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Dapagliflozin Attenuates Contrast-induced Acute Kidney
Injury by Regulating the HIF-1a/HE4/NF-kB Pathway
Xu Huang, MD,* Xiaoxu Guo, MM, 1 Gaoliang Yan, PhD,* Yang Zhang, PhD,} Yuyu Yao, PhD,*

Yong Qiao, MD,* Dong Wang, MD,* Gecai Chen, MD,§ Weiwei Zhang, MM, ]} Chengchun Tang, PhD,*
and Feng Cao, PhD}

Abstract: Contrast-induced acute kidney injury (CI-AKI) causes
clinically acquired nephropathy in patients who undergo coronary
interventions. Hypoxic injury to proximal tubular epithelial cells is a
pathological mechanism of CI-AKI. Previous studies have shown that
hypoxia activates HIF-1o/HE4/NF-kB to enhance renal fibrosis, and
the SGLT-2 inhibitor luseogliflozin inhibits hypoxia-inducible factor
(HIF)-1a expression to reduce the progression of diabetic nephropa-
thy. However, the therapeutic effects and mechanisms of SGLT-2
inhibitors on CI-AKI are unclear. We explored the role of the HIF-
1o/HE4/NF-kB pathway in CI-AKI and how dapagliflozin effectively
treats CI-AKI by inhibiting this pathway. In vitro, cells were divided
into the control, hypoxia, hypoxia + dapaglifiozin, and hypoxia +
pSilencer-HIF-1a groups. Cellular hypoxia, apoptosis, and related pro-
tein expression were evaluated by immunofluorescence, western blot-
ting, and flow cytometry, respectively. Dapagliflozin significantly
decreased oxygen consumption, HIF-1e, human epididymis protein
4 (HE4), NF-kB expression, and apoptotic cells compared with the
control (P < 0.01). In vivo, rats were divided into the control (C),
diabetes (D), diabetes + contrast media, and diabetes + contrast media
+ dapagliflozin groups. Rats in the latter 2 groups were treated with
dapagliflozin for 2 days. CI-AKI was induced by intravenously inject-
ing indomethacin, N-nitro-L-arginine methyl ester, and iohexol. The
effects of dapagliflozin on CI-AKI rats were elucidated by assessing
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renal function, H&E staining, and immunohistochemistry. Serum cre-
atinine, urea nitrogen, TUNEL-positive tubular cells, HIF-1a, HE4,
NF-kB expression, and histopathological scores were increased in
diabetes + contrast media rats compared with C, D, and diabetes +
dapaglifiozin + contrast media rats (P < 0.01). Thus, dapaglifiozin
may ameliorate CI-AKI through suppression of HIF-1o/HE4/NF-kB
signaling in vitro and in vivo.

Key Words: CI-AKI, dapaglifiozin, HIF-1o/HE4/NF-kB pathway,
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INTRODUCTION

With the rapid development of interventional cardiol-
ogy and the wide application of contrast agents, contrast-
induced acute kidney injury (CI-AKI) has become the third
leading cause of acquired kidney injury (AKI) in hospitals.!
Studies have shown that CI-AKI can increase the risk of renal
replacement therapy, prolong hospitalization, increase medi-
cal expenses, and increase the mortality rate.>? CI-AKI is sig-
nificantly increased in patients with diabetes-related kidney
dysfunction.? Mehran reported that the incidence of CI-AKI
in nondiabetic patients is approximately 13%, while in dia-
betic patients, the incidence is approximately 29.4%.* The
pathophysiology associated with CI-AKI is complex and
has not yet been fully elucidated. Previous studies based on
animal models of CI-AKI have demonstrated that medullary
hypoxic injury postcontrast accumulation in kidney may be a
cause of the disease, and pathological studies may manifest
because renal tubular epithelial cells seem to contain vacuoles
and undergo apoptosis.>-®

Human epididymis protein 4 (HE4) is a 2-domain
member belonging to the family of “4-disulfide core” proteins
that can be used to screen for endometrial cancer, lung malig-
nancies, and transitional cell carcinoma of the urinary sys-
tem.” Recent research has shown that when the glomerular
filtration rate decreases, the serum HE4 level increases signif-
icantly in patients.® Animal research has shown that the
hypoxia-inducible factor (HIF)-1o/HE4/NF-kB signaling
pathway involved in hypoxia-induced renal fibrosis.’
Although HE4 is considered a new biomarker with clinical
applications in predicting kidney injury, the mechanisms reg-
ulating HE4 expression and its role in CI-AKI remain
unclear.!® NF-kB activation may lead to an increase in the
mRNA expression of the proapoptotic gene Bax and a
decrease in the expression of the Bcl-2 gene, which inhibits
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apoptosis in HK-2 cells.!! HIF-1a, a key molecule that plays
an important role in hypoxic conditions, can be quickly
degraded through the ubiquitin—proteasome pathway under
normoxic conditions and can directly bind to the HRE2
region of the HE4 promoter; hence, the knockdown or
overexpression of HIF-1a, can modulate HE4 levels.®

Inhibitors of SGLT2 represent a new generation of
hypoglycemic drugs that can reduce glucose reabsorption in
the renal tubules, thereby reducing blood sugar levels and
prevent diabetic nephropathy at least partly by reducing
hypoxia-induced HIF-1a expression and mitochondrial oxy-
gen consumption.'>!3 We hypothesized that dapaglifiozin
could prevent CI-AKI induced by contrast media because of
its antihypoxia effects.

Because specific treatments for CI-AKI are still needed
in the clinic, it is necessary to find a new therapeutic strategy
that is an important complement to the existing clinical
management protocol. In this study, we generated experi-
mental models of CI-AKI in rats and hypoxic HK-2 cells. The
aim of this study was to investigate the protective effect of
dapagliflozin against hypoxic injury in CI-AKI and to
elucidate the underlying molecular mechanisms of its action.

MATERIALS AND METHODS

Animals and Groups

Male Sprague-Dawley rats (180-200 g) were pur-
chased from SPF Biotechnology Co, Ltd (Beijing, China),
and all procedures were approved by the People’s Liberation
Army General Hospital Animal Care and Use Committee.
The rats were placed in suitable cages, fed a standard diet and
water, and adapted to this condition for 1 week. The rats were
divided into the following 4 groups (n = 6/group): (1) control
(C) group, (2) diabetes (D) group, (3) diabetes + contrast
media (DCM) group, and (4) diabetes + dapagliflozin + con-
trast media (DDCM) group. Diabetic model rats were fasted
for 2 hours before being intraperitoneally injected with STZ
(60 mg/kg) (Sigma-Aldrich, St. Louis, MO), and after 3 days,
animals with blood sugar levels over 300 mg/dL. were con-
sidered diabetic.'* According to previous reports, the rat CI-
AKI model was successfully established.!® In brief, after the
rats were anesthetized, indomethacin (Solarbio Biological,
Ltd, Beijing, China) (10 mg/kg) was injected into the tail vein
and then L-NAME (10 mg/kg) (Leader Oriental Technology,
Ltd, Beijing, China) and iohexol (3500 mg/kg) (Sigma-
Aldrich) were injected 20 minutes later. Rats in the DDCM
group were treated with dapagliflozin (5 mg/kg, dissolved in
2 mL of saline) 1 day and 30 minutes before the administra-
tion of contrast media, while rats in the control group received
saline.!> One day after the establishment of the CI-AKI
model, blood was collected to measure the levels of serum
creatinine (Scr) and blood urea nitrogen (BUN), and the kid-
ney was removed for histological examination after the rats
were anesthetized and euthanized.

Measurement of Rat Scr and BUN
Approximately 0.5 mL of blood was collected from the
intraocular canthal venous plexus. Serum was collected by
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centrifugation at 3000g at 4°C for 15 minutes. Scr and BUN
concentrations were determined using an automatic biochem-
ical analyzer (Chemray 800; Rayto, Shenzhen, China).

Hematoxylin & Eosin Staining and
Immunohistological Staining

Kidneys were removed, fixed in 4% formalin for 24
hours, and embedded in paraffin. Sections of 3 pm thick
tissues were cut and stained with hematoxylin & eosin.
Morphological changes in the kidney were evaluated using
a light microscope (Nikon Eclipse TE2000-U, Japan) at X200
magnification. The degree of foaming and the detachment of
renal tubular cells were scored on a scale of 0—4 as follows:
no injury (0); mild: 0%—-25% (1); moderate: 25%—50% (2);
severe: 50%—75% (3); and very severe: 75%—100% (4).'¢ For
immunohistochemical staining, the sections were incubated
with primary rabbit polyclonal antibodies, including anti-
HIF-a (bs-20399R; Bioss Biological, Ltd, Beijing, China),
anti-HE4 (bs-4626R; Bioss Biological, Ltd), and anti-phos-
pho-NF-kB (p65) (bs-3485R; Bioss Biological, Ltd), at a
1:100 dilution and incubated at 4°C overnight. The corre-
sponding secondary antibodies (biotinylated goat anti-rabbit
antibody from Bioss Biological, Ltd) were added and incu-
bated at 37°C for 30 minutes, and diaminobenzidine was
added for color development. Negative controls were pre-
pared by omitting the primary antibody. After the
sections were counterstained with hematoxylin and dehy-
drated, we observed the specimens using a light microscope
(Nikon Eclipse TE2000-U, Nikon, Japan), and a brown—
yellow color in the field of view represented a positive
reaction.!”

TUNEL Assay

A TUNEL detection kit was used to examine apoptotic
cells and according to the manufacturer’s instructions (Sigma-
Aldrich, Merck KGaA). In brief, 3 wm sections of fixed kid-
ney samples were incubated with 15 pg/mL proteinase K for
10 minutes at room temperature and then washed with
phosphate-buffered saline (PBS). Endogenous peroxidase
was blocked by hydrogen peroxide for 5 minutes at room
temperature, and the sections were washed with PBS. The
sections were immersed in terminal deoxynucleotidyl trans-
ferase and biotinylated dUTP in TdT buffer for 90 minutes.
Cells that stained brown were positive for apoptosis. Five
fields of view were randomly selected from each section,
and the number of positive cells and the total number of cells
were calculated in each field. These values were used to
calculate the percentage of renal tubular cells that were
apoptotic.!8:1°

Culture and Treatment of HK-2 Cells In Vitro
The human proximal tubule epithelial cell line (HK-2)
was cultured in Dulbecco’s modified Eagle’s medium/F12
supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific Inc, MA) and 1% penicillin/streptomycin at
37°C in a humidified atmosphere containing 5% CO,. Cells
were exposed to reagents under normoxic (21% O,) or hyp-
oxic (1% O,) conditions for 24 hours and were then harvested
for experiments as previously described.® The cells in the
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treatment group were incubated with dapagliflozin at a final
concentration of 100 wmol/L. These cells were used to per-
form a series of experiments, including examining the impact
on the HIF-1o/HE4/NF-kB pathway and determining cell
apoptosis. We also used siRNA expression vectors for HIF-
lo. and HE4 to knock out the corresponding genes. The selec-
tion of the siRNA-specific targeting sequences of HIF-1a and
HE4 has been described previously, and we used
Lipofectamine 2000 (Invitrogen AB, Lidinggo, Sweden) to
transfect pSilencer-HIF-1oe and pSilencer-HE4 (Shanghai
Genechem Co, China) into HK-2 cells for 48 hours as
directed by the manufacturer.®-2°

Oxygen Flux Measurement

Oxygen consumption was measured according to the
self-referencing method by using the noninvasive micro-test
technology (NMT Physiolyzer, YoungerUSA LLC, MA,
Xuyue Company, Beijing, China).?! In brief, after we re-
placed the cell culture medium of each group with the corre-
sponding test solution (1.8 mM CaCl,, 5.0 mM KCI, 25 mM
NaHCO3;, 100 mM NaCl, 0.8 mM MgSO,, 5 mM Glucose,
pH 6.8), they were kept at 36°C for testing. Then, we find the
target cells under the microscope and moved the oxygen flux
microsensor probe to 5-10 wm away from the HK-2 cells
(Fig. 1B) and continued to detect for 5 minutes. The polari-
zation voltage of the oxygen flux microsensor probe was
—0.6 V. At this voltage, the reduction in oxygen at the probe
tip was diffusion-limited, so the amount of oxygen in the
solution could be evaluated. Because the oxygen concentra-
tion near the cell was much smaller than that farther away, the
current difference between the proximal and distal ends of the

FIGURE 1. Dapagliflozin decreased
oxygen consumption and sup-
pressed intracellular hypoxia in HK-2
cells. A, The self-reference electrode.
The system is set up on top of a
spinning disk confocal microscope.
B, Self-referencing electrode posi-
tioned next to a single HK-2 cell. C,
Group data for basal respiration lev-
els of single HK-2 cells in hypoxic
and normoxia conditions (control)
and HK-2 cells treated with
100 pmol/L dapagliflozin 24 hours
in the same conditions. D,
Immunofluorescence analysis  of
human HE4 and pimonidazole in
HK-2 cells. HK-2 cells were grown on
cover slides and then treated for 24
hours. Hypoxia induced the nuclear
expression of HE4 in HK-2 cells, and
dapagliflozin (100 wmol/L) inhibited &

Oxygen Flux (pmol cm2 sec™)
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platinum electrode represents the gradient of oxygen around
the cell, which reflects oxygen consumption. Then, we
directly obtained the oxygen flow rate through imFluxes
V2.0 (xuyue.net), and its unit is pmol-cm~2-second~!. The
positive and negative values represent the direction of oxygen
flow rate across the membrane. The oxygen flux level was
measured every 6 seconds. Figure 1C shows the average
oxygen flux of cells in the different treatment groups after
the measurements.

Measurement of Cellular Hypoxia and
Immunocytofluorescence

Cellular hypoxia was detected by adding pimonidazole
hydrochloride (100 wM Hypoxyprobe-1; Hydroxyprobe,
Leader Oriental Technology, Ltd, Beijing, China), which
binds to cells or tissues with pO, levels below 10 mm Hg,
to HK-2 cells that were treated with 100 wmol/L dapagliflozin
and exposed to hypoxia (1% O,) for 24 hours.?? The cells
were then harvested by cytospin, fixed, and immunostained
with anti-HE4 and MAb1 overnight at 4°C. Then, an Alexa
Fluor 594 goat anti-rabbit secondary antibody was added and
incubated for 1 hour at room temperature. Finally, the sam-
ples were analyzed using a confocal microscope (LSM510;
Carl Zeiss, Germany).

Mitochondrial Membrane Potential (AWm)
Analysis

The AWm of HK-2 cells was determined using JC-1
staining. In brief, HK-2 cells in each group were incubated
in 10 pg/mL JC-1 staining solution (Kang Chen
Biotechnology, Guangzhou, China) at 37°C for 20 minutes

Merge
Normoxia
s . . ..
o I:)apag'iﬂozm. . . .

the expression. Hypoxia in HK-2 cells
was detected with pimonidazole
hydrochloride. Dapagliflozin
increased cellular oxygen levels in

Normoxia

C

Hypoxia

o . .. -

these cells under hypoxic conditions by decreasing oxygen consumption rate. The nuclei were stained with 4,6-diamino-2-phenyl
indole (DAPI). Scale bars, 50 um for all groups. Values are means = SD. *P < 0.05. n = 5 in each group.
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and then washed with PBS to remove excess reagent. The
A¥m was analyzed by using confocal microscopy (LSM510;
Carl Zeiss; Germany). The parameters used for image acquisi-
tion were similar for all examined HK-2 cells.?3-%*

Western Blot Analysis

RIPA buffer (Solarbio Biological, Ltd) and phenylmetha-
nesulfonyl fluoride (PMSF) (Beyotime Institute of
Biotechnology, Shanghai, China) were added to the treated
HK-2 cells to extract total proteins. Protein concentration was
determined using a bicinchoninic acid assay (BCA) protein
assay kit (Beyotime Institute of Biotechnology). Equal amounts
of protein were separated by electrophoresis and transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes
were then washed 3 times with Tris-buffered saline-Tween
(TBST) and blocked with 5% bovine serum albumin (BSA) for
1 hour at room temperature. Next, the membranes were
incubated with primary antibodies (anti-HIF-lo, 1:100, bs-
20399R; Bioss Biological, Ltd; anti-HE4, 1:100, bs-4626R;
Bioss Biological, Ltd; anti-NF-kB, 1:100, bs-3485R, Bioss
Biological, Ltd; anti-Bax, 1:100, bsm-33283M; Bioss
Biological, Ltd; anti-cleaved caspase-3, 1:500, ACO033;
Beyotime Biotechnology, Ltd, Shanghai, China; and anti-Bcl-
2, 1:1000, ab32124; Abcam, MA). The membranes were then
washed and incubated with horseradish peroxidase-conjugated
secondary antibodies (SE134; Bioss Biological, Ltd diluted
1:5000) for 1 hour at room temperature. Target bands were
observed using enhanced chemiluminescent reagents (Thermo
Fisher Scientific Inc, MA) and a chemiluminescent imaging
system (Tanon Science & Technology, Co, Ltd, Shanghai,
China). All experiments were performed in triplicate.?

Annexin V/Propidium lodide Apoptosis
Analysis

We used an annexin V-fluorescein isothiocyanate/
propidium iodide (PI) apoptosis detection kit (BD
Biosciences) to assess apoptosis in each group of HK-2 cells.
In brief, after the cells were collected and washed twice in
cold binding buffer, annexin V-fluorescein isothiocyanate/
binding buffer and PI were added and incubated for 30
minutes and then 10 minutes in the dark, respectively. Finally,
cell apoptosis was determined by flow cytometry according to
the manufacturer’s instructions.?6-27

Statistical Analysis

The data are expressed as the mean = SD. Student’s ¢
test or one-way analysis of variance was used to analyze the
data between 2 groups with SPSS 19.0. Statistical signifi-
cance was set at P < 0.05.28

RESULTS

Dapagliflozin Decreases Oxygen
Consumption and Intracellular Hypoxia
Levels

According to previous studies, SGLT2 inhibitors restore
the intracellular hypoxic conditions by reducing oxygen con-
sumption rate of tubular cells in the diabetic kidney,?>*° and

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

oxygen consumption can be indirectly measured by the trans-
lational movement of an oxygen-selective microelectrode at a
known frequency through the gradient of the oxygen concentra-
tion around a cell.?! We found that dapaglifiozin reduced the
oxygen flux of cells to 26% compared with that in the control
group under normoxic conditions (P < 0.05) (Fig. 1C). See
Supplemental Digital Content 1 (Supplemental Data, http:/
links.Iww.com/JCVP/A805) for the specific results. Compared
with normoxia, hypoxia significantly reduced the oxygen flux of
cells to 49% (P < 0.05), and under hypoxic conditions, dapagli-
flozin further inhibited the oxygen flux of cells compared with
that in the control group (P < 0.05) (Fig. 1C). In addition, we
used the Hypoxyprobe kits to detect the intracellular hypoxia;
our immunofluorescence results showed that hypoxia apparently
increased the expression of HE4 in HK-2 cells and that dapagli-
flozin inhibited HE4 its expression and reversed the hypoxic
state. When HE4 was silenced in HK-2 cells, it could ameliorate
the hypoxia conditions (Fig. 1D).

Dapagliflozin Protects the AW¥m

Hypoxia depletes A¥m, and this decrease is closely
related to apoptosis in cells. JC-1 is present in different forms,
such as aggregates or monomers, according to the AWm.
Therefore, JC-1 staining can be used to determine changes
in AYm. When mitochondria have a higher AWYm, JC-1
forms red fluorescent polymers, whereas at a lower AWm,
JC-1 disperses into green fluorescent monomers.3! Figure 2
shows that dapagliflozin inhibited the hypoxia-induced
decrease in AWm in HK-2 cells. Using a fluorescence micro-
scope, we showed that the number of JC-1 polymers emitting
red fluorescence was significantly increased in cells treated
with dapagliflozin.

Dapagliflozin Alleviates Hypoxia-induced
Apoptosis in HK-2 Cells

Based on previous studies, a key factor in the
mechanism of hypoxic kidney injury is the overexpression

Hypoxia
1%0, 24h

Hypoxia+ Hypoxia

Normoxia Dapagliflozin +pSilencer-HIF-1a

JC-1 Red

JC-1 Green

Merge

FIGURE 2. Immunofluorescence analysis of the mitochondrial
membrane potential shows that the ratio of JC-1 green
increased in the hypoxia group and decreased with dapagli-
flozin pretreatment (50 wm for all groups). n = 5 in each

group.
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of HIF-1a, which can be reduced by SGLT2 inhibitors and
can effectively reduce the high expression of HIF in hypoxic
HK-2 cells. Therefore, we used annexin V/PI double staining
and flow cytometry to measure apoptosis. The flow cytometry
results showed that the total apoptosis rate of the dapagliflozin
pretreatment group was significantly lower than that of the
simple hypoxia group (11.84 = 1.87 vs. 29.24 = 3.20; P <
0.05) (Fig. 3A). Figure 3B shows the quantitative analysis of
the data in Figure 3A. These results suggest that dapaglifiozin
plays a protective role in renal tubule cells by attenuating
apoptosis during severe hypoxia.3?

Protective Effects of Dapagliflozin Against
Hypoxia-induced Apoptosis Through HIF-1a/
HE4/NF-kB Signaling in HK-2 Cells

Previous studies have shown that inflammation and
oxidative damage caused by the activation of NF-kB aggra-
vate damage in contrast-induced nephropathy.?3 In addition,
hypoxia can activate the HIF-1o/HE4/NF-kB signaling path-
way and regulate apoptosis-related proteins such as Bax and
Bcl-2 in HK-2 cells, and SGLT2 inhibitors can regulate these
proteins through previously introduced signaling path-
ways.”!3 To confirm the effect of HE4 on the expression of
HIF-1o and NF-kB in HK-2 cells under hypoxic conditions,
we transfected HK-2 cells with pSilencer-HE4 for 48 hours to
downregulate HE4 expression and compared these cells with
control cells under hypoxic conditions to determine expres-
sion changes. A decrease in the expression of NF-kB was
observed in pSilencer-HE4-transfected HK-2 cells after 48
hours relative to control-transfected cells under hypoxic con-
ditions. However, there was no significant difference in HIF-
la expression between the 2 groups (Fig. 4).

To investigate whether dapagliflozin exerted its pro-
tective effects by regulating HIF-1o/HE4/NF-KB signaling,
we transfected HIF-1a. siRNA into HK-2 cells and measured

its expression by western blotting. Quantitative western blot
analysis revealed that the protein expression levels of HIF-a,
HE4, and NF-kB (Fig. 5) were significantly increased in the
hypoxia group (P < 0.05) and were decreased in the group
that was pretreated with dapaglifiozin and hypoxia +
pSilencer-HIF-1a (P < 0.05).

Dapagliflozin Ameliorates CI-AKI-Induced
Renal Dysfunction and Renal Histological
Damage in CI-AKI Rats

As shown in Figures 6A, B, Scr and BUN levels were
significantly increased in animals treated with iohexol com-
pared with those in the DCM group (P < 0.05). However, the
levels were significantly reduced by treatment with dapagli-
flozin (P < 0.05). The DDCM group had a 37.4% recovery in
the level of Scr (Fig. 6A) and a 63.5% recovery in the level of
BUN (Fig. 6B). These results were verified by pathological
changes in the kidneys. Animals that were treated with iohex-
ol showed severe pathological alterations in the kidneys,
including luminal congestion, renal tubular necrosis, and vac-
uolar degeneration. However, the lesions improved signifi-
cantly after treatment with dapagliflozin. The extent of
kidney injury was further graded in the 4 groups (Fig. 6C).
The differences in injury were semiquantitatively assessed.
The scores ranged from 0 to 20, and a higher number repre-
sented more severe injury. The scores were 3.56 = 0.13 in the
DCM group, 0.42 = 0.20 in the control group, and 1.62 *+
0.26 in the DDCM group (Fig. 6C). These results indicate that
dapagliflozin may play a renoprotective role.

Effects of Dapagliflozin on Apoptosis in the
CI-AKI Rat Model

TUNEL staining was used to assess apoptosis in renal cells.
As shown in Figure 7, TUNEL staining showed that apoptosis in
the DCM group was more severe than that in the D or C group (P

Hypoxia+ Hypoxia
Normoxia Hypoxial1%0, 24h Dapagliflozin +pSilencer-HIF-1a
E 2 T
o~ S sty 5 Csen i oy 3
E g %
S i‘ 0.7% é 19.9% 7.0% é
et T T oo . O T o Yool v S e T o s AN T T T
FIGURE 3. Dapagliflozin protect -
HK-2 cells from hypoxia injury. A, A Annxin V FITC
Flow cytometric detection of a0
annexin-V/PI staining. Pl+ cells are B
necrotic and late apoptotic, Pl—/ T o 30
. o ©
AV+ cells are early apoptotic, and OR
PI-/AV— cells are normal. B, 582 g i
Quantitative analysis of apoptotic §'“‘6 io —
and necrotic cells by flow cytometry. - i_
*P< 0.05 versus the hypoxia 1% O, e
24 hours group. #P< 0.05 versus the <y 4@ A
. SFac? SN
control group. n = 5 in each group. ™ N NQ&V
There are 3 replicates in each group B OQ,Q% %\\e“
for cellular experiments. xR
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FIGURE 4. The effect HE4 on the expression of HIF-1a, NF-kB, and cleaved caspase-3 in HK-2 cells under hypoxic conditions. A,
Western blot analysis of the expression of HIF-1a, HE4, and NF-kB after HK-2 cells were transfected with either pSilencer vector
containing a HE4-targeting sequence or control vector. B, Representative quantitative analysis (n = 5 in each group). *P < 0.05
compared with the pSilencer-HE4 group. There are 3 replicates in each group for cellular experiments.

< 0.05). The number of TUNEL-positive cells was examinedand ~ Effects of Dapagliflozin on HIF-1a/HE4/NF-kB
revealed that pretreatment with dapagliflozin significantly Expression in the CI-AKI Model

decreased the number of apoptotic cells by 57.6% in the DCM Immunohistochemistry showed that compared with
group. In addition, the percentage of apoptotic cells was slightly those in the untreated groups, the levels of HIF-la, HE4,
higher in the D group than in the C group (P < 0.05). and NF-kB were significantly elevated in animals subjected

10KDa HE4

HIF-o/B-actin

NF-kBP65/B-actin

61KDa |
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26KDa

42KDa

Bax/Bcl-2

FIGURE 5. Dapagliflozin protected tubular epithelial cells through the HIF-1a/HE4/NF-kB signaling pathway. A, Western blot
analysis of the expression of HIF-1a, HE4, P65, and pP65 in HK-2 cells treated with dapagliflozin and incubated hypoxia for 24
hours. Hypoxia increased the expression of Bax, whereas dapagliflozin decreased those of Bax and increased those of Bcl-2,
respectively, in HK-2 cells. B, Representative quantitative analysis. *P< 0.01 versus the normoxia group; & P < 0.05 versus the
dapagliflozin + hypoxia group. #P < 0.05 versus the hypoxia + pSilencer-HIF-1a group. There are 3 replicates in each group for
cellular experiments.
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FIGURE 6. Protective effects of dapagliflozin against CI-AKI. Dapagliflozin decreased (A) serum levels and (B) blood urea nitrogen
in CI-AKI rats. C, Histological injury scoring at 24 hours after the intravenous injection of iohexol. D, Representative histological
image of kidney from representative photomicrographs of tubular cell injury in rat kidney tissue sections. Dapagliflozin signifi-
cantly attenuated the renal tubular injury at 24 hours after the injection of iohexol. Rats in the DCM and DDCM groups were
sequentially injected in the tail vein: indomethacin (10 mg/kg), followed by L-NAME (100 mg/kg) and iohexol (3.5 g/kg) 15 and
30 minutes later. Dapagliflozin was administered to rats in the DDCM group. Original magnification: x200. H&E staining. *P <
0.05 versus the DCM group; #P < 0.05 versus the D group, n = 5 in each group. The values shown are the mean =+ SD. C, control

group; D, diabetic rats.

to iohexol treatment, whereas dapagliflozin significantly
decreased positive staining for these factors (Fig. 8) in CI-
AKI rats, which was consistent with the western blot results
in vitro.

DISCUSSION

With the pervasive use of radiocontrast agents, CI-AKI
has become an increasingly common iatrogenic AKI.3#33
Besides conventional hydration methods have been clinically
used to prevent CI-AKI, exploring new and effective strate-
gies is still very important. Although the pathophysiological
mechanisms of CI-AKI are not completely understood, stud-
ies have shown that contrast agents can promote the

FIGURE 7. A, Representative pho-
tomicrographs of immunohisto-
chemical staining for TUNEL in renal
sections and (B) quantitative analysis
of TUNEL-positive cells. The TUNEL-
positive staining was localized to
nuclei. Contrast media increases
TUNEL-positive renal tubular cell
number, whereas dapagliflozin sig-
nificantly decreased them in rat kid- A
ney tissue sections 24 hours after the

development and progression of CI-AKI by inducing hypoxic
injury, inflammation, and direct toxicity in renal tubular epi-
thelial cells, which significantly increases the levels of renal
injury biomarkers, including Scr and BUN.3¢37 Therefore,
preventing hypoxic injury may play an important role in the
prevention of CI-AKI. Dapaglifiozin, one of the SGLT2
inhibitors, is widely applied in the treatment of various car-
diovascular, renal, and endocrine diseases by improving oxy-
gen metabolism, inhibiting apoptosis, and preventing fibrosis
and other effects.?® However, little is known about its reno-
protective effects against CI-AKI. In this study, we investi-
gated the renoprotective effect of dapaglifiozin in a CI-AKI
rat model. Murine animals are resistant to CI-AKI, so the
incidence is low. To increase the probability of CI-AKI
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injection of iohexol. Magnification: x400 *P < 0.05 versus the DCM group; #P < 0.05 versus the D group, n = 5 in each group.
The values shown are the mean = SD. C, control group; D, diabetic rats.
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FIGURE 8. A, Immunohistochemical staining and semiquantitative analysis of HIF-1a, HE4, and NF-kBpP65 in the kidneys of
different groups. B, Quantitative analysis of HIF-1a, HE4, and NF-kBpP65. SD rats were treated with or without dapagliflozin for 3
days. Immunohistochemical staining for these proteins (original magnification x400. Compared with control, proteins signifi-
cantly increased in the CIN but decreased in the dapagliflozin groups, *P < 0:05 vs. the DCM group; #P < 0:05 vs. the D group. n

= 5 in each group). C, control group; D, diabetic rats.

animal modeling, various interventions such as a low sodium
diet and pretreatment with prostaglandin synthesis inhibitors
were applied. In this study, we constructed a rat model of CI-
AKI using a protocol modified from Agmon et al and found
that contrast agents could aggravate pathological renal dam-
age and deteriorate renal function in rats pretreated with indo-
methacin and L-NAME.?° Similar to the findings of a
previously published study, the pathological changes
observed under the microscope showed proximal tubulop-
athy, including cytoplasmic vacuolar changes, tubular necro-
sis, cell casts, and other pathological features of CI-AKI.4°
We further explored the underlying mechanisms of
dapagliflozin’s renoprotective effects against CI-AKI. A
recent study showed that HIF-1a increases oxidative stress
damage in a mouse model of CI-AKI by inducing heme
oxygenase-1 expression and phosphorylation of the transcrip-
tion factor forkhead box O 1 and forkhead box O 3a.*! HE4
participates in a variety of acute and chronic kidney diseases
with varying degrees of activation, and a model of HE4-
knockout mice was protected from AKI.#?>43 However, there
have been few reports on the role of HE4 in CI-AKI, and the
molecular mechanism of its activation remains unknown.
Recent studies have suggested that hypoxia induces renal
fibrosis by activating the HIF-1a/HE4/NF-kB signaling path-
way.? Previous studies have shown that the activation of NF-
KB can promote a kidney inflammatory response and activate
apoptotic proteins such as caspase-1 and caspase-3, causing
cell apoptosis in rats subjected to contrast-induced nephrop-
athy.*> Conversely, silencing NF-kB inhibits apoptotic pro-
tein expression in vitro.** The data presented herein suggest
that the phosphorylation of P65 is increased and that the
activation of p65 transcriptional activity after translocation
into the nucleus is enhanced in HK-2 cells induced by

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health,

hypoxic environments. However, the phosphorylation of
P65 in HE4-silenced HK-2 cells was downregulated under
hypoxic conditions. We also showed that the expression of
HIF-1a, HE4, and NF-kB and the number of apoptotic cells
dramatically increased in HK-2 cells after hypoxia induction
in vitro, which was consistent with previously published find-
ings.” Furthermore, we found similar results in vivo using CI-
AKI rats, and this is the first study to reveal that the expres-
sion of HIF-la, HE4, and NF-kB was higher in iohexol-
treated animals than in controls.

Previous research has demonstrated that HIF-1e protein
expression can be inhibited by SGLT2 inhibitors in HK-2
cells in the presence of high glucose or hypoxia.l3:#5-46
SGLT2 inhibitors can reduce renal tubular sodium and glu-
cose reabsorption by inhibiting the activity of SGLT2,
thereby reducing sodium-potassium-ATPase activity and re-
sulting in decreased oxygen consumption and increased intra-
cellular oxygen.#’*® In our study, dapaglifiozin had an
inhibitory effect on the upstream protein HIF-loo and
decreased the expression of HE4 in the DDCM group, reduc-
ing the expression of NF-kB and caspase-3, which is a marker
of cellular apoptosis. We also found that dapagliflozin pro-
tected against these harmful effects, as evidenced by a signif-
icant 57.6% decrease in the number of apoptotic cells in the
DDCM group compared with that in the DCM group. We
demonstrated in vitro and in vivo that dapagliflozin alleviated
HK-2 cell apoptosis and pathological changes in the kidney at
least partially by suppressing the HIF-1a/HE4/NF-kB path-
way in renal proximal tubular cells. Therefore, our data con-
firm the protective role of dapagliflozin and provide novel
evidence that dapagliflozin plays a crucial role in the suppres-
sion of the HIF-1o/HE4/NF-kB signaling pathway by sup-
pressing mitochondrial oxygen consumption, which leads to
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the restoration of intracellular hypoxia in HK-2 cells and that ACKNOWLEDGMENTS

dapagliflozin can treat CI-AKI in diabetic rats. In the hypoxic
environment, HIF-1lo-deficient HK-2 cells had increased
intracellular oxygen. According to previous studies, HIF-1o
may increase glucose uptake and glycolysis, thereby increas-
ing oxygen consumption when the generation of ATP through
oxidative phosphorylation is not possible because of a lack of
oxygen. However, the lack of HIF-1a leads to a decline in
this function in cells, and oxygen consumption is relatively
reduced; thus, the oxygen content in the cell is relatively
increased (Fig. 9).4%° For the first time, we investigated
the effect of dapagliflozin on the HIF-1o/HE4/NF-kB path-
way and as a treatment for diabetic rats with CI-AKI. Our
study provides a new strategy for the treatment of CI-AKI. It
is well-known that diabetes is an important risk factor for CI-
AKI, so the incidence of CI-AKI is significantly increased in
diabetic patients. The SGLT2 inhibitors, as a representative of
the new generation of hypoglycemic drugs, can not only con-
tribute to controlling blood sugar levels but also can effec-
tively prevent the occurrence of CI-AKI after coronary
angiography, especially for patients with diabetes. However,
there are still some limitations to our current research. We
used the HK-2 cell line to confirm that hypoxia induced HIF-
lo. expression and the activation of downstream HE4, which
led to apoptosis. The relationship between upstream and
downstream regulators of these proteins has not been clearly
demonstrated in vivo in CI-AKI rats. Therefore, the next step
will be to validate the effect of the HE4 protein on CI-AKI in
gene knockdown rats and explore the effect of dapagliflozin
on CI-AKI in high-risk patients who will undergo coronary
angiography.

In conclusion, our results suggest that hypoxia injury is
one of the pathological mechanisms leading to CI-AKI and that
the protective effect of dapagliflozin could be, at least partly,
due to the suppression of the HIF-1o/HE4/NF-kB signaling
pathway. Therefore, dapagliflozin holds promise as an adjuvant
therapeutic agent for the clinical management of CI-AKI.
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