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Abstract Empagliflozin, a SGLT-2 inhibitor, improves
diabetic nephropathy through its pleiotropic anti-inflam-
matory effects. The present study aims to evaluate empa-
gliflozin effects on renal and urinary levels of tubular
epithelial cell injury markers in streptozotocin-induced
diabetic rats. Empaglifiozin at 10 mg/kg (p.o.) was
administered for 4 weeks, beginning 8 weeks after induc-
tion of diabetes. Renal function as well as markers of renal
tubular epithelial cell injury were assessed in kidney tissue
homogenates and urine. Empagliflozin was able to ame-
liorate diabetes induced elevations in serum cystatin C
levels. It also alleviated renal KIM-1/NGAL levels and
urinary albumin, o-GST, and RBP excretions. In addition
to decreasing urinary levels of cell cycle arrest indices i.e.
TIMP-2 and IGFBP7, empagliflozin mitigated acetylated
NF-kB levels in renal tissues of diabetic rats. As a whole,
these findings reveal empagliflozin capability in improving
diabetic nephropathy via ameliorating indices of renal
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Abbreviations
SGLT-2 Sodium-glucose co-transporter 2

KIM-1 Kidney injury molecule 1

NGAL  Neutrophil gelatinase-associated lipocalin
KIM-1 Kidney injury molecule-1

o-GST  Alpha-glutathione S-transferase

RBP Retinol-binding protein

TIMP-2  Tissue inhibitor of metalloproteinase 2
IGFBP7 Insulin like growth factor binding protein 7
Introduction

Diabetic nephropathy, the leading cause of end-stage renal
disease (ESRD) across the world, imposes substantial
medical costs annually associated with its progression to
ESRD [1]. Over recent years, contribution of renal tubular
epithelial cells to the pathogenesis of diabetic nephropathy
have been recognized as they secrete increasingly amounts
of inflammatory/fibrotic cytokines following their activa-
tion in diabetic milieu of the kidneys [2, 3]. Main culprits
in activating renal tubular epithelial cells are excessive
accumulation of intracellular glucose and unrestrained
stimulation of receptors for advanced glycation end-prod-
ucts (AGEs) that culminate in hyperactivity of NF-kB
signaling pathway, the master regulator of inflammation

[4].
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Currently, to ameliorate hallmarks of diabetic nephropathy
i.e. renal inflammation/fibrosis and albuminuria, serum glu-
cose and blood pressure control constitute the mainstay of
therapy [5, 6]. Despite their promising outcomes, these mea-
sures do not consistently prevent initiation and progression of
micro- and/or macrovascular complications of diabetes [7, 8].
Empagliflozin, a sodium-glucose cotransporter 2 (SGLT-2)
inhibitor, is a FDA approved drug for the management of type
2 diabetes [9]. It mitigates glucose reabsorption in renal
proximal tubules and thereby enhances urinary glucose
excretions [10, 11]. In addition to glycemic control, empa-
gliflozin provides nephroprotection by its direct pleotropic
effects on the kidneys [12]. In like manner, protective
potential of empaglifiozin against progression of diabetic
nephropathy have been documented in clinical trials [13].

Essentially, three categories of urinary biomarkers for
early detection of renal tubular epithelial cell injuries have
been recognized. Markers of inflammation constitute the
first group; with interleukin 18 (IL-18) and neutrophil
gelatinase-associated lipocalin (NGAL) being the most
prominent ones. Second group are the cell injury markers
and include principally kidney injury molecule 1 (KIM-1),
liver fatty acid-binding protein (LFABP), and alpha glu-
tathione S-transferase (o-GST). The third group includes
cell cycle arrest markers like tissue inhibitor of metallo-
proteinase 2 (TIMP-2) and insulin-like growth factor-
binding protein 7 (IGFBP-7) [14, 15]. In the present
investigation we aimed to evaluate effects of empagliflozin
on renal and urinary markers of tubular dysfunction in
streptozotocin-induced diabetic rats.

Materials and Methods
Chemicals

Empagliflozin was purchased from Cayman Chemical
(Ann Arbor, Michigan, USA) and streptozotocin was
obtained from SantaCruz (Dallas, Texas, USA).

Animal Experiments

Eight-week-old male Wistar rats (175-195 g) were
obtained from Animal Care Center, Tabriz University of
Medical Sciences. Housing conditions for all rats were the
same including diet, temperature, humidity, light and dark
cycles, and access to water. Experimental procedures were
conducted in accordance with the instructions issued by the
Council of Research and Technology, Tabriz University of
Medical Sciences. Induction of diabetes was done by a
single intraperitoneal (i.p.) injection of STZ (50 mg/kg) in
10 mM citrate buffer (pH 4.5) followed by a tail-blood
glucometry 48 h after STZ injection to confirm diabetes;
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rats with blood glucose levels of 250 mg/dl or greater were
considered diabetic. Animals were assigned into three
group of: (1) healthy control rats (control) (n = 8); (2)
diabetic control rats (Diab) (n = 8); and (3) empagliflozin
treatment rats (10 mg/kg p.o.) [16]. Animals were housed
in standard conditions for 2 month in order to allow renal
sequelae of diabetes mellitus develop [17]; and then
treatment with empaglifiozin commenced for a period of
4 weeks. 12-h urine samples were collected by housing
animals in metabolic cages at the penultimate day of the
study. Finally, a lethal dose of 100 mg/kg ketamine and
1 mg/kg midazolam were injected; blood was collected via
cardiac puncture; and kidneys were excised to histopatho-
logic and chemical analyses.

Serum and Urine Immunochemical and Biochemical
Analyses

Serum glucose and urine creatinine levels were assayed by
using commercial kits (Pars Azmoon, Tehran, Iran). Blood
hemoglobin Alc (HbAlc) was measured with an ion-ex-
change micro-column chromatography method using a
commercial kit (BioSystems, Barcelona, Spain). A particle
enhanced nephelometric immunoassay (PENIA) was adopted
to measure serum cystatin C levels (GoldSite, Shenzhen,
China). Urine albumin was measured by using a radio-im-
munoassay (RIA) kit (Immunotech, Prague, Czech). Urinary
o-GST was assessed by a commercially available kit based on
enzyme-linked immunosorbent assay (ELISA) technique
(Aviva Bioscience, San Diego, California, USA). Urine
TIMP-2 and IGFBP7 levels were evaluated by using chemi-
luminescent immunoassay (CLIA) kits. Finally, urine RBP
levels were quantitated by a particle-enhanced turbidimetric
immunoassay (PETIA) kit (Diazyme, Poway, California,
USA). All values were normalized by urine creatinine levels.

Western Blotting

50 mg of kidney tissues were lysed in RIPA buffer (San-
taCruz) and total protein content of the tissue homogenates
were measured by the Bradford assay. After protein sepa-
ration by SDS-PAGE, electro-blotting was performed to
transfer protein bands onto PVDF membranes. Then
membranes were blocked by non-fat skimmed milk solu-
tion followed by incubation in NGAL (SantaCruz, sc-
515876), KIM1 (SantaCruz, sc-53769), and B-actin (San-
taCruz, sc-47778) primary antibodies at 4 °C overnight.
Thereafter, blots were incubated in HRP-labeled secondary
antibodies at room temperature for 45 min and respective
bands were visualized by Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA). Band densities on the pictures obtained
from X-ray films were quantitated with Imagel] software
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(version 1.41) and normalized by the values obtained for -
actin bands as loading control.

For assessing acetylated NF-kB p65 levels in renal tis-
sues, first nuclear fractions were separated by using a
Nuclear Extraction Kit (Cayman Chemical, Ann Arbor,
Michigan, USA); and then these nuclear extracts were run
on SDS-PAGE in order to detect by western blotting. Pri-
mary acetylated NF-xB p65 antibody (Abcam, ab19870)
was adopted along with NF-kB p65 primary antibody
(SantaCruz, sc-8008) as the loading control. The remaining
procedures were the same as described earlier.

Immunohistochemistry Examination

4-6 pm thick kidney tissue sections were mounted on glass
slides and antigens enzymatically unmasked by 0.05%
trypsin (Sigma-Aldrich, St. Louis, Missouri, USA) after
deparaffinization step. Then for Immunohistochemical
staining, tissue sections were incubated in blocking buffer
(SantaCruz) for 1 h at room temperature followed by
incubation with NGAL (SantaCruz, sc-515876), KIM1
(SantaCruz, sc-53769) primary antibodies overnight at
4 °C. Finally, the sections were incubated for 30 min in
ready-to-use Avidin D-HRP (Santa Cruz, sc-516102) and
color development was done by using DAB stains.

Statistical Analysis

Data are expressed as mean + SD. One-way ANOVA
followed by Tukey’s post hoc test was implemented for
statistical comparisons; P < 0.05 was considered signifi-
cant. The analyses were carried out using the SPSS soft-
ware version 18 (IBM, Chicago, Illinois, USA).

Results

General Characteristics

General characteristics of study groups are shown in
Table 1. In addition to weight lowering effects, treatment

with empagliflozin resulted in decreased serum glucose and
HbAlc levels in STZ-induced diabetic rats. Furthermore,
diabetes induced elevations in serum cystatin C levels were
effectively reduced after empaglifiozin administration
(Table 1).

Empagliflozin Alleviates Renal Levels of KIM-1
and NGAL

Renal expressions of KIM-1 and NGAL were evaluated by
western blotting and immunohistochemical techniques as
demonstrated in Fig. la—e. Diabetic rats exhibited signifi-
cantly elevated levels of KIM-1 and NGAL expressions in
their renal tissues. Empagliflozin efficiently mitigated their
renal levels as indicated in Fig. 1. Additionally, significant
reductions in acetylated NF-«xB levels were observed in the
kidney homogenates of diabetic rats after empagliflozin
treatment (Fig. 1f, g).

Empagliflozin Ameliorates Urinary Indices of Renal
Tubular Cell Injury

As depicted in Fig. 2, urinary levels of albumin, a-GST,
RBP, TIMP-2, and IGFBP-7 were all significantly elevated
in control diabetic rats. In addition to mitigating urinary
levels of albumin, empagliflozin greatly decremented o-
GAST, RBP, TIMP-2, IGFBP-7 levels in the urine of
diabetic rats (Fig. 2).

Discussion

In the present investigation we demonstrated for the first
time that empagliflozin, in addition to ameliorating renal
and urinary markers of tubular cell injury i.e. NGAL, KIM-
1, o-GST, and RBP, effectively mitigated urinary excre-
tions of TIMP-2 and IGFBP7, the indicators of cell cycle
arrest, in STZ-induced diabetic rats. It further alleviated
diabetes-induced elevations of renal acetylated NF-xB p65
levels and diminished serum levels of cystatin C, the sen-
sitive indicator of kidney function [18].

Table 1 General characteristics

Control (n = 8) Diab (n = 8) EMP (n = 8)
Body weight, g 322.57 £ 12.26 279 £ 9.71* 258 £9.14
Serum glucose, mg/dl 78.45 £ 3.31 414.93 + 72.33* 217 + 52.87°
HbAlc, % 5.1 +0.39 9.2 £ 0.91° 6.3 &+ 0.69°
Serum cystatin C, mg/dl 1.55 + 0.31 2.36 + 0.67° 1.92 + 0.54°

Values are presented as mean + SD

Control healthy control rats, Diab diabetic control rats, EMP diabetic rats treated with Empagliflozin.

HbAIc hemoglobin Alc
2P < 0.01 versus control rats
°P < 0.01 versus Diab rats
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Fig. 1 Effects of EMP on renal KIM-1 (a, b, d), NGAL (a, c, ), and
nuclear acetylated NF-xB p65 levels (f and g). a—c Representative
bands of western blot together with semi-quantitative data for renal
KIM-1 and NGAL. Data were normalized by the intensity of B-actin
bands and then related to the values acquired by the controls. d,
e Immunohistochemical staining of renal sections for KIM-1 and
NGAL. f, g Renal acetylated NF-kB p65 levels. Nuclear fractions of

Increased rates of renal tubular cell injuries results in
cell cycle arrest to avoid division of cells with damaged
DNA; in fact, cell cycle arrest is deemed to be a
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Acetyl NF-kB levels
(fold-change)

Control  Diab EMP

tissue lysates were isolated by a nuclear extraction kit; total NF-xB
p65 was adopted as the loading control. KIM-1 kidney injury
molecule 1, NGAL neutrophil gelatinase-associated lipocalin, Control
healthy control rats, Diab diabetic control rats, EMP diabetic rats
treated with Empaglifiozin. ““P < 0.01 versus Control rats,
©O©OP < 0.01 versus Diab rats

renoprotective mechanism [19]. In such circumstances, two
cellular proteins including TIMP-2 and IGFBP7 are over-
expressed in renal tubular epithelial cells, and accordingly
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Fig. 2 Effects of EMP on urine albumin (a), RBP (b), o-GST (¢),
TIMP-2 (d), and IGFBP7 (e) levels in urine. All proteins were
measured in 12-h urine samples obtained by housing animals in
metabolic cages at the ultimate day of the study. All values were
normalized by urinary creatinine concentrations. RBP retinol-binding

are called the markers of cell cycle arrest [20]. Upraise of
these proteins in the urine indicates that renal tubular cells
are under stress [21]. In addition to being urinary
biomarkers, TIMP-2 and IGFBP7 contribute to the patho-
genesis of diabetic nephropathy, exacerbating renal fibrosis
through modulating TGFB-Smad signaling pathway
[22, 23]. In the present investigation, we demonstrated
elevated levels of urinary TIMP-2 and IGFBP7 in STZ rats;
and further showed that empagliflozin effectively reduced
both indices of cell cycle arrest in the urine.

KIM-1, NGAL, and LFABP has long been identified as
sensitive markers of tubular damage; these proteins have a
wide tissue distribution; however, their expressions are
highly up-regulated after insult to renal tissues like diabetic
nephropathy [24]. It has been found that 4-week EMP
treatment successfully reduces urinary LFABP and albu-
min levels in STZ diabetic rats [16]. In agreement with
these findings, we observed decreased renal expressions of
KIM-1 and NGAL in STZ-induced diabetic rats. Support-
ing this, urinary levels of o-GST, the specific marker of
renal proximal tubular epithelial cells damage [15], were
also dampened in the present study. Contrary to the find-
ings of Gallo et al. [11], that reported no reductions in
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protein, «-GST alpha glutathione S-transferase, TIMP-2 tissue
inhibitor of metalloproteinase 2, IGFBP7 insulin like growth factor
binding protein 7, Control healthy control rats, Diab diabetic control
rats, EMP diabetic rats treated with Empagliflozin. “*P < 0.01 versus
Control rats, ©©©OP < 0.01 versus Diab rats

urinary levels of KIM-1 and NGAL in db/db mice after a
10 week EMP therapy, we documented significant reduc-
tions in these two injury markers in renal tissues of diabetic
rats. To confirm our findings, we also evaluated urinary
RBP levels. RBP is a plasma protein with low molecular
weight and therefore is freely filtered through renal glo-
meruli; a significant proportion of RBP is reabsorbed by
renal tubular cells; however, in disease states, the mal-
function in reabsorptive mechanisms leads to increased
urinary RBP levels as the injury marker [25]. Empagli-
flozin was able to decrease notably urinary RBP levels in
diabetic rats in the current investigation.

A wide array of findings accentuate that empagliflozin
and other SGLT-2 inhibitors ameliorate diabetic kidney
disease by alleviating renal inflammation and fibrosis
mainly through down-regulation of NF-«B and TGFp/
Smad signaling pathways [11, 16, 26-28]. In favor of these
findings, we assessed renal levels of acetylated NF-kB p65,
the master regulator of inflammation, and found diminished
levels of acetylated NF-kB p65 in the nuclear fractions of
kidney tissue homogenates that highlights pleiotropic anti-
inflammatory effects of empagliflozin.
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