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Abstract

Background: Renal ischemia-reperfusion injury (IRI) is one reason for renal transplan-
tation failure. Recent studies have shown that mitochondrial dynamics is closely related
to IRl, and that inhibition or reversal of mitochondrial division protects organs against
IRI. Optic atrophy protein 1 (OPA1), an important factor in mitochondrial fusion, has
been shown to be upregulated by sodium-glucose cotransporter 2 inhibitor (SGLT2i).
Also, the antiinflammatory effects of SGLT2i have been demonstrated in renal cells.
Thus, we hypothesized that empagliflozin could prevent IRl through inhibiting mito-
chondrial division and reducing inflammation.

Methods: Using hematoxylin—eosin staining, enzyme linked immunosorbent assay
(ELISA), flow cytometry, immunofluorescent staining, terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP nick end labeling (TUNEL) staining, real-time PCR, RNA-
sequencing, and western blot, we analyzed renal tubular tissue from in vivo and in vitro
experiments.

Results: Through animal experiments and sequencing analysis, we first confirmed

the protection against IRl and the regulation of mitochondrial dynamics-related fac-
tors and inflammatory factors by empagliflozin pretreatment. Then, through hypoxia/
reoxygenation (H/R) cellular experiments, we confirmed that empagliflozin could
inhibit mitochondrial shortening and division and upregulate OPAT in human renal
tubular epithelial cell line (HK-2) cells. Subsequently, we knocked down OPAT, and
mitochondrial division and shortening were observed, which could be alleviated by
empagliflozin treatment. Combined with the previous results, we concluded that OPAT
downregulation leads to mitochondrial division and shortening, and empagliflozin

can alleviate the condition by upregulating OPA1. We further explored the pathway
through which empagliflozin functions. Related studies have shown the activation of
AMPK pathway by empagliflozin and the close correlation between the AMPK pathway
and OPA1. In our study, we blocked the AMPK pathway, and OPA1 upregulation by
empagliflozin was not observed, thus demonstrating the dependence of empagliflozin
on the AMPK pathway.
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Conclusion: The results indicated that empagliflozin could prevent or alleviate renal
IRI through antiinflammatory effects and the AMPK-OPA1 pathway. Ischemia—reperfu-
sion injury is an inevitable challenge in organ transplantation. It is necessary to develop
a new therapeutic strategy for IRl prevention in addition to refining the transplantation
process. In this study, we confirmed the preventive and protective effects of empagli-
flozin in renal ischemia-reperfusion injury. Based on these findings, empagliflozin is
promising to be a preventive agent for renal ischemia-reperfusion injury and can be
applied for preemptive administration in kidney transplantation.

Keywords: Renal ischemia—-reperfusion injury, Empagliflozin, SGLT2i, Inflammation,
Mitochondrial dynamics, OPAT, AMPK signaling

Background

Ischemia-reperfusion injury (IRI) is one of the main clinical causes of early renal dys-
function after renal transplantation [1]. Due to the anatomical characteristics of the kid-
ney, renal tubular epithelial cells are extremely sensitive to IRI. Severe IRI can lead to
delayed graft function (DGF) with acute tubular necrosis as the main pathological mani-
festation, which can induce acute and chronic rejection immune response and reduce
graft survival rate [2].

Both innate and adaptive immune systems are involved in the inflammatory immune
process leading to kidney injury after IRI [3]. Proinflammatory injury-related molecu-
lar patterns, hypoxia-inducible factors, adhesion molecules, renal vascular endothelial
dysfunction, chemokines, cytokines and Toll-like receptors are all involved in activating
and recruiting immune cells into the injured kidney. Immune cells, such as neutrophils,
dendritic cells, macrophages, and lymphocytes are involved in the pathogenesis of renal
injury after IRI [4, 5]. Therefore, reducing the sterile inflammation that develops after
IRI is of vital significance for renal protection.

In addition to causing an inflammatory response in the extracellular environment of
the kidney, IRI also disrupts the homeostasis of the intracellular environment. Mito-
chondrial dynamics play an essential role in maintaining the structural integrity of mito-
chondria and adapting to different cellular biological functions. Notably, mitochondrial
dynamics have been shown to exert critical effects on cell survival under stress condi-
tions such as IRI [6, 7]. IRI induces mitochondrial division to compensate for the lack
of energy metabolism [8], but excessive mitochondrial division eventually mediates cell
death [9]. It is now believed that intervention or reversal of mitochondrial division is
one of the key means to avoid IRI. This protective effect has now been demonstrated in
models of acute IRI in liver cells and cardiac myocytes [10, 11]. Moreover, in a previous
study by our group, we found that promoting mitochondrial fusion reduced renal cell
injury and apoptosis during IRI, suggesting that the regulation of mitochondrial dynam-
ics plays an important role in the development of renal IRI [12].

Optic atrophy protein 1 (OPA1) has been found to be a major fusion factor regulating
the mitochondrial fusion process [13, 14]. Several studies have shown that downregula-
tion of OPA1 expression can cause increased sensitivity of mammalian cells to exoge-
nous proapoptotic stimuli and promote the development of apoptosis [15, 16]. Increased
OPAL1 expression effectively enhances mitochondrial fusion, which is associated with the
inhibition of mitochondrial fission [12]. These studies indicate that OPA1 is an excellent
therapeutic target for IRI; however, the challenge is that there is no effective agonist or
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promoter for OPA1 due to its complex protein molecular structure, and it is also very
difficult to design small molecule drugs for it directly.

To address the issues above, we noticed that sodium—glucose cotransporter 2 inhibi-
tors (SGLT2i), such as empagliflozin used in this study, have the potential to both reduce
inflammation and promote OPA1 expression in renal IRI. As a novel class of hypoglyce-
mic agents, SGLT2i have currently been available in a variety of marketed clinical agents,
such as dapagliflozin, empagliflozin, and canagliflozin, and have been widely clinically
with reliable clinical safety and application prospects [17, 18].

Xu et al. demonstrated that dapagliflozin prevented inflammation and improved
autophagy in cultured human proximal renal tubular epithelial cells. Cells exposed
to high glucose were characterized by the upregulation of several proinflammatory
cytokines, including interleukin 1B (IL-1p), interleukin 6 (IL-6), and tumor necrosis fac-
tor alpha (TNF-a). Treatment with dapagliflozin significantly reduced the expression
of all these cytokines in the cells and their concentrations in the culture supernatant
[19]. In an animal model of type 2 diabetes, renal expression of PTX3 was significantly
reduced with dapagliflozin treatments, thereby attenuating the inflammatory activity of
macrophages, promoting the M2 phenotype of these cells, and downregulating nuclear
factor kB (NF-kB), IL-1B, TNF-«, and monocyte chemoattractant protein 1 (MCP1) [20].
Based on previous studies, the hypothesis that empagliflozin can attenuate the inflam-
matory process triggered by renal IRI is reasonable.

In terms of the potential impact of SGLT2i on OPAl, a study in the laboratory of
Mark E. Cooper, Australia, based on mice model of diabetes, found that SGLT2i main-
tained homeostasis of mitochondrial structure and function by increasing the expres-
sion of mitochondrial fusion factors OPA1 and Mitochondrial fusion factor 2 (Mfn2),
and inhibiting the expression of mitochondrial fission protein (Fisl) in mouse cardio-
myocytes [21]. Honda et al. from Yokohama University in Japan found that SGLT2i pro-
moted OPA1 expression in obese mouse hepatocytes and improved hepatocyte injury
and apoptosis through experiments in vivo and in vitro [22, 23]. These findings sug-
gested that empagliflozin could promote OPA1 expression to regulate mitochondrial
morphological dynamics, indicating that it might present desired therapeutic effects in
IRIL. SGLT?2 is highly expressed in renal tubular cells, which is the main site of action of
empagliflozin [24]. Thus, the diabetic drug empagliflozin may exhibit better selectivity
and better IRI control in the kidney compared with the heart and liver.

However, the specific molecular biological mechanism by which SGLT2i regulates
OPAL1 expression remains unknown. It has been shown that the adenosine monophos-
phate-activated kinase (AMP-activated kinase, AMPK) signaling pathway is a key path-
way that regulates mitochondrial dynamics processes [25, 26]. Activation of the AMPK
signaling pathway can affect mitochondrial fusion and division by regulating the expres-
sion of OPA1 and dynamin-related protein 1 (Drpl) [27]. A recent study at the Univer-
sity of Wyoming suggested that empagliflozin activates intracellular AMPK pathways,
promotes OPA1 expression, and inhibits mitochondrial fission, thereby protecting
against microvascular injury in the heart in diabetes [28]. In addition, Zhang Ying et al.
found that melatonin could promote mitochondrial fusion through the AMPK-OPA1
pathway in a mouse model of myocardial ischemia—reperfusion injury, thus protecting
the myocardium from IRI [29]. Moreover, it has been previously reported that SGLT2i
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activated AMPK in liver and vessel cells [30, 31]. A study on diabetic nephropathy also
observed AMPK activation by canagliflozin [32]. Although these studies did not system-
atically elucidate the molecular mechanisms, they implied that SGLT2i may act through
the AMPK-OPA1 pathway to influence the regulation of mitochondrial dynamics.

Thus, in our experiments, renal IRI mice and H/R cell model were conducted to
explore the renal protective function of empagliflozin through inflammation reduction
and the AMPK-OPA1 pathway.

Methods

Mouse disease model and experiment design

Male C57BL/6 mice were selected at 8—10 weeks of age. Mice were administered empa-
gliflozin (PubChem CID: 11949646, dissolved in water) at a dosage of 30 mg/kg/day
for 1 week before surgery. Instruments and operating table were sterilized 1 day before
surgery. The mice were anesthetized intraperitoneally with 10% chloral hydrate at
10 ml/100 g as the anesthetic agent. To avoid important organs, the injection was con-
ducted into the lower abdomen and the needle was inserted at an angle of 30° to the
abdominal cavity for intraperitoneal injection. After successful anesthesia, the mice were
tied to the limbs and fixed on the operating table. A surgical incision of about 2 cm in
length was made along the midline of the abdomen, the skin was incised, and the perito-
neum was cut open to enter the abdominal cavity after freeing the skin layer. The intes-
tine was gently pushed into the other side of the abdominal cavity with toothless forceps
to find the kidney. The kidney pedicle was fully freed. The renal blood flow was blocked
by clamping the kidney pedicle with a miniature arterial clip to prepare renal IRI model.
The success criteria for the induction of IRI model was that kidney rapidly changed from
bright red to purple—black. During the construction of the renal ischemia model, the
mice were placed on a warm plate at 37 °C and the abdominal organs were kept moist
by covering the abdominal incision with saline-soaked wet gauze. Heart rate, heart
rhythm, respiration, and eye color were observed to understand the surgical condition
of the mice. After 24 min of renal ischemia, the miniature arterial clamps were removed
to restore blood flow to the kidneys. The kidneys were obtained at different time points
according to the experimental needs and were later used for immunohistochemistry and
RNA extraction.

Mitochondrial isolation in renal tubular epithelial cells

Following the instructions of the Mitochondrial Isolation Kit (Thermo Scientific), pri-
mary renal tubular epithelial cells in the isolated culture dish were washed once with
PBS, ten volumes of precooled PBS were added and chilled for 3 min, and all operations

were performed on ice.

Cellular hypoxia-reoxygenation model and experiment design

Human renal tubular epithelial cell lines (HK-2) (Guangzhou PythonBio Co., Ltd.) were
used in cell rescue experiments. A hypoxic reoxygenation model was used in vitro to
simulate renal tubular epithelial cell injury under reperfusion injury conditions. The
hypoxic conditions were performed using fresh Hanks solution with 95% N, and 5%
CO,, while the pH of the solution was adjusted to approximately 6.8 by adding lactic acid
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to simulate the acidic environment under reperfusion injury. In this study, the hypoxic
environment was maintained for 45 min, after which the cell culture dishes were placed
under normoxic condition. The medium was changed to high-sugar Dulbecco’s modi-
fied Eagle medium [DMEM; containing 1% fetal calf serum (FBS)] to establish a reoxy-
genation model. In this study, the reoxygenation environment was maintained for 6 h. By
establishing a hypoxic reoxygenation model, reperfusion injury of the microcirculation
was simulated in vitro.

Detection of apoptosis by flow cytometry

Annexin V was used in combination with propidium iodide to detect apoptosis. For cell
surface staining, single-cell suspensions of mouse renal tubular epithelium treated with
different concentrations of empagliflozin were incubated with the antibody mixture for
20 min at 4 °C. For intracellular staining, renal tubular cells were fixed in 4% paraformal-
dehyde at 4 °C for 20 min and subsequently permeabilized in Perm buffer overnight. The
obtained data were analyzed using FACSDiva software (BD Biosciences).

Hematoxylin-eosin staining and injury assessment

After deparaffinization, mouse renal tubular cells were presented via hematoxylin—eosin
(HE) staining and sections were referred to experienced pathologists for blinded assess-
ment of the following indicators: renal tubular vacuolization, peritubular or proximal
tubule leukocyte infiltration, and tubule simplification. Injury cores were as follows: 0,
normal; 1, mild; 2, moderate; 3, severe. A minimum of six fields were evaluated for each
section [33].

Detection of inflammatory factors by ELISA

Kidney cells from mice were divided into four groups: sham group, IRI group, sham
group treated with empagliflozin, and IRI group treated with empagliflozin. The super-
natant of the culture medium was collected after 48 h of incubation in the medium again.
The levels of pro- and antiinflammatory cytokines in the culture medium were measured
using enzyme linked immunosorbent assay (ELISA) kits according to the manufacturer’s
instructions (R&D, Minneapolis, Minnesota, USA). The concentration of cytokines in
the culture medium was calculated by measuring and correcting the optical density of
the samples by subtracting the 570 nm reading from the 450 nm reading using an Emax
Plus enzyme marker (Molecular Devices, San Jose, CA, USA).

Indirectimmunofluorescence detection

The protein expression in the cells was detected by indirect immunofluorescence. Cells
were collected by cell crawl culture, fixed with 4% paraformaldehyde, and incubated
with 10% normal goat serum for 30 min at room temperature to close the nonspecific
binding site. Specific antibody was added and reserved overnight at 4 °C. Fluorescently
labeled secondary antibody was added and incubated for 1 h at room temperature. Then
4,6-diamidino-2-phenylindole (DAPI) was added to stain cell nuclei for observation

under a fluorescence microscope.
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TUNEL-staining in situ detection of apoptosis

Paraffin-embedded tissue sections were dewaxed twice for 5 min each by using xylene.
Ethanol hydration was performed using graded alcohol (100%, 95%, 90%, 80%, 70%).
Proteinase K (2%) was added to the sample. After reacting for 30 min at 21-37 °C,
samples were rinsed twice in PBS and closed for 10 min in the closure solution (3%
H,0, dissolved in methanol). Then 50 pl TdT Enzyme Reaction Solution (1 pl Bio-
tin-11-dUTP +4 pl TdT Enzyme +45 pl LEquilibration Buffer) was added dropwise
to each sample for 60 min at 37 °C, protected from light and moistened. Next, 50 ul
Streptavidin—horseradish peroxidase (HRP) working solution (0.5 pl Streptavidin—
HRP +99.5 ul PBS) and 100 pl 3,3’-diaminobenzidine (DAB) working solution (94 pl
PBS+5 pl DAB +1 pl 30% H,0,) was added dropwise to each sample. Color develop-
ment reaction was conducted at room temperature for 10 min. After rinsing three
times with PBS, the samples were observed by a light microscope.

Confocal microscope observation of mitochondrial morphology

Cell samples were perfused with 4% paraformaldehyde, fixed for 2—-4 h or overnight
at 4 °C. After gradient alcohol dehydration and xylene transparency, samples were
blocked with 1% bovine serum albumin (BSA) for 1 h. Primary antibody was added
and incubated for 1-2 h at 37 °C. Biotin-labeled secondary antibody was added drop-
wise and incubated for 40 min at 37 °C. Streptavidin—peroxidase was added and incu-
bated for 40 min at room temperature. Samples were developed and photographed by

a laser confocal microscope. Image] was used to analyze mitochondrial morphology.

Detection of protein expression and analysis

Real-time PCR, RNA-sequencing, and western blot were used to detect protein
expression levels. Immunofluorescence and laser confocal techniques were used
to observe the subcellular localization of fusion proteins and the expression of
each pathway protein. Differentially expressed genes (DEGs) identified from RNA-
sequencing data were analyzed using an R package [34] and were defined as fold
change >2 and Q-value <0.001. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment was analyzed using DAVID (https://david.ncifcrf.gov). Pathview
was used to visualize KEGG [35, 36]. The expression of typical mitochondrial fusion
and fission proteins was observed between groups. The cells were lysed with cyto-
plasmic and cytosolic lysates. The cytosolic and cytoplasmic proteins were extracted
separately. The proteins in the nucleus and cytoplasm were detected separately by
western blot. The detailed scheme of western blot can be found in our previous study
[12].

Statistical analysis

Data analysis was conducted by using statistical software, GraphPad Prism software
(v8.0; La Jolla, CA, USA). Multiple group comparisons were conducted with a one-
way ANOVA followed by Dunnett’s post hoc test or Tukey’s test. Differences with a
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P-value less than 0.05 were considered to be statistically significant and marked as
*P<0.05, **P<0.01, and ***P<0.001.

Results

Empagliflozin pretreatment prevented kidney injury triggered by renal IRI

We first established a renal IRI mice model to investigate the pathological mechanism
of kidney injury caused by IRI. We drew blood from the eye canthus of mice to evaluate
levels of serum creatinine (Scr) and blood urea nitrogen (BUN). Both the Scr and BUN
levels were significantly elevated in IRI mice compared with control (Additional file 1:
Fig. S1a), suggesting that renal IRI induced the elevation of Scr and BUN levels in mice.
Renal pathological changes were subsequently detected via HE staining. Control mice
had clear tubular structure, no obvious lesions, and low tubular interstitial injury scores,
while IRI mice had unclear tubular morphology, incomplete structure, and elevated
tubular interstitial injury scores (Additional file 1: Fig. S1b). These results suggest that
ischemia—reperfusion caused renal pathological injury.

We then detected apoptosis in renal tubular epithelial cells. The apoptotic fraction in
renal cells in IRI mice was significantly higher than in controls (Additional file 1: Fig.
S1c), which suggests that IRI increased apoptosis in renal tissue. In addition, we detected
the expression of relative genes for apoptosis and mitochondrial dynamics via qRT-
PCR. Expression of caspase3, caspase9, and Bax was elevated while expression of Bcl-2,
Mfnl, and OPA1I decreased in IRI mice compared with control (Additional file 1: Fig.
S1d). These results indicate that renal IRI upregulated genes related to apoptosis and
mitochondrial fission and downregulated mitochondrial fusion-related genes in renal
tissue.

Combined with the results above, we concluded that in renal IRI mice, levels of Scr and
BUN, tubular interstitial injury, and apoptotic fraction in renal tissue were all elevated;
the expression of caspase3, caspase9, and Bax in renal tissue increased; while the expres-
sion of Bcl-2, Mfnl, and OPA1 decreased, which demonstrates that the IRI animal model
was successfully established, and also indicated the potential relationship among patho-
logical mechanisms of kidney injury, apoptosis, and mitochondrial fusion in renal tissue.

We then pretreated mice with empagliflozin to explore and verify the protection
against IRI. Levels of Scr and BUN in control mice, IRI mice, and empagliflozin-treated
IRI mice were evaluated. Scr and BUN levels were obviously elevated in IRI mice com-
pared with controls. Interestingly, the levels decreased significantly in empagliflozin-
treated IRI mice (Additional file 1: Fig. S2a), suggesting that empagliflozin pretreatment
inhibited the elevation of Scr and BUN caused by renal IRI.

As for pathological changes, the control mice had clear tubular structure, no obvious
lesions, and low tubular interstitial injury scores. IRI mice had unclear tubular morphol-
ogy, incomplete structure, and obviously elevated tubular interstitial injury scores com-
pared with controls. Surprisingly, empagliflozin pretreated IRI mice had a significantly
elevated number of clear tubular structures and much lower tubular interstitial injury
scores than IRI mice (Fig. 1a). These results indicate that empagliflozin pretreatment
inhibited tubular interstitial injury caused by renal IRI.
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Fig. 1 Empagliflozin pretreatment protected IRl mice from kidney injury. Empagliflozin was injected through
the caudal vein in advance in empagliflozin-treated mice. a The renal pathological changes were presented
by HE staining. Then, renal cell injury was quantified as injury scores. b TUNEL fluorescence assay was used

to detect apoptosis and the strength of fluorescent signals presented apoptosis intensity. DAPI was used to
label the nuclei. The colocalization of TUNEL and nuclei showed their positional relationships. ¢ We detected
the expression of caspase3, Bax, OPA1, and Mfn1 via western blot and used -actin as the internal reference.
The experiments were repeated independently at least three times, and the data were presented as the
means = SEM. Statistical significance with respect to the control was marked with *P <0.05, **P<0.01, or
**P<0.001

The apoptotic fraction in renal cells in IRI mice was significantly higher than in con-
trols, while empagliflozin pretreatment noticeably reduced the apoptotic fraction in IRI
mice (Fig. 1b). These results indicate that empagliflozin pretreatment inhibited the apop-
tosis in renal cells caused by IRI.

Compared with controls, the expression of caspase3, caspase9, and Bax was elevated,
while the expression of Bcl-2, Mfnl, and OPA1 decreased obviously in IRI mice. In
accordance with expectation, the empagliflozin pretreated IRI mice had an apparent
decrease in expression of caspase3, caspase9, and Bax, and a significant elevation in the
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expression of Bcl-2, Mfnl, and OPAI (Additional file 1: Fig. S2b), indicating that empa-
gliflozin pretreatment reduced apoptosis and mitochondrial division in renal cells, pro-
moting mitochondrial fusion.

Furthermore, gene expression, detected via western blot, showed that compared with
controls, the expression of caspase3, Parkin, and Bax was elevated, while the expression
of PGC-1a, Mfnl, and OPA1 decreased in IRI mice. As expected, empagliflozin pre-
treated IRI mice had decreased expression of caspase3, Parkin and, Bax and elevated
expression of PGC-1a, Mfnl, and OPA1 (Fig. 1c). Likewise, the results indicated that
empagliflozin pretreatment alleviated apoptosis and mitochondrial division in renal
tissue.

From the above results, we concluded that we had successfully established the model
and empagliflozin pretreatment could inhibit the downregulation of caspase3, caspase9,
and Bax and the upregulation of Bcl-2, Mfnl, and OPA1 in IRI mice, as well as reduce
tubular interstitial injury and apoptosis caused by renal IRI, thus alleviating kidney

injury.

IRI-triggered inflammation and mitochondrial division tendency was reduced

by empagliflozin pretreatment at the gene expression level

To assess the intensity of the renal inflammatory response to empagliflozin during IRI,
we examined the expression of proinflammatory/antiinflammatory factors, including
proinflammatory factors IL-6, CCL-2, TNF-a, IFN-y, and antiinflammatory factor IL-10,
in renal tissues. The expression of IL-6, CCL-2, and TNF-a was significantly decreased
in the IRI+ empagliflozin group compared with the IRI+ PBS group, while the expres-
sion of the antiinflammatory factor IL-10 was significantly increased (Additional file 1:
Fig. S4). To further investigate the antiinflammatory mechanism of empagliflozin in
renal IRI, we examined and analyzed transcripts from the IRI group and empagliflozin-
treated group and performed KEGG pathway enrichment analysis. From the bioinfor-
matics analysis, combined with the effects observed in vitro and in vivo, we identified
numerous immune-related signaling pathways as potential pathways for empagliflozin
treatment (Additional file 1: Fig. S3a, b). We visualized the two pathways we were inter-
ested in in the KEGG pathway view (Additional file 1: Fig. S3c, d). Elevated expression of
adhesion molecules is key to the aggregation of damaging immune cells by IRI, of which
T cells are the main adaptive immune cells involved [3]. Visualization results showed
that the expression of surface adhesion molecules decreased in empagliflozin-treated
renal tubular cells compared with those in IRI conditions, as well as the expression of
major histocompatibility complex (MHC) I and MHC II molecules that activate T-cell
function (Additional file 1: Fig. S3c, d).

In gene expression profiles, there were total 2027 upregulated genes and 536 down-
regulated genes in IRI mice compared with control, and 261 upregulated genes and 536
downregulated genes were observed in empagliflozin-treated IRI mice compared with
IRI model mice (Fig. 2a).

We then focused on the relative expression of Fisl, Mff, OPAl, Mfnl, and Mfn2
among the sequencing results. Compared with controls, in IRI model mice, Fisl
expression was upregulated, OPA1 and Mfn2 expression was downregulated,
and there was no significant change observed in the expression of Mff and Mfnl.
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Fig. 2 RNA sequencing of mitochondrial dynamics-related and AMPK-related genes. a

Gene expression profiles in IRl model mice, empagliflozin-treated IRl mice, and sham mice were obtained by
RNA sequencing. The results were visualized as a heat map of gene expression. b The relative expression of
Fis1, Mff, OPAT1, Mfn1,and Mfn2. c The relative expression of AMPK-related mTOR and FOXO3. The experiments
were repeated independently at least three times, and the data were presented as the means 4= SEM.
Statistical significance with respect to control was marked with *P<0.05, **P<0.01 or ***P<0.001

Compared with the IRI model mice, in empagliflozin-treated mice, Fisl expression
was downregulated, OPA1 expression was upregulated, while there was no signifi-
cant change in the expression of the other genes (Fig. 2b). These results show that
IRI treatment downregulated OPA1 expression and upregulated Fisl expression in
renal tissue, thus inhibiting mitochondrial fusion and promoting division, while
empagliflozin pretreatment reversed the condition.

The sequencing results also showed the relative expression of mTOR and FOXO3,
which were AMPK related and positively correlated with AMPK pathway activa-
tion. In IRI mice, there were no changes in their relative expression compared with
control; however, empagliflozin pretreatment obviously elevated the expression of
mTOR and FOXO3 (Fig. 2¢). These results suggest that although IRI had no effect on
AMPK pathway activity, empagliflozin activated it.

RNA sequencing showed significant changes in inflammatory and mitochondrial
dynamics-related factors after empagliflozin pretreatment. In particular for the
latter, the AMPK pathway and factors such as OPAI, which corroborates previous
studies and guided us to further carry out exploration of the mitochondrial dynam-
ics in this work.
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Empagliflozin effectively inhibited the shortening of mitochondria in HK-2 cells under H/R
We initially determined the ideal empagliflozin dosing schedule. Using flow cytometry
and the cell counting kit-8 (CCK8) assay, we optimized the processing time and concen-
tration of empagliflozin for H/R cellular experiments. Four experimental groups and a
control were set up to treat HK-2 cells: H/R, H/R 4+ empagliflozin (50 nM), H/R + empa-
gliflozin (100 nM), and H/R+ empagliflozin (500 nM). The results showed that empa-
gliflozin (100 nM) and empagliflozin (500 nM) protected HK-2 cells from H/R-induced
apoptosis noticeably, while the protective effect of empagliflozin (50 nM) was compa-
rably modest (Additional file 1: Fig. S5). As 500 nM Empagliflozin treatment for 72 h
reduced the apoptotic fraction to the largest extent, this was chosen as the dosing sched-
ule in our subsequent cellular experiments.

Firstly, mitochondrial morphology was investigated. Mitochondria were high in num-
ber and evenly distributed in control cells. After treating them with empagliflozin for
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Fig. 3 Empagliflozin effectively inhibited the shortening of mitochondria and promoted the expression of
OPAT1 in HK-2 cells under H/R. a Mito-Tracker Red CMXRos was used to mark mitochondria with bioactivity
specifically. DAPI was used to label the nuclei. The colocalization of mitochondria and nuclei showed their
positional relationships. b TOMM?20 pAb was used to detect levels of TOMM20 protein. DAPI was used to
label the nuclei. The colocalization of mitochondria and nuclei showed their positional relationships.

We detected the expression of OPA1 viaimmunofluorescence. d The expression of Mfn1, OPA1, and Mff
was then detected via western blot, using 3-actin as the internal reference. The results were subsequently
quantified. The experiments were repeated independently at least three times, and the data were presented
as the means = SEM. Statistical significance with respect to control was marked with *P <0.05, **P<0.01 or
***P<0.001
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72 h, no significant changes were observed in mitochondrial number, distribution, or
morphology. In the H/R condition, mitochondria in HK-2 cells were markedly reduced
in number, shortened in length, and clustered. However, with empagliflozin treatment
for 72 h, mitochondria in H/R treated cells were clearly elevated in number and length
and evenly distributed (Fig. 3a).

We then investigated mitochondrial changes in terms of length exclusively via immu-
nofluorescence. There were no significant changes in mitochondrial length after empa-
gliflozin treatment compared with control. In the H/R condition, cells showed dotted
or short rod-like mitochondrial staining and mitochondria were short in length. When
treated with empagliflozin, mitochondria were elevated in length (Fig. 3b). The above
results indicate that empagliflozin could effectively inhibit the shortening of mitochon-
dria under H/R.

OPA1 expression was elevated by empagliflozin in HK-2 cells under H/R

The expression of OPA1 was evaluated. Empagliflozin treatment had no significant effect
on OPA1 expression compared with controls when normally cultured, whereas OPA1
expression decreased under H/R, and empagliflozin treatment partially relieved the con-
dition (Fig. 3c). These results suggest that Empagliflozin could promote OPA1 expres-
sion in IRI renal tubular epithelial cells.

The expression of Mfnl, OPA1, Mff, PGC-1a, and Parkin was detected via western
blot, using B-actin as the internal reference, and the results were subsequently quanti-
fied. The expression of Mff decreased significantly in empagliflozin-treated mice when
normally cultured compared with control. In the H/R condition, Mff expression was
elevated, while empagliflozin slightly inhibited the elevation. The expression of Mfnl,
PGC-1a, and Parkin showed no significant difference between control and empagli-
flozin-treated mice, while in the H/R condition, Mfnl and PGC-1a expression sharply
decreased and empagliflozin treatment significantly elevated the expression, whereas for
Parkin, the exact opposite occurred. The expression of OPA1 in empagliflozin mice was
significantly higher than in controls. H/R treatment lowered the OPA1 expression com-
pared with the control and empagliflozin treatment it (Fig. 3d).

Empagliflozin protected mitochondria by promoting OPA1 in IRI-like conditions induced
by OPA1 knockdown in HK-2 cells
We observed the morphology of mitochondria under different treatments. In the con-
trol, mitochondria were high in number and evenly distributed. With empagliflozin
treatment for 72 h, no significant changes were observed in mitochondrial number, dis-
tribution, or morphology compared with controls. After OPA1 knockdown via OPA1l
small interfering (si)RNA treatment, mitochondria in HK-2 cells were reduced in num-
ber, shortened in length, and clustered, consistent with the mitochondria in IRI. Sub-
sequent empagliflozin treatment reversed the mitochondria injury condition caused by
OPAL1 knockdown (Fig. 4a). These results show that OPA1 knockdown caused an IRI-
like condition in renal tissue, and that empagliflozin positively protected mitochondria
in IRI-like conditions induced by OPA1 knockdown in renal tubular epithelial cells.
Similarly, we observed mitochondria in terms of length exclusively, as shown in Fig. 4b.
There were no significant changes in mitochondrial length after empagliflozin treatment
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Fig. 4 Empagliflozin positively protected mitochondria in an OPA1-knockdown, IRI-like condition in
HK-2 cells. a Mito-Tracker Red CMXRos was specifically used to mark mitochondria with bioactivity. DAPI
was used to label the nuclei. The colocalization of mitochondria and nuclei showed their positional
relationships. Mitochondrial morphology was then quantified. b The mitochondrial length was detected
via immunofluorescence. TOMM20 pAb was used to detect levels of TOMM20 protein. DAPI was used

to label the nuclei. The colocalization of mitochondria and nuclei showed their positional relationships.
The experiments were repeated independently at least three times, and the data were presented as the

means = SEM. Statistical significance with respect to controls was marked with *P<0.05, **P<0.01, or
*#**p<0.001

compared with control. Mitochondria in OPA1 siRNA-treated cells showed dotted or
short rod-like mitochondrial staining, indicating mitochondrial division. This injury
phenotype in OPA1 siRNA-treated cells was partially relieved after adding empagliflozin
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(Fig. 4a). The above results indicate that knockdown of OPA1 expression could promote
mitochondrial division, while empagliflozin could inhibit mitochondrial division, effec-
tively alleviating the phenotype of mitochondrial IRI caused by OPA1 knockdown.

AMPK inhibitor blocked the promotion of OPA1 by empagliflozin

To preliminarily determine the role of AMPK in empagliflozin protection against renal
IRI, we constructed an HK-2 cells H/R model. H/R cells were then treated with AMPK
inhibitor Dorsomorphin (Compound C) or control dimethyl sulfoxide (DMSO). Sub-
sequently, protein and RNA samples were extracted, and the protein levels and mRNA
levels of OPA1 were detected via immunoblotting assay and quantitative PCR assay,
respectively (Fig. 5a, b). Adding PBS as a control, DMSO-treated H/R cells reacted to
empagliflozin, and had a significant elevation in OPA1 expression both in immunob-
lotting and quantitative PCR, while Dorsomorphin-treated cells showed no reaction
to empagliflozin. These results demonstrate that the promotion of OPA1 expression by
empagliflozin is dependent on the AMPK signaling pathway.

Discussion

SGLT?2i, like empagliflozin, have been shown to alleviate and protect against vari-
ous kidney diseases in clinical studies [37, 38]. However, the mechanism has not been
clearly elucidated so far. In our experiments, empagliflozin treatment reduced inflam-
matory effects, enhanced the mitochondrial fusion process, and affected mitochondrial
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Fig. 5 AMPK inhibitor blocked the promotion of OPAT by empagliflozin. a H/R HK-2 cells were constructed,
and supplemented with empagliflozin or PBS along with AMPK inhibitor Dorsomorphin or DMSO. After

24 h culture, RNA was extracted and OPAT expression was detected by quantitative PCR. b After the same
treatment as a, total protein samples were extracted, and immunoblot western blot was performed to detect
OPA1 levels. The experiments were repeated independently at least three times, and the data were presented
as the means = SEM. Statistical significance with respect to control was marked with *P<0.05, **P<0.01, or
***P<0.001
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homeostasis in renal tubular epithelial cells, ultimately reducing renal injury and tubular
epithelial cell apoptosis during ischemia—reperfusion injury. We showed the following:
(i) in IRI mice, mitochondria in renal tubular epithelial cells were damaged and empa-
gliflozin pretreatment protected IRI mice from kidney injury; (ii) in the inflammatory
signature assay, empagliflozin pretreatment caused a significant decrease in proinflam-
matory factors and a significant increase in antiinflammatory factors; (iii) in H/R cellular
experiments, empagliflozin treatment increased the expression of OPA1, which plays a
key role in mitochondrial fusion; (iv) in an IRI-like condition induced by OPA1 knock-
down, empagliflozin treatment inhibited the shortening of mitochondria and improved
mitochondrial fusion in cultured renal tubular epithelial cells; (v) in AMPK inhibition
experiments, the expression of OPA1 promoted by empagliflozin was blocked by Dorso-
morphin. These results indicate the renoprotective and therapeutic effects of empagliflo-
zin and its molecular mechanisms in renal IRL

To understand the renoprotective and therapeutic effects of empagliflozin, we need to
explore cellular and animal models separately, and consider the effects on the extracellu-
lar and intracellular environments. In in vivo experiments, through the IRI mice model,
we demonstrated that empagliflozin pretreatment can reduce inflammation and reverse
the mitochondrial division caused by renal IRL In in vitro experiments, through rescue
experiments and H/R modeling, we demonstrated that empagliflozin treatment can pre-
vent and protect mitochondria shortening under H/R or in IRI-like conditions through
promoting OPA1 expression, and through AMPK inhibition experiments, we demon-
strated that the AMPK signaling pathway is involved with empagliflozin to promote
OPA1 expression. These data confirm the critical function of empagliflozin for improv-
ing renal IRI and implied its possible signaling pathway.

Inflammation reduction and the AMPK-OPA1 pathway are the focus of our attention,
and other studies provide support for our experiments. A large clinical trial conducted
by Wanner et al. showed a significant reduction in the incidence of kidney disease, risk of
progression, and risk of kidney replacement therapy in the SGLT2i treatment group [39].
Several experiments point to SGLT2i as an antioxidant and antiinflammatory agent in
models of kidney injury [40]. Xu et al. demonstrated that Dapagliflozin activated AMPK
and reduced the activity of mammalian targets of rapamycin (mTOR), thereby attenuat-
ing inflammatory effects and improving autophagy in human proximal renal tubular epi-
thelial cells [19]. Birnbaum et al. detected that the renal expression levels of IL-1f, IL-6,
and TNF-a were attenuated by Dapagliflozin in an animal model of diabetes-activated
renal inflammation [41].

However, unlike inflammation, which has received as much attention, the effect of
SGLT2i on mitochondrial and morphological dynamics within renal tubular cells is a
question that deserves deeper investigation. Mitochondrial fusion and division have
been shown to be mediated by a variety of kinetic-related GTPases, including Drpl,
Fis1l, Mfn1, and OPA1l. Among them, OPA1 is the main fusion factor that regulates the
mitochondrial fusion process [42—44]. In our previous study, we also found that OPA1
could improve renal IRI by maintaining mitochondrial homeostasis in renal tubular cells
[12]. A previous study conducted by Takagi et al. had similar conclusions to ours. They
confirmed that SGLT2i can improve mitochondrial morphology and restore mitochon-
drial biogenesis-related molecules in mice fed with a high-fat diet (HFD). High glucose
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induced by HED can cause mitochondrial defects, with deficiencies in OPA1 and Mfn2.
SGLT?2i restore mitochondrial biogenesis in high glucose associated with the normali-
zation of OPA1 and Mfn2 levels [45]. Also, as mentioned before, Honda et al. and the
laboratory of Mark E. Cooper found that SGLT2i can promote OPA1 expression [21—
23]. The work of Zhou et al. and Zhang et al. strongly suggested that AMPK may be the
signaling pathway through which SGLT2i affect OPA1 expression. These previous stud-
ies provided the theoretical basis for our experiments and promising reliability for our
conclusions.

However, there were certain limitations to our present study. We have demon-
strated the inflammation-reducing effect of empagliflozin on renal IRI. However, we
only stopped at a microarray analysis of cellular genes and bioinformatics analysis for
the molecular mechanism of how empagliflozin attenuates inflammation in renal IRI.
Therefore, more laboratory data are needed to elucidate the specific mechanisms. We
have demonstrated the promotion of OPA1 expression by empagliflozin under IRI con-
ditions to protect renal cells from injury and enhance mitochondrial fusion in OPA1-
knockdown renal tubular epithelial cells, but more experiments may be required to
further validate the dependence. The same problem exists in the signaling pathway. We
have demonstrated that the AMPK-OPA1 pathway is involved in empagliflozin exerting
a renal IRI protective mechanism. Further experiments are still needed to explore and
confirm the complete signaling pathway of empagliflozin promoting OPA1 expression.
In short, the complete mechanisms of renal IRI protective effects of empagliflozin need
to be further verified and elucidated.

The limitations of this study will guide our future work. In addition to continuing to
elucidate the molecular mechanisms by which Empagliflozin attenuates inflamma-
tion and its dependence on the AMPK-OPAL signaling pathway, we suggest the fol-
lowing aspects be examined, further investigating the renal functions of empagliflozin:
(i) whether Empagliflozin treatment affects posttranslational modifications of AMPK
protein complexes and (ii) whether the degree of AMPK activation differs with differ-
ent SGLT2i drugs [31]. IRI and mitochondrial dynamics are both complex processes and
there may be other possible pathways involved in SGLT2i-mediated renal protection.
Chang et al. and Ndibalema et al. suggested a possible role for SGLT2i in the regulation
of hypoxia-inducible factor 1-a (HIF1a) in renal IRI protection, but the mechanism has
not been clearly elaborated and demonstrated [33, 46]. We should keep an open attitude
toward the investigation of signaling pathways, not limiting ourselves to one pathway or
molecule, and any useful hints are worthy of our investigation. Meanwhile, empagliflo-
zin, as a hypoglycemic agent, is mainly designed for SGLT2. Optimization and redesign
of its structure may have unexpected effects on renal protection.

Conclusions

We have confirmed the important function of empagliflozin in renal IRI damage. Empa-
gliflozin treatment improves renal tubular epithelial cell necrosis under IRI conditions
by reducing inflammation and improving mitochondrial morphology through promot-
ing the AMPK-OPA1 pathway.
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Abbreviations

AMPK Adenosine 5-monophosphate (AMP)-activated protein kinase
Bax Bcl2-Associated X (Bcl-2, B-cell lymphoma-2)

BSA Bovine serum albumin

BUN Blood urea nitrogen

CCK8 Cell counting kit-8

DAPI 4,6-Diamidino-2-phenylindole

DEGs Differentially expressed genes

DGF Delayed graft function

DMEM Dulbecco’s modified Eagle medium
DMSO Dimethyl sulfoxide

Drp1 Dynamin-related protein 1

FBS Fetal calf serum

Fis1 Mitochondrial fission 1 protein

FOXO3 Forkhead box O3

HE Hematoxylin—eosin

HFD High-fat diet

HK-2 Human renal tubular epithelial cell line
HRP Horseradish peroxidase

H/R Hypoxia/reoxygenation

IRI Ischemia-reperfusion injury

KEGG Kyoto Encyclopedia of Genes and Genomes
Mff Mitochondrial fission factor

Mfn1 Mitofusin 1

Mfn2 Mitofusin 2

Mito Tracker Mito-Tracker Red CMXRos
mTOR Mammalian target of rapamycin

NC Negative control

OPA1 Optic atrophy protein 1

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PGC-1a Peroxisome prolilerator-activated receptor y coactivator 1 alpha
Pl Propidium iodide

Scr Serum creatinine

SGLT2i Sodium-glucose cotransporter 2 inhibitor

TOMM20  Mitochondrial import receptor subunit TOM20 homolog
TUNEL Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling
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