramer multiple comparison test. a: significantly different 
from the control group, b: significantly different from the TAC group 
at P < 0.05
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secretion, and receptor activation. It has been reported that 
DPP-4 is important for TGF-β receptor hetero-dimerization 
and signaling in human microvascular endothelial cells 
[32]. Moreover, the DPP-4 has been recognized as a marker 
of a highly activated subset of myofibroblasts, and its inhi-
bition results in lowered ECM deposition in cultured fibro-
blasts [33]. Furthermore, DPP-4 has been confirmed to bind 
to collagen type 1 and fibronectin through its cysteine-rich 
domain located at the extracellular portion of the enzyme. 
This promotes cell migration and forms the structure of the 
fibrotic microenvironment [11]. In the current study, Lina 
as a selective DPP-4 inhibitor significantly decreased the 
tubular injury score and the % of the fibrotic area within 
the kidney interstitium. Moreover, our immunohistochemi-
cal results have shown a lower % of immunostaining for 

differentiation into myofibroblasts, which are identified by 
α-SMA expression. Myofibroblasts then produce ECM pro-
teins where excess deposition of these proteins can harm 
normal kidney structure, and interfere with renal function 
[30]. Our results have revealed that the renal content of 
TGFβ-1, as well as the protein expression of α-SMA and 
collagen type1, increased following TAC treatment. These 
align with the results published by Lim et al. [1], where the 
immunostaining of fibrotic markers collagen, fibronectin, 
and α-SMA increased in the TAC group. In addition, the 
study of Ume and colleagues [31] showed that tacrolimus-
treated renal fibroblasts displayed fibroblast-to-myofibro-
blast transition phenotyping, which was demonstrated by 
α-smooth muscle actin, and collagen type IV overexpression 
accompanied by concomitant induction of TGF-β1 ligand 

Fig. 7 Effect of Lina administration on HIF-1α and profibrogenic pro-
teins in TAC-induced hypoxia in rats. (E) Representative of immuno-
histochemical staining of PAI-1 and (H) the corresponding quantitative 
analysis. Data are represented as % of positively immunostained cells, 
results are representatives of at least 10 photographs for each group. 
Results are expressed as mean ± SD. Scale bars represent 50 μm. (F, 
G) Representative Western blots for HIF-1α and CTGF and (I, J) the 
corresponding quantitative analysis of the expression in kidney sec-

tions. Data were quantified by using Image Lab software and are repre-
sented as the relative optical density of bands to the β-actin band from 
the same gel. Results are expressed as mean ± SD of three individual 
experiments. Statistical significance was determined by one-way 
ANOVA followed by post hoc Tukey-Kramer multiple comparison 
test. a: significantly different from the control group, b: significantly 
different from the TAC group at P < 0.05
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protective effects of Lina against oxidative stress are paral-
lel with those mentioned by Arab et al. [16], and Wu et al. 
[13].

Nrf2 is an essential transcription activator for cellular 
redox homeostasis. It maintains the balance between ROS 
and free radical scavenging enzymes and antioxidants. 
Once activated by oxidative stress, Nrf2 was uncoupled 
from Kelch ECH-associating protein 1 (Keap1) Then, it 
was translocated to the nucleus to bind with the antioxidant 
response element (ARE) of the target genes to promote the 
transcription of these antioxidant genes [5]. It is known that 
Nrf2 controls the transcription of over 300 ARE-regulated 
genes [40]. The immunostaining of Nrf2 and the assess-
ment of its cellular localization (cytosolic versus nuclear) 
is a reliable indicator of translocation and transcription acti-
vation. Furthermore, the assessment of the expression of 
downstream antioxidant genes, including HO-1, and SOD, 
is another reassurance finding indicating transcription acti-
vation of Nrf2.

In the present study, the TAC group has shown a marked 
decrease in the nuclear immunostaining of Nrf2, and a sig-
nificant decrease in the cytoplasmic immunostaining of 
the downstream HO-1 enzyme, when compared with the 
control groups that has reflected intense nuclear and cyto-
plasmic staining for Nrf2, and HO-1, respectively. More-
over, our IHC results have revealed that there is a parallel 
glomerular, and tubular expression pattern of Nrf2 and its 
target downstream proteins with nearly equivalent immu-
nostaining reactivity, which might suggest a functional rela-
tionship. Our findings confirm the results reported by Azouz 
et al. [41], Ibrahim et al. [42], and Gao et al. [5]. Oppositely, 
the administration of Lina significantly increased the pro-
tein expression level of Nrf2 and HO-1 in kidney tissues of 
TAC-treated rats, as evidenced by an increase of the area % 
of the immunostaining of the corresponding proteins. Our 
findings are in line with that of Wu and colleagues [13] who 
stated that Lina ameliorated endotoxin-shock-induced acute 
kidney injury in rats and cell line models through upregula-
tion of Nrf2/HO-1 protein expression. A parallel effect was 
previously documented by the study of Mima et al. [43], 
where Lina has offered protection against diabetic kidney 
injury partially via activating the Keap1/Nrf2 pathway on 
the high glucose-induced podocyte apoptosis model. Fur-
thermore, Spencer and colleagues [44] described that Lina 
ameliorated albuminuria and kidney hypertrophy in diabetic 
DBA/2J mice, and increased the mRNA and protein levels 
of the antioxidants CAT and MnSOD in glucose-6-phos-
phate dehydrogenase deficient mice.

HIF-1α is the major controller of the cellular adaptation 
to hypoxia. In addition, it contributes to the initiation and 
development of kidney fibrosis [8]. As a transcription factor, 
HIF-1α activation upregulates the expression of profibrotic 

α-SMA and collagen type1, and a decreased content of 
TGF-β1 in kidney tissues treated with Lina. These results 
together with the attenuation of kidney function biomarkers 
suggest that Lina effectively mitigated the progression of 
fibrosis in our model. Our findings also agree with those of a 
previous study by Bai et al. [34], where Lina downregulated 
the expression levels of profibrotic proteins, and attenuated 
the histopathological deterioration in a rat model of angio-
tensin II-induced kidney fibrosis.

One of the primary mechanisms involved in TAC-
induced kidney injury is an alteration in redox homeostasis 
[4, 5]. It is acclaimed that oxidative stress is mainly caused 
by an imbalance between ROS and cellular anti-oxidative 
defensive mechanisms [35]. Obviously, nitric oxide may 
react with the superoxide radical to produce peroxynitrite, 
an RNS; and the resulting nitrosative stress can cause further 
kidney tissue damage [36]. Additionally, ROS or RNS can 
react with intracellular lipids, nucleic acids, and proteins, 
leading to lipid peroxidation, DNA damage, and protein 
denaturation, subsequently apoptotic cell death, and dam-
age to tissue structure and function [9, 37]. Administration 
of TAC in the current study significantly increased the lev-
els of oxidative stress biomarkers including 4-hydroxynon-
enal and 8-OHdG in kidney tissue, whereas the expression 
level of the antioxidant enzyme SOD2 has been decreased, 
compared with that of the control group. Our observations 
are similar to Gao and colleagues’ findings [5] showing that 
TAC causes oxidative stress in mice by increasing MDA 
levels, and lowering the activity of antioxidant enzymes 
superoxide dismutase, catalase, and glutathione peroxidase 
in kidney tissue. Furthermore, the study conducted by Kim 
et al. [38] showed that TAC administration increased the 
levels of 8-OHdG in urine and kidney tissue, and the renal 
content of 4-hydroxynonenal. Our results have also revealed 
that there was a significant increase in the renal content of 
total nitrites, which represent the endogenous nitric oxide 
content, and an intensive immunostaining reactivity of 
iNOS in TAC-treated rats, compared to control rats. Similar 
effects have been reported in the study of Back et al. [7]. 
On the other hand, our results have demonstrated that Lina 
co-treatment increased the expression level of SOD2, and 
decreased the protein expression of 8-OHdG, iNOS, and 
renal contents of 4-hydroxynonenal, and NO in kidney tis-
sues. The antioxidant effects of Lina could be ascribed to 
its unique chemical structure among other DPP-4 inhibitors 
since it has a xanthine backbone and can inhibit the xanthine 
oxidase activity which plays an important role in purine 
metabolism and cellular oxidative status. In addition, previ-
ous studies showed that Lina could inhibit NADPH oxidase 
enzyme thus decreasing the generation of ROS [39]. These 
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Conclusion

In summary, linagliptin has attenuated TAC-induced renal 
injury in the experimental rat model used in this study 
through antioxidant, anti-hypoxic, and anti-apoptotic 
effects. The underlying mechanisms include modulation of 
Nrf2/HO-1 and HIF-1α/CTGF/PAI-1 axis.
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genes and biosynthetic enzymes [45]. Moreover, a direct 
relative association between NO, iNOS, and HIF-1α exists. 
When NO is produced in abundance, it upregulates HIF-1α 
under hypoxic conditions. Besides, HIF-1α increases the 
iNOS gene expression [35]. Furthermore, it has been pos-
tulated that oxidative stress modulates hypoxic factors 
whereby, during hypoxia, mitochondria increase the pro-
duction of ROS, which inhibits prolyl hydroxylase domain 
enzyme activity, and consequently stabilizes the HIF-1α 
protein [9]. In the present study, our data have displayed that 
the expression level of HIF-1α significantly increased after 
TAC treatment. Besides, the expression levels of the profi-
brotic proteins, which were mediated by HIF-1α, including 
CTGF and PAI-1 increased as well. It is noteworthy that 
our research is the first in the literature to demonstrate the 
direct significant role of HIF-1α in the TAC-induced renal 
injury model. Actually, a few studies have reported the 
role of the profibrotic proteins on TAC nephropathy. The 
study by Knops et al. [46] indicated that the expression of 
CTGF increased in proximal tubular cells following TAC 
exposure. On the contrary, in Lina co-treatment, the pro-
tein levels of HIF-1α, and CTGF significantly decreased; 
and PAI-1 showed a notable decrease in immunostaining 
reactivity in kidney tissues. Therefore, it has been reported 
that Lina protects the microvascular endothelial cells from 
hypoxia by modulating the SIRT1/HIF-1α/VEGF pathway 
[47]. In addition, Ishibashi and coworkers [48] stated that 
Lina inhibited the advanced glycation end-products-induced 
ROS in endothelial cells through the downregulation of the 
PAI-1 gene expression.

Apoptosis is a process of programmed cell death that 
plays a significant role in TAC-induced renal injury [4, 38]. 
It has been documented that oxidative stress is a common 
mechanism leading to apoptotic cell death. Jin and collabo-
rators [49] previously mentioned that TAC-induced oxida-
tive stress induces apoptotic and autophagic cell death, and 
that was closely associated with structural and functional 
kidney injury. Caspase-3 is known to be a key apoptotic 
mediator due to its catalytic activity on various critical cel-
lular proteins. Bcl-2 is a protein that blocks programmed 
cell death by controlling mitochondrial apoptosis while The 
Bax protein, a member of the Bcl-2 family, promotes apop-
tosis. The ratio of Bax/ Bcl-2 is an indicator of the suscep-
tibility of a cell to undergo apoptosis [1, 35]. In our results, 
TAC increased the renal contents of caspase-3 and Bax pro-
teins and decreased that of Bcl-2. On the other hand, the 
Lina treatment modulated such an effect induced by TAC. 
Our results are in agreement with the findings by Korbut 
et al. [50] stating that Bcl-2 level increased, and caspase-3 
expression decreased in Lina treated group in a model of 
diabetic kidney disease.

1 3

  608  Page 12 of 14

https://doi.org/10.1007/s11033-024-09533-2
https://doi.org/10.1007/s11033-024-09533-2


Molecular Biology Reports

species. Int J Mol Sci 22(20):11190. https://doi.org/10.3390/
ijms222011190.

14. ElGamal RZ, Tadros MG, Menze ET (2023) Linagliptin counter-
acts rotenone’s toxicity in non-diabetic rat model of Parkinson’s 
disease: insights into the neuroprotective roles of DJ-1, SIRT-1/
Nrf-2 and implications of HIF1-α. Eur J Pharmacol 941:175498. 
https://doi.org/10.1016/j.ejphar.2023.175498

15. Castoldi G, Carletti R, Ippolito S, Colzani M, Barzaghi F, Stella 
A, Zerbini G, Perseghin G, Zatti G, di Gioia CRT (2021) Sodium-
glucose cotransporter 2 inhibition prevents renal fibrosis in cyclo-
sporine nephropathy. Acta Diabetol 58(8):1059–1070. https://doi.
org/10.1007/s00592-021-01681-2

16. Arab HH, Eid AH, Alsufyani SE, Ashour AM, El-Sheikh AAK, 
Darwish HW, Georgy GS (2023) Neuroprotective impact of lina-
gliptin against cadmium-induced cognitive impairment and neu-
ropathological aberrations: targeting SIRT1/Nrf2 axis, apoptosis, 
and autophagy. Pharmaceuticals (Basel) 16(8):1065. https://doi.
org/10.3390/ph16081065

17. Zheng HL, Zhang HY, Zhu CL, Li HY, Cui S, Jin J, Piao SG, 
Jiang YJ, Xuan MY, Jin JZ, Jin YS, Lee JP, Chung BH, Choi BS, 
Yang CW, Li C (2021) L-Carnitine protects against tacrolimus-
induced renal injury by attenuating programmed cell death via 
PI3K/AKT/PTEN signaling. Acta Pharmacol Sin 42(1):77–87. 
https://doi.org/10.1038/s41401-020-0449-8

18. Sharma A, Fish BL, Moulder JE, Medhora M, Baker JE, Mader 
M, Cohen EP (2014) Safety and blood sample volume and quality 
of a refined retro-orbital bleeding technique in rats using a lateral 
approach. Lab Anim (NY) 43(2):63–66. https://doi.org/10.1038/
laban.432

19. Uchino S, Bellomo R, Goldsmith D (2012) The meaning of the 
blood urea nitrogen/creatinine ratio in acute kidney injury. Clin 
Kidney J 5(2):187–191. https://doi.org/10.1093/ckj/sfs013

20. Cuesta C, Fuentes-Calvo I, Sancho-Martinez SM, Valentijn FA, 
Düwel A, Hidalgo-Thomas OA, Agüeros-Blanco C, Benito-
Hernández A, Ramos-Barron MA, Gómez-Alamillo C, Arias 
M, Nguyen TQ, Goldschmeding R, Martínez-Salgado C, López-
Hernández FJ (2022) Urinary KIM-1 correlates with the sub-
clinical sequelae of tubular damage persisting after the apparent 
functional recovery from intrinsic acute kidney injury. Biomedi-
cines 10(5):1106. https://doi.org/10.3390/biomedicines10051106

21. Miranda KM, Espey MG, Wink DA (2001) A rapid, simple spec-
trophotometric method for simultaneous detection of nitrate 
and nitrite. Nitric Oxide 5(1):62–71. https://doi.org/10.1006/
niox.2000.0319

22. Suvarna KS, Layton C, Bancroft JD (2012) Bancroft’s theory and 
practice of histological techniques, 7th edn. Churchill Living-
stone, New York

23. Abd El-Lateef SM, El-Sayed EM, Mansour AM, Salama SA 
(2019) The protective role of estrogen and its receptors in genta-
micin-induced acute kidney injury in rats. Life Sci 239:117082. 
https://doi.org/10.1016/j.lfs.2019.117082

24. Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle 
of protein-dye binding. Anal Biochem 72:248–254. https://doi.
org/10.1016/0003-2697(76)90527-3

25. Park C, Kwon DH, Hwang SJ, Han MH, Jeong JW, Hong SH, 
Cha HJ, Hong SH, Kim GY, Lee HJ, Kim S, Kim HS, Choi YH 
(2019) Protective effects of Nargenicin A1 against Tacrolimus-
Induced oxidative stress in Hirame Natural embryo cells. Int J 
Environ Res Public Health 16(6):1044. https://doi.org/10.3390/
ijerph16061044

26. Jin L, Shen N, Wen X, Wang W, Lim SW, Yang CW (2023) 
CTLA4-Ig protects tacrolimus-induced oxidative stress via inhib-
iting the AKT/FOXO3 signaling pathway in rats. Korean J Intern 
Med 38(3):393–405. https://doi.org/10.3904/kjim.2022.293

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://creativecommons.
org/licenses/by/4.0/.

References

1. Lim JH, Oh EJ, Oh SH, Jung HY, Choi JY, Cho JH, Park SH, 
Kim YL, Kim CD (2020) Renoprotective effects of alpha-1 anti-
trypsin against tacrolimus-induced renal Injury. Int J Mol Sci 
21(22):8628. https://doi.org/10.3390/ijms21228628

2. Ahmed F, Zakaria F, Enebong Nya G, Mouchli M (2022) Siroli-
mus vs tacrolimus: which one is the best therapeutic option for 
patients undergoing liver transplantation for hepatocellular car-
cinoma? World J Gastrointest Surg 14(8):862–866. https://doi.
org/10.4240/wjgs.v14.i8.862

3. Harb IA, Ashour H, Sabry D, El-Yasergy DF, Hamza WM, 
Mostafa A (2021) Nicorandil prevents the nephrotoxic effect of 
cyclosporine-A in albino rats through modulation of HIF-1α/
VEGF/eNOS signaling. Can J Physiol Pharmacol 99(4):411–417. 
https://doi.org/10.1139/cjpp-2020-0012

4. Luo K, Lim SW, Jin J, Jin L, Gil HW, Im DS, Hwang HS, Yang 
CW (2019) Cilastatin protects against tacrolimus-induced neph-
rotoxicity via anti-oxidative and anti-apoptotic properties. BMC 
Nephrol 20(1):221. https://doi.org/10.1186/s12882-019-1399-6

5. Gao P, Du X, Liu L, Xu H, Liu M, Guan X, Zhang C (2021) 
Astragaloside IV alleviates tacrolimus-induced chronic neph-
rotoxicity via p62-Keap1-Nrf2 pathway. Front Pharmacol 
11:610102. https://doi.org/10.3389/fphar.2020.610102

6. Poormoosavi SM, Behmanesh MA, Abeyat H, Sangtarash E 
(2021) Evaluation of the effect of captopril and losartan on 
tacrolimus-induced nephrotoxicity in rats. Drug Res (Stuttg) 
71(5):243–249. https://doi.org/10.1055/a-1369-8651

7. Back JH, Ryu HH, Hong R, Han SA, Yoon YM, Kim DH, Hong 
SJ, Kim HL, Chung JH, Shin BC, Kwon YE (2015) Antiprotein-
uric effects of green tea extract on tacrolimus-induced nephro-
toxicity in mice. Transplant Proc 47(6):2032–2034. https://doi.
org/10.1016/j.transproceed.2015.06.008

8. Honda T, Hirakawa Y, Nangaku M (2019) The role of oxida-
tive stress and hypoxia in renal disease. Kidney Res Clin Pract 
38(4):414–426. https://doi.org/10.23876/j.krcp.19.063

9. Zhang H, Xu R, Wang Z (2021) Contribution of oxidative 
stress to HIF-1-mediated profibrotic changes during the kid-
ney damage. Oxid Med Cell Longev 2021:6114132. https://doi.
org/10.1155/2021/6114132

10. Kabei K, Tateishi Y, Nozaki M, Tanaka M, Shiota M, Osada-Oka 
M, Nishide S, Uchida J, Nakatani T, Tomita S, Miura K (2018) 
Role of hypoxia-inducible factor-1 in the development of renal 
fibrosis in mouse obstructed kidney: special references to HIF-1 
dependent gene expression of profibrogenic molecules. J Pharma-
col Sci 136(1):31–38. https://doi.org/10.1016/j.jphs.2017.12.004

11. Shi S, Koya D, Kanasaki K (2016) Dipeptidyl peptidase-4 and 
kidney fibrosis in diabetes. Fibrogenesis Tissue Repair 9:1. 
https://doi.org/10.1186/s13069-016-0038-0

12. Oraby MA, El-Yamany MF, Safar MM, Assaf N, Ghoneim HA 
(2019) Amelioration of early markers of diabetic nephropathy by 
linagliptin in fructose-streptozotocin-induced type 2 diabetic rats. 
Nephron 141(4):273–286. https://doi.org/10.1159/000495517

13. Wu TJ, Hsieh YJ, Lu CW, Lee CJ, Hsu BG (2021) Linagliptin 
protects against endotoxin-induced acute kidney injury in rats 
by decreasing inflammatory cytokines and reactive oxygen 

1 3

Page 13 of 14   608 

https://doi.org/10.3390/ijms222011190
https://doi.org/10.3390/ijms222011190
https://doi.org/10.1016/j.ejphar.2023.175498
https://doi.org/10.1007/s00592-021-01681-2
https://doi.org/10.1007/s00592-021-01681-2
https://doi.org/10.3390/ph16081065
https://doi.org/10.3390/ph16081065
https://doi.org/10.1038/s41401-020-0449-8
https://doi.org/10.1038/laban.432
https://doi.org/10.1038/laban.432
https://doi.org/10.1093/ckj/sfs013
https://doi.org/10.3390/biomedicines10051106
https://doi.org/10.1006/niox.2000.0319
https://doi.org/10.1006/niox.2000.0319
https://doi.org/10.1016/j.lfs.2019.117082
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.3390/ijerph16061044
https://doi.org/10.3390/ijerph16061044
https://doi.org/10.3904/kjim.2022.293
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms21228628
https://doi.org/10.4240/wjgs.v14.i8.862
https://doi.org/10.4240/wjgs.v14.i8.862
https://doi.org/10.1139/cjpp-2020-0012
https://doi.org/10.1186/s12882-019-1399-6
https://doi.org/10.3389/fphar.2020.610102
https://doi.org/10.1055/a-1369-8651
https://doi.org/10.1016/j.transproceed.2015.06.008
https://doi.org/10.1016/j.transproceed.2015.06.008
https://doi.org/10.23876/j.krcp.19.063
https://doi.org/10.1155/2021/6114132
https://doi.org/10.1155/2021/6114132
https://doi.org/10.1016/j.jphs.2017.12.004
https://doi.org/10.1186/s13069-016-0038-0
https://doi.org/10.1159/000495517


Molecular Biology Reports

glucagon-like peptide-1 attenuates myocardial fibrosis and hyper-
tension. Eur J Pharmacol 927:175048. https://doi.org/10.1016/j.
ejphar.2022.175048

40. Zhang DD, Chapman E (2020) The role of natural products in 
revealing Nrf2 function. Nat Prod Rep 37:797–826. https://doi.
org/10.1039/c9np00061e

41. Azouz AA, Omar HA, Hersi F, Ali FEM, Hussein Elkelawy 
AMM (2022) Impact of the ACE2 activator xanthenone on tacro-
limus nephrotoxicity: modulation of uric acid/ERK/p38 MAPK 
and Nrf2/SOD3/GCLC signaling pathways. Life Sci 288:120154. 
https://doi.org/10.1016/j.lfs.2021.120154

42. Ibrahim SA, Eltahawy NF, Abdalla AM, Khalaf HM (2021) Pro-
tective effects of selenium in tacrolimus-induced lung toxicity: 
potential role of heme oxygenase1. Can J Physiol Pharmacol 
99(10):1069–1078. https://doi.org/10.1139/cjpp-2020-0547

43. Mima A, Yasuzawa T, Nakamura T, Ueshima S (2020) Lina-
gliptin affects IRS1/Akt signaling and prevents high glucose-
induced apoptosis in podocytes. Sci Rep 10(1):5775. https://doi.
org/10.1038/s41598-020-62579-7

44. Spencer NY, Yang Z, Sullivan JC, Klein T, Stanton RC (2018) 
Linagliptin unmasks specific antioxidant pathways protective 
against albuminuria and kidney hypertrophy in a mouse model 
of diabetes. PLoS ONE 13(7):e0200249. https://doi.org/10.1371/
journal.pone.0200249

45. Wei X, Zhu X, Jiang L, Huang X, Zhang Y, Zhao D, Du Y (2020) 
Recent advances in understanding the role of hypoxia-inducible 
factor 1α in renal fibrosis. Int Urol Nephrol 52(7):1287–1295. 
https://doi.org/10.1007/s11255-020-02474-2

46. Knops N, Ramazani Y, De Loor H, Goldschmeding R, Nguyen 
TQ, van den Heuvel LP, Levtchenko E, Kuypers DJ (2023) Tacro-
limus induces a pro-fibrotic response in donor-derived human 
proximal tubule cells dependent on common variants of the 
CYP3A5 and ABCB1 genes. Nephrol Dial Transpl 38(3):599–
609. https://doi.org/10.1093/ndt/gfac237

47. Mi DH, Fang HJ, Zheng GH, Liang XH, Ding YR, Liu X, Liu 
LP (2019) DPP-4 inhibitors promote proliferation and migra-
tion of rat brain microvascular endothelial cells under hypoxic/
high-glucose conditions, potentially through the SIRT1/HIF-1/
VEGF pathway. CNS Neurosci Ther 25(3):323–332. https://doi.
org/10.1111/cns.13042

48. Ishibashi Y, Matsui T, Maeda S, Higashimoto Y, Yamagishi S 
(2013) Advanced glycation end products evoke endothelial cell 
damage by stimulating soluble dipeptidyl peptidase-4 produc-
tion and its interaction with mannose 6-phosphate/insulin-like 
growth factor II receptor. Cardiovasc Diabetol 12:125. https://
doi.org/10.1186/1475-2840-12-125

49. Jin J, Jin L, Luo K, Lim SW, Chung BH, Yang CW (2017) Effect 
of empagliflozin on tacrolimus-induced pancreas islet dysfunc-
tion and renal injury. Am J Transpl 17(10):2601–2616. https://
doi.org/10.1111/ajt.14316

50. Korbut AI, Taskaeva IS, Bgatova NP, Muraleva NA, Orlov NB, 
Dashkin MV, Khotskina AS, Zavyalov EL, Konenkov VI, Klein 
T, Klimontov VV (2020) SGLT2 inhibitor Empagliflozin and 
DPP4 inhibitor linagliptin reactivate glomerular autophagy in db/
db mice, a model of type 2 diabetes. Int J Mol Sci 21(8):2987. 
https://doi.org/10.3390/ijms21082987

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

27. Fu R, Tajima S, Shigematsu T, Zhang M, Tsuchimoto A, Egashira 
N, Ieiri I, Masuda S (2021) Establishment of an experimental rat 
model of tacrolimus-induced kidney injury accompanied by inter-
stitial fibrosis. Toxicol Lett 341:43–50. https://doi.org/10.1016/j.
toxlet.2021.01.020

28. Mayer AL, Scheitacker I, Ebert N, Klein T, Amann K, Daniel 
C (2021) The dipeptidyl peptidase 4 inhibitor linagliptin ame-
liorates renal injury and accelerated resolution in a rat model of 
crescentic nephritis. Br J Pharmacol 178(4):878–895. https://doi.
org/10.1111/bph.15320

29. Sharma A, Jain S, Gupta R, Guleria S, Agarwal S, Dinda A 
(2010) Calcineurin inhibitor toxicity in renal allografts: mor-
phologic clues from protocol biopsies. Indian J Pathol Microbiol 
53(4):651–657. https://doi.org/10.4103/0377-4929.72015

30. Zhou D, Liu Y (2016) Renal fibrosis in 2015: understanding the 
mechanisms of kidney fibrosis. Nat Rev Nephrol 12(2):68–70. 
https://doi.org/10.1038/nrneph.2015.215

31. Ume AC, Wenegieme TY, Shelby JN, Paul-Onyia CDB, Waite 
AMJ 3rd, Kamau JK, Adams DN, Susuki K, Bennett ES, Ren H, 
Williams CR (2023) Tacrolimus induces fibroblast-to-myofibro-
blast transition via a TGF-β-dependent mechanism to contribute 
to renal fibrosis. Am J Physiol Ren Physiol 324(5):F433–F445. 
https://doi.org/10.1152/ajprenal.00226.2022

32. Shi S, Srivastava SP, Kanasaki M, He J, Kitada M, Nagai T, Nitta 
K, Takagi S, Kanasaki K, Koya D (2015) Interactions of DPP-4 
and integrin β1 influences endothelial-to-mesenchymal transi-
tion. Kidney Int 88(3):479–489. https://https://doi.org/10.1038/
ki.2015.103

33. Soare A, Györfi HA, Matei AE, Dees C, Rauber S, Wohlfahrt T, 
Chen CW, Ludolph I, Horch RE, Bäuerle T, von Hörsten S, Mihai 
C, Distler O, Ramming A, Schett G, Distler JHW (2020) Dipepti-
dylpeptidase 4 as a marker of activated fibroblasts and a potential 
target for the treatment of fibrosis in systemic sclerosis. Arthritis 
Rheumatol 72(1):137–149. https://doi.org/10.1002/art.41058

34. Bai F, Zhang LH, Zhang WW, Zheng RH, Eskew JR, Bennett 
J, Wang NP, Bose HS, Zhao ZQ (2020) Conservation of glu-
cagon like peptide-1 level with liraglutide and linagilptin pro-
tects the kidney against angiotensin II-induced tissue fibrosis 
in rats. Eur J Pharmacol 867:172844. https://doi.org/10.1016/j.
ejphar.2019.172844

35. El-Sheikh AAK, Morsy MA, Abdel-Latif RG (2019) Modula-
tion of eNOS/iNOS by nebivolol protects against cyclosporine 
A-mediated nephrotoxicity through targeting inflammatory 
and apoptotic pathways. Environ Toxicol Pharmacol 69:26–35. 
https://doi.org/10.1016/j.etap.2019.03.018

36. Ratliff BB, Abdulmahdi W, Pawar R, Wolin MS (2016) Oxidant 
mechanisms in Renal Injury and Disease. Antioxid Redox Signal 
25(3):119–146. https://doi.org/10.1089/ars.2016.6665

37. Abdelzaher WY, Rofaeil RR, Ali DME, Attya ME (2020) Protec-
tive effect of dipeptidyl peptidase-4 inhibitors in testicular tor-
sion/detorsion in rats: a possible role of HIF-1α and nitric oxide. 
Naunyn Schmiedebergs Arch Pharmacol 393(4):603–614. https://
doi.org/10.1007/s00210-019-01765-5

38. Kim HS, Lim SW, Jin L, Jin J, Chung BH, Yang CW (2017) The 
protective effect of febuxostat on chronic tacrolimus-induced 
nephrotoxicity in rats. Nephron 135(1):61–71. https://doi.
org/10.1159/000449289

39. Banks TE, Rajapaksha M, Zhang LH, Bai F, Wang NP, Zhao 
ZQ (2022) Suppression of angiotensin II-activated NOX4/
NADPH oxidase and mitochondrial dysfunction by preserving 

1 3

  608  Page 14 of 14

https://doi.org/10.1016/j.ejphar.2022.175048
https://doi.org/10.1016/j.ejphar.2022.175048
https://doi.org/10.1039/c9np00061e
https://doi.org/10.1039/c9np00061e
https://doi.org/10.1016/j.lfs.2021.120154
https://doi.org/10.1139/cjpp-2020-0547
https://doi.org/10.1038/s41598-020-62579-7
https://doi.org/10.1038/s41598-020-62579-7
https://doi.org/10.1371/journal.pone.0200249
https://doi.org/10.1371/journal.pone.0200249
https://doi.org/10.1007/s11255-020-02474-2
https://doi.org/10.1093/ndt/gfac237
https://doi.org/10.1111/cns.13042
https://doi.org/10.1111/cns.13042
https://doi.org/10.1186/1475-2840-12-125
https://doi.org/10.1186/1475-2840-12-125
https://doi.org/10.1111/ajt.14316
https://doi.org/10.1111/ajt.14316
https://doi.org/10.3390/ijms21082987
https://doi.org/10.1016/j.toxlet.2021.01.020
https://doi.org/10.1016/j.toxlet.2021.01.020
https://doi.org/10.1111/bph.15320
https://doi.org/10.1111/bph.15320
https://doi.org/10.4103/0377-4929.72015
https://doi.org/10.1038/nrneph.2015.215
https://doi.org/10.1152/ajprenal.00226.2022
https://doi.org/10.1038/ki.2015.103
https://doi.org/10.1038/ki.2015.103
https://doi.org/10.1038/ki.2015.103
https://doi.org/10.1002/art.41058
https://doi.org/10.1016/j.ejphar.2019.172844
https://doi.org/10.1016/j.ejphar.2019.172844
https://doi.org/10.1016/j.etap.2019.03.018
https://doi.org/10.1089/ars.2016.6665
https://doi.org/10.1007/s00210-019-01765-5
https://doi.org/10.1007/s00210-019-01765-5
https://doi.org/10.1159/000449289
https://doi.org/10.1159/000449289

	Linagliptin ameliorates tacrolimus-induced renal injury: role of Nrf2/HO-1 and HIF-1α/CTGF/PAI-1
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Animal care
	Study design and treatment protocol
	Sampling collections
	Assessment of kidney function biomarkers
	Determination of nitric oxide content in kidney tissues
	Histopathological examination
	ELISA assays
	Immunohistochemical investigation
	Western blot analysis
	Statistical analysis

	Results
	Effect of Lina administration on kidney function indicators
	Effect of Lina on histopathological changes induced by TAC
	Effect of Lina on the profibrotic molecules induced by TAC
	Effect of Lina on TAC-induced oxidative stress in rat kidney tissues
	Effect of Lina on Nrf2 and HO-1 enzyme immunostaining reactivity in TAC-treated rats
	Effect of Lina on NO content and immunostaining reactivity of iNOS in TAC-treated rats
	Effect of Lina administration on tissue levels of apoptotic markers
	Effect of Lina on hypoxia and related profibrogenic proteins induced by TAC

	Discussion
	Conclusion
	References


