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A B S T R A C T

Background
Recent studies demonstrated the reno-protective effects of two dipeptidyl peptidase-4 (DPP-4) inhibitors,

saxagliptin and sitagliptin, against gentamycin-induced renal injury. However, none of these studies inves-
tigated whether renal DPP-4 contributes to the pathogenesis of this nephrotoxicity or not. This prompted us
to test this hypothesis and to assess, for the first time, the potential reno-protective effect of linagliptin and
whether this action is related or not to DPP-4 inhibition. Lingliptin was chosen since it is mainly excreted
through a non-renal pathway and can therefore be used safely in individuals with renal injury.
Methods

Male Sprague-Dawley rats were administered gentamycin (100 mg/kg/day, ip for 10 days) alone or com-
bined with linagliptin (3 mg/kg/day, orally for 14 days). Gentamycin was administered once daily during the
last ten days of the linagliptin treatment.
Results

Linagliptin administration ameliorated gentamycin-induced renal injury and restored renal functional, ox-
idative, inflammatory, apoptotic and histopathological changes. Furthermore, the current study highlighted
the role of increased plasma and renal DPP-4 in the pathogenesis of gentamycin renal insults and showed that
the potential reno-protective effect of linagliptin is partly, mediated via inhibition of DPP-4, in addition to
other antioxidant, anti-inflammatory and anti-apoptotic actions.
Conclusions

Linagliptin may serve as a beneficial adjutant to reduce gentamycin-induced renal injury.
© 2019.

Introduction

Nephrotoxicity remains the major side effect hindering the clini-
cal use of the aminoglycoside, gentamycin [1]. A small fraction of the
administered dose preferentially accumulates in the proximal tubules,
inducing oxidative stress, apoptosis, necrosis of renal cells and even-
tually acute renal injury and damage [2]. Therefore, many approaches
were adopted to mitigate the progression of the renal injury as
once-a-day administration regimen [1].

Incretins; glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide-1 (GLP-1), are gut hormones secreted from the
intestinal cells in response to food intake. Once reaching the circu-
lation, they potentiate the glucose dependent insulin secretion from
pancreatic cells and inhibit glucagon secretion [3]. The incretin effect
is significantly decreased in patients with type 2 diabetes (T2D) and
contributes to impaired insulin secretion and chronic hyperglycemia.
GLP-1 and GIP are rapidly inactivated by the dipeptidyl peptidase-4
(DPP-4) [4].
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DPP-4 is a protein with exopeptidase activity, existing in many
sites, with the highest levels in the kidneys. It is increased in dia-
betic nephropathy and other renal disorders. DPP-4 inhibitors are new
oral glucose-lowering drugs used for T2D. They possess moderate
glycemic efficacy, by inhibiting the degradation of the incretin hor-
mones, with low risk for hypoglycemia or weight gain. Recent stud-
ies suggest that DPP-4 inhibitors may also have reno-protective ef-
fects, independent of their glucose-lowering actions [5, 6]. Many clini-
cal studies have demonstrated that DPP-4 inhibitors decrease the level
of albuminuria in patients with T2D [7, 8].

Amongst the DPP-4 inhibitors, linagliptin is of particular inter-
est with respect to itspleiotropic reno-protective effects as it is the
most potent DPP-4 inhibitor, and has the largest volume of distrib-
ution. These properties allow linagliptin to penetrate the kidney tis-
sue and tightly bind resident DPP-4 [9]. Furthermore, linagliptin is
the only drug to be excreted predominantly (about 95% of the dose)
through the bile [10]; hence it does not require dose adjustment for
chronic kidney disease [11,12]. While other gliptins as sitagliptin and
saxagliptin, are excreted mainly by the renal route [11], which necessi-
tates their dose adjustment in patients suffering from renal impairment
as a safety measure [9].

The advantageous use of DPP-inhibitors, namely sitagliptin and
saxagliptin, against gentamycin renal injury has been recently docu-
mented. Three studies reported on the reno-protective effects of these

https://doi.org/10.1016/j.pharep.2019.06.017
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two gliptins after their concurrent use with gentamycin [13–15]. How-
ever, none of these studies investigated whether renal DPP-4 con-
tributes to the pathogenesis of gentamycin-induced renal damage and
whether the beneficial actions of the two gliptins are related or not
to DPP-4 inhibition. This prompted us to test this hypothesis and
to assess, for the first time, the potential reno-protective effect of
linagliptin against gentamycin nephrotoxicity and whether this action
is related or not to DPP-4 inhibition.

Materials and Methods

Animals

Male Sprague-Dawley rats (200–220g), obtained from Laboratory
Animal Colony, Helwan, Cairo, Egypt, were used. Experiments were
conducted in strict accordance with institutional animal care and use
guidelines. This protocol was approved by the Animal Care and Use
Committee (ACUC) at Faculty of Veterinary Medicine, Cairo Univer-
sity, Egypt (Approval No VetCU05192019038).

Drugs and chemicals

Gentamicin (European Egyptian Pharmaceutical Industries,
Egypt), Linagliptin as Trajenta®; 5mg tablets (Boehringer Ingel-
heim), and thiopental sodium (Biochemie GmbH, Vienna, Austria)
were purchased from commercial vendors.

Experimental protocols

Four experimental groups (n = 8 each) were employed in the cur-
rent study: (i) control (saline, 1ml/kg/day), (ii) gentamycin (100 mg/
kg/day, intraperitoneally; ip) [16] for 10 days [17], (iii) linagliptin
(3 mg/kg/day, orally) [18] for 14 days and (iv) gen-
tamycin + linagliptin. Gentamycin was administered once daily during
the last ten days of the linagliptin treatment. The basal fasting (8 h)
blood glucose levels were measured in all groups (collected from the
animal’s tail) on the first and last days of the experiment. Follow-
ing the last gentamycin and linagliptin doses, rats were individually
housed in metabolic cages for 24h for urine samples collection and
assessment of albuminuria and creatinine clearance. Blood samples
were collected from the orbital plexus under anesthesia (thiopental
sodium; 50mg/kg, ip) and spun at 1200g for 10min. The serum was
aspirated and used for the measurement of urea, creatinine, uric acid,
kidney injury molecule-1 (Kim-1) (biomarker of renal proximal tubule
injury), active GLP-1, GIP and DPP-4. Rats were then euthanized
with thiopental overdose, abdomen was opened, right kidney was re-
moved, weighed, and homogenized in ice cold phosphate-buffered
saline (pH = 7.4) to give 40% homogenate. The homogenate was di-
vided into aliquots and stored at -80°C till used for the biochemical
measurements. For histopathological studies, left kidney was fixed in
10% formaldehyde for 18h at 4°C and then embedded in paraffin
blocks.

Biochemical determinations

The determination of serum urea (QuantiChromTM Urea Assay
Kit-DIUR 500), glucose (QuantiChromTM Glucose Assay
Kit-DIGL100), serum and urinary creatinine (QuantiChromTM Cre-
atinine Assay Kit-DICT500) was carried out by the BioAssay Sys-
tems kits (BioAssay Systems, Hayward, CA, USA). Serum uric acid
was assayed using Sigma-Aldrich assay kit (Cat. No. MAK077;
Sigma-Aldrich Co., St. Louis, MO, USA). Renal levels of malon-
dialdehyde

(MDA) (OxiSelect™ TBARS Assay Kit- STA-330, Cell Biolabs, Inc.,
San Diego, USA), nitrite/nitrate (NOx) metabolites (Cat. No. 917-010,
Assay Designs, Inc., Ann Arbor, USA), SOD (Biodiagnostic kit,
Dokki, Giza, Egypt), caspase-3 activities (Cat. No. ADI-907-013,
Enzo Life Sciences, CH-4415 Lausen, Switzerland) and total protein
content (Protein Assay Kit-GCPR 500, BioAssay Systems, Hayward,
CA, USA) were assayed according to the manufacturers’ instructions.
The Enzyme-Linked Immunosorbent Assay (ELISA) was used for
measuring serum Kim-1 (Cat. No. CSB-E08808 r, CUSABIO, Bal-
timore, USA), renal tumer necrosis factor-α (TNF-α) (Cat. No.
CSB-E08857 r, RayBio®, Ray Biotech Inc., Georgia, USA), serum &
renal DPP-4 (Cat. No. MBS700649, MyBioSource Inc., San Diego,
CA, USA), serum active GLP-1 (Cat. No. MBS723782, MyBioSource
Inc., San Diego, CA, USA), serum GIP (Cat. No. MBS920442, My-
BioSource Inc., San Diego, CA, USA), and urinary albumin (Cat. No.
KA1612, Abnova, Taiwan) as instructed by the manufacturer.

Histopathological examination

The haematoxylin and eosin (H and E) stain was used for the de-
tection of histopathological changes in renal tissues.

Data analysis and statistics

Data were expressed as means ± SEM. Statistical significance was
tested with the one-way analysis of variance (ANOVA) followed by
Student-Newman-Keuls’ post hoc-test (Graph Pad Prism, software re-
lease 3.02, La Jolla, CA, USA). Probability < 0.05 were considered
significant.

Results

Effect of linagliptin on serum glucose, urea, creatinine, uric acid,
Kim-1, active GLP-1, GIP, and DPP-4 levels

There were no significant differences in glucose levels before or
at the end of the study among the four experimental groups. The
mean blood glucose levels (mean ± SEM) in rats treated with saline,
gentamycin, linagliptin and gentamycin + linagliptin in mg/dl were
156.78± 2.98, 160.71± 2.9, 161.80± 1.98 and 158.76± 2.14, respec-
tively. The levels of serum urea, creatinine, uric acid, and Kim-1 in
linagliptin-treated rats showed no statistical difference compared with
saline-treated rats. However, linagliptin administarion demonstrated
significant increases in serum levels of GLP-1 and GIP and a decrease
in serum DPP-4 compared with the control group. Gentamycin admin-
istration (100 mg/kg, ip for 10 days) resulted in significant increases in
serum urea, creatinine, uric acid, Kim-1, DPP-4 and decreases in ac-
tive GLP-1 and GIP compared with saline-treated animals. These ef-
fects were restored to control values when rats were treated simultane-
ously with linagliptin (Figs. 1 and 2, Table 1).

Effect of linagliptin on renal oxidative stress parameters, TNF-α,
caspase-3, and DPP-4

As shown in Figs. 3 and 4 and Table 1, the levels of renal MDA,
NOx, TNF-α, SOD and caspase-3 activities in linagliptin-treated rats
showed no statistical difference compared with saline-treated rats.
However, linagliptin resulted in a significant decrease in renal level
of DPP-4 compared with the control group. Gentamycin administra-
tion was associated with significant increases in renal levels of MDA,
NOx, TNF-α, DPP-4 and caspase-3 activity and decrease in renal



UN
CO

RR
EC

TE
D

PR
OO

F

Pharmacological Reports xxx (xxxx) xxx-xxx 3

Fig. 1. Serum urea (Panel A) and creatinine (Panel B) of rats treated with saline, gen-
tamycin (100 mg/kg, ip for 10 days), linagliptin (3mg/kg/day, orally for 14 days) and
gentamycin + linagliptin. Gentamycin was administered once daily during the last ten
days of the linagliptin treatment. Values are means ± SEM of 8 observations. * and # de-
note significant difference (p < 0.05) vs. control and gentamycin values, respectively.

Fig. 2. Serum uric acid of rats treated with saline, gentamycin (100 mg/kg, ip for 10
days), linagliptin (3 mg/kg/day, orally for 14 days) and gentamycin + linagliptin. Gen-
tamycin was administered once daily during the last ten days of the linagliptin treat-
ment. Values are means ± SEM of 8 observations. * and # denote significant difference
(p < 0.05) vs. control and gentamycin values, respectively.

SOD activity compared with saline-treated animals. These deleterious
changes were restored to control values when linagliptin was adminis-
tered to gentamycin-treated rats (Figs. 3 and 4, Table 1).

Effect of linagliptin on urinary excretion of albumin and creatinine
clearance

Gentamycin-treated group showed significant increase in urinary
excretion of albumin and decrease in creatinine clearance compared
with the control group (Fig. 5). Concurrent linagliptin administration
ameliorated these changes.

Effect of linagliptin on gentamycin-induced renal structural changes

Histopathological examination of renal tissues obtained from
saline (Fig. 6A) or linagliptin-treated (Fig. 6B) rats showed normal
glomerular and tubular structures. Compared to control group, kid-
neys of gentamycin-treated rats revealed obvious glomerulolysis in
the cortical part (Fig. 6C), desquamation of tubular lining epithe-
lia with cellular cast formation and proteinous material within the
tubular lumens (Fig. 6D). Lingliptin administration attenuated the

Table 1
Effects of linagliptin on serum Kim-1, GLP-1, GIP, DPP-4, and renal DPP-4 in gentamycin-treated rats:

Parameters Control Gentamycin Linagliptin Gentamycin + Linagliptin

Serum Kim-1 (pg/ml) 21.06± 0.81 73.71± 1.84* 19.66± 1.10# 23.56± 1.21#

Serum GLP-1 (pg/ml) 13.11± 0.15 5.31± 0.11* 21.85± 0.54*# 13.38± 0.15#+

Serum GIP (pg/ml) 58.25± 2.04 42.16± 1.81* 82.26± 2.39*# 63.14± 2.83#+

Serum DPP-4 (ng/ml) 7.31± 0.13 22.76± 0.37* 2.32± 0.12*# 7.54± 0.15#+

Renal DPP-4 (ng/mg tissue protein) 45.32± 1.82 70.63± 2.42* 16.89± 0.76*# 40.65± 1.96#+

Abbreviations: Kim-1 (kidney injury molecule), GLP-1 (glucagon-like peptide-1), GIP (glucose-dependent insulinotropic polypeptide), and DPP-4 (dipeptidyl peptidase-4).
Values are means ± SEM of 8 observations.
*, #, and + denote significant difference (p < 0.05) vs. control, gentamycin, and linagliptin values, respectively.
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Fig. 3. Renal malondialdehyde (Panel A), nitrite/nitrate (Panel B) and superoxide dis-
mutase activity (SOD, Panel C) of rats treated with saline, gentamycin (100 mg/kg, ip
for 10 days), linagliptin (3mg/kg/day, orally for 14 days) and gentamycin + linagliptin.
Gentamycin was administered once daily during the last ten days of the linagliptin treat-
ment. Values are means ± SEM of 8 observations. * and # denote significant difference
(p < 0.05) vs. control and gentamycin values, respectively.

Fig. 4. Renal tumer necrosis factor-α (TNF-α, Panel A) and caspase-3 activity (Panel
B) of rats treated with saline, gentamycin (100 mg/kg, ip for 10 days), linagliptin (3mg/
kg/day, orally for 14 days) and gentamycin + linagliptin. Gentamycin was administered
once daily during the last ten days of the linagliptin treatment. Values are means ± SEM
of 8 observations. * and # denote significant difference (p < 0.05) vs. control and gen-
tamycin values, respectively.
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Fig. 5. Urinary excretion of albumin (Panel A) and creatinine clearance (Panel B) of rats
treated with saline, gentamycin (100 mg/kg, ip for 10 days), linagliptin (3 mg/kg/day,
orally for 14 days) and gentamycin + linagliptin. Gentamycin was administered once
daily during the last ten days of the linagliptin treatment. Values are means ± SEM of 8
observations. * and # denote significant difference (p < 0.05) vs. control and gentamycin
values, respectively.

glomerulolysis (Fig. 6E) and the tubular luminal content of proteinous
and cellular casts (Fig. 6F).

Discussion

The present study is the first to demonstrate the role of increased
DPP-4 in mediating the renal insults associating gentamycin adminis-
tration. Furthermore, the results of the current study also highlighted,
for the first time, the reno-protective effect of the DPP-inhibitor,
linagliptin, against gentamycin-induced nephrotoxicity independent
of glucose lowering. An effect, which is partly mediated via inhibi

tion of DPP-4, in addition to linagliptin’s other antioxidant, anti-in-
flammatory and anti-apoptotic actions.

Gentamycin-induced nephrotoxicity was associated with elevated
levels of serum and renal DPP-4, that were restored upon the con-
current administration of linagliptin, suggesting that increased DPP-4
contributes to the pathogenesis of gentamycin-induced renal insults.
Indeed, recent studies suggested a role of enhanced DPP-4 activity
in mediating both diabetic and non-diabetic kidney diseases [19–21].
Similarly, several studies reported on DPP-4 upregulation in glomeru-
lar and tubular cells, under pathologic conditions, such as T2D [6, 22]
and in high-fat fed and streptozotocin-treated rats [23]. Moreover, uri-
nary DPP-4 activity was found to be significantly higher in diabetic
patients with albuminuria compared with non-albuminuric diabetics or
healthy individuals [24, 25]. However, to our knowledge, the current
study is the first to suggest a role of increased DPP-4 in mediating
gentamycin renal injury.

In line with previous studies [26, 27], our results demonstrated that
gentamycin administration induced renal oxidative stress (increased
MDA, NOx and decreased SOD activity). In fact, gentamycin admin-
istration is usually associated with increased production of renal mito-
chondrial reactive oxygen species (ROS) [26, 27] inducing oxidative
stress in tubular cells, both in vivo [28] and in vitro [29]. Increased
renal ROS including superoxide anions together with the reduced re-
nal SOD activity is known to mediate increased peroxynitrite produc-
tion contributing to further oxidative stress and renal damage. Further-
more, previous reports highlighted the role of gentamycin-induced ox-
idative stress in provoking the upregulation of inflammatory pathway
(manifested here as increased renal TNF-α) with subsequent activation
of caspase-3 mediating apoptosis [30, 31]. Gentamycin is known to
promote bax aggregation, activating caspase-9 then subsequently acti-
vating the effector caspase; caspase-3, initiating apoptosis [30, 32].

Linagliptin abrogated the genatmycin-induced nephrotoxicity,
partly via inhibition of DPP-4 inhibition, however, one cannot exclude
its other pleiotropic actions. Concurrent administration of linagliptin
reversed gentamycin associated changes in renal oxidative stress, in-
flammatory and apoptotic parameters. Indeed, previous studies had
shown that DPP-4 inhibitors including sitagliptin, vildagliptin and
linagliptin [5, 7, 8, 33] may have the ability to decrease albuminuria
and exert reno-protective effects through both DPP-4-dependent and
DPP-4-independent mechanisms [34], suggesting a more complex and
pleiotropic mode of action for gliptins [35]. Moreover, Luippold et al.
compared the inhibitory action of both linagliptin and sitagliptin on
renal DPP-4 and demonstrated that sitagliptin dissociates faster than
linagliptin from renal DPP-4 protein and concluded that the inhibitory
effect of linagliptin is more sustainable [36].

Linagliptin was shown to elicit multiple reno-protective effects, in-
cluding reducing albuminuria, glomerulosclerosis, and tubulointersti-
tial fibrosis, independent of glucose lowering, in animal models of
diabetic and non-diabetic kidney diseases [9]. For instance, in rats
with obesity-related nephropathy, linagliptin reduced the renal dam-
age and proteinuria, while decreasing the renal DPP-4 activity and in-
creasing plasma levels of GLP-1 [37]. Furthermore, linagliptin mit-
igated the albuminuria and kidney fibrosis in the 5/6 nephrectomy
rat model of chronic kidney disease [38]. In another mouse model,
linagliptin reduced the renal injury induced by free fatty acid-bound
albumin injection, without affecting blood sugar levels [39]. Thus,
several recent studies had attributed the pleiotropic reno-protective ef-
fects of linagliptin to a number of different molecular mechanisms
such as antifibrotic, antioxidant, anti-inflammatory actions and in-
creasing endothelial nitric oxide activity. The antioxidant action of
linagliptin was attributed to its unique structure (xanthine-based nu
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Fig. 6. Hematoxylin and Eosin (H and E) stained photomicrographs (200x) of kidney sections obtained from control rats (A) and linagliptin-treated rats (B) revealing normal ar-
chitectures. Section obtained from gentamycin-treated rats showed glomerulolysis in the cortical part (C), desquamation of tubular lining epithelia with cellular cast formation and
proteinous material within the tubular lumens (D). Lingliptin administration attenuated the glomerulolysis (E) and tubular luminal content of proteinous and cellular casts (F). The
scale bar in the control image corresponds to 10μm.

cleus), that is not shared by other DPP-4 inhibitors, being able to in-
hibit xanthine oxidase, an enzyme of purine metabolism that is known
to generate ROS [40].

Together, the current study reported on the renal beneficial ef-
fect of linagliptin and that it may serve as an adjutant to reduce gen-
tamycin-induced renal injury in rats.
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