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Abstract: Aims: Chronic diabetes complications, including diabetic nephropathy (DN), frequently
result in end-stage renal failure. This study investigated empagliflozin (SGLT2i) effects on collagen
synthesis, oxidative stress, cell survival, and protein expression in an LLC-PK1 model of DN. Methods:
Combinations of high glucose (HG) and increasing empagliflozin concentrations (100 nM and 500 nM),
as well as combinations of HG, H2O2, and empagliflozin, were used for cell culture treatment. The
cell viability, glutathione (tGSH), ECM expression, and TGF-β1 concentration were measured. In
addition, the protein expression of Akt, pAkt, GSK3, pGSK3, pSTAT3, and SMAD7 was determined.
Results: The addition of both concentrations of empagliflozin to cells previously exposed to glucose
and oxidative stress generally improved cell viability and increased GSH levels (p < 0.001, p < 0.05). In
HG30/H2O2/Empa500-treated cells, significant increase in pSTAT3, pGSK3β, GSK3β, SMAD7, and
pAKT levels (p < 0.001, p < 0.001, p < 0.05) was observed except for AKT. Lower drug concentrations
did not affect the protein expression levels. Furthermore, empagliflozin treatment (100 nM and
500 nM) of HG30/H2O2-injured cells led to a decrease in TGF-β1 levels (p < 0.001). In cells exposed
to oxidative stress and hyperglycemia, collagen production remained unchanged. Conclusion:
Renoprotective effects of empagliflozin, in this LLC-PK1 cell model of DN, are mediated via activation
of the Akt/GSK-3 signalling pathway, thus reducing oxidative stress-induced damage, as well as
enhanced SMAD7 expression leading to downregulation of TGF-β1, one of the key mediators of
inflammation and fibrosis.

Keywords: diabetic nephropathy; TGF-β1; empagliflozin; LLC-PK1 cells

1. Introduction

Diabetes mellitus (DM) represents a major public health problem on a global scale.
In 2021, 536.6 million adults between the ages of 20 and 79 had diabetes worldwide, and
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by 2035, 592 million people will suffer from DM [1–5]. Along with an increase in dia-
betes incidence, another clinical issue emerges—the development of chronic micro- and
macrovascular complications. As a frequent complication of DM, diabetic nephropathy
(DN) has become one of the leading causes of chronic kidney disease (CKD) and end-stage
disease worldwide [6]. As a result, 40% of patients eventually require renal replacement
therapy [7]. Oxidative stress, changes in glucose metabolism, and renal hemodynamics
contribute to the development of this microvascular complication [7–9]. The main strategy
of current DN treatment is strict blood pressure and glucose control, though its effective-
ness as a cure is still debatable [10]. Therefore, investigating mechanisms responsible for
the kidney damage caused by high glucose levels [11], as well as the development and
assessment of new therapeutic agents, are necessary for better clinical management of DN.

TGF-β1 is the most significant mediator in the development of diabetic nephropa-
thy [12]. TGF-β1 uses two additional mediators, SMAD2 and SMAD3, for the activation of
biological processes such as the production of extracellular matrix (ECM) [13]. According to
studies, SMAD7 can prevent renal fibrosis and inflammation by preventing the activation
of nuclear factor-kB (NF-kB) and TGF-β1/SMAD signalling pathways [14,15]. On the other
hand, SMAD7 inhibition increases renal fibrosis and inflammation [16], indicating that
SMAD7 may be the most crucial regulator for inflammation and renal fibrosis [17].

Excessive glucose (HG) concentrations could induce collagen synthesis and cell prolif-
eration in cortical fibroblasts and healthy human proximal tubular cells [18]. The polyol
pathway in LLC-PK1 cells [19] might enhance the production of fibronectin in response
to HG, while the hexosamine pathway-mediated glucose flux regulates the development
of ECM by stimulating TGF-β1 [20]. Furthermore, the TGF-β1 receptor induces phos-
phorylation of SMAD transcription factors, which are involved in the regulation of genes
related to cell differentiation, growth arrest, and the transition between the epithelium and
mesenchyme (EMT) [18]. Additionally, TGF-β1 may cause epithelial cells to dedifferentiate
and undergo apoptosis, accelerating the development of diabetic nephropathy [21].

Akt has been identified as a key mediator of insulin function and a core gene required
for sustaining stable glucose homeostasis [22]. A protein known as Glycogen Synthase
Kinase-3β (Gsk-3β), which is found downstream of Akt, is frequently linked to the regu-
lation of mitochondrial function [23]. Akt phosphorylation activates Akt (pAkt), which
can control GSK3β function. Previous research has shown that the preservation of mi-
tochondrial integrity is mediated by Akt’s ability to suppress GSK-3β kinase activity by
facilitating its phosphorylation [23,24].

Hyperglycemia can also lead to the activation of a family of transcription factors
known as signal transducer and transcription activator (STAT), specifically STAT3. Different
signalling molecules could be involved in the activation/inhibition process of the STAT
family. For instance, Sirutin-1 antagonises the transcriptional activity of STAT3, while the
growth hormone causes phosphorylation of JAK, activating STAT5, which in turn induces
PPAR-γ expression [25,26]. In addition, STAT3, predominantly located in the cytosol and
nucleus, can also be found in the mitochondria affecting cellular respiration and the extent
of the cell damage caused by oxidative stress [27].

Sodium-glucose Cotransporter-2 inhibitors (SGLT2i), a novel family of oral hypo-
glycemic drugs, harboured considerable media interest when the results of the empagliflozin
cardiovascular outcome trial in type 2 DM patients (EMPA-REG OUTCOME) were released.
The EMPA-REG OUTCOME trial demonstrated both CV benefits and considerable renal im-
provements [28]. Various studies showed beneficial effects of SGLT2i: reduction in fasting
plasma glucose levels, glycaemic improvement, weight loss, reduction in plasma volume,
glomerular filtration pressure, systemic blood pressure, and renal hypoxia [29]. Numerous
large randomised controlled trials have been conducted over the past five years supporting
these findings and changing the status of SGLT2i from a simple class of oral hypoglycemic
agents to a paradigm-shifting class of medications with renal and cardiovascular benefits
far beyond their antihyperglycemic effects [30].
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The molecular mechanisms underlying the direct protective effects of SGLT2 inhibitors
remain unclear. Prior studies using human proximal tubular cells (HK-2) showed that
SGLT2 inhibition reduced the proinflammatory and fibrotic markers brought on by hyper-
glycemia [31]. According to those in vitro results, SGLT2 inhibitors can be nephroprotective
in diabetic patients by preventing the delivery of glucose to proximal tubular cells [32].
SGLT2 inhibitors have previously been shown to have anti-inflammatory properties in
diabetic animal models [33–35], human studies [36,37], and cell culture models of hyper-
glycemia [31]. In animal studies, SGLT2 inhibitors’ anti-inflammatory effects were linked
to a reduction in glomerular and tubulointerstitial damage [38,39].

This study aimed to investigate the effects of empagliflozin (SGLT2i) on cell viability,
oxidative stress and TGF-β1 levels, collagen synthesis, as well as pSTAT3, pGSK3β, GSK3β,
SMAD7, and pAKT expression in an LLC-PK1 model of diabetic nephropathy.

2. Materials and Methods
2.1. Cell Culture and Treatment Protocol

The team of Prof. Carl Verkoelen, Department of Urology, Erasmus Medical Center,
Rotterdam, The Netherlands, generously donated the LLC-PK1 cell line. The LLC-PK1
cells, which resemble renal proximal tubules, were isolated from the kidney of a healthy
male Hampshire pig. Cells were subcultured in DMEM (Dulbecco’s Modified Eagle’s
Medium) supplemented with 10% fetal bovine serum (FBS/Thermo Fisher Scientific cat.
no. 16000036) 1% penicillin/streptomycin solution in 10 cm dishes and were used for
cell cultivation at 37 ◦C. Cells were exposed to high glucose concentration and oxidative
stress after reaching 80–90% confluence, followed by treatment with glucose at various
concentrations (1.5, 30 mM), then 0.5 mM H2O2, followed by HG30/0.5 mM glucose and
H2O2. Cells were then treated with glucose and a sodium/glucose cotransporter 2 inhibitor
(empagliflozin 10 mg Cat. No. A12440) (30 mM/100 nM, 30 mM/500 nM) and H2O2,
glucose, and empagliflozin (30 mM/0.5 mM/100 nM, 30 mM/0.5 mM/500 nM). The
experiments were performed three times.

2.2. Assessment of Cell Viability

The MTT assay was used to measure cell viability. Using a microplate reader, the
samples’ absorbance was measured at 450 nm in accordance with the manufacturer’s
instructions (iMarkTM Microplate Absorbance Reader; Bio-Rad, Hercules, CA, USA). The
untreated group’s absorbance value was set up as 100%; hence the treatment groups’ values
were displayed as percentage values.

2.3. Assessment of Oxidative Stress

Measurement of total glutathione (tGSH) concentration with spectrophotometric/
microplate assay method was used for evaluation of the oxidative stress of the cells. After
incubation, according to the manufacturer’s protocol (Glutathione Assay Kit, Signa-Aldrich,
Saint Louis, MO, USA, SAD), GSH concentration was determined using a commercially
available colourimetric kit. The response of the reaction was measured using a microplate
reader (iMarkTM Microplate Absorbance Reader) at 412 nm. Results were expressed in
nanomoles per millilitre of sample.

2.4. Measurement of TGF-β1 Levels

Total TGF-β1 was measured using the TGF-β1 Quantikine ELISA kit for Human/
Mouse/Rat/Porcine/Rabbit (Cat. No. DB100B) according to the manufacturer’s instruc-
tions. The cells were plated in 6-well plates on the first day of the experiment at a density
of 1.5 × 105 cells/mL of media and treated in accordance with the previously mentioned
protocol. Cells were scraped on the third day and centrifuged at 140× g for 7 min at 4 ◦C.
The activation procedure was started by adding 1 N HCl in 100 µL of the cell culture
supernatant. By adding 20 µL of 1.2 N NaOH/0.5 M HEPES, the acidified sample was
neutralised and vortexed for no less than 10 s.
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2.5. Measurement of ECM Expression

After treatment, cells were scraped, collected in a Falcon tube, and centrifuged for
7 min at 4 ◦C at 140× g. The pellet (250 µL) was homogenised on ice using a Ban-
delin Sonopuls 2070 ultrasonic homogeniser after being washed with ammonium acetate
(150 mM) (BANDELIN electronic GmbH, Berlin, Germany). The homogenisation was
centrifuged for 15 min at 4 ◦C and 1000× g. 750 µL of 25% saturated (NH4)2SO4 was added
to each tube of the homogenised aqueous solution and incubated at 4 ◦C. Collagen was
isolated the following day after samples were centrifuged at 21,000× g for 40 min at 4 ◦C.
Aliquots of collagen from the culture medium were retained after the pellet was dissolved
in 1 mL of 0.5 M acetic acid (HAc) and the supernatant discarded. A 50 M (69 g/mL) Sirius
Red dye solution in 0.5 M HAc was used to precipitate 100 µL collagen aliquots placed in
2-mL conical tubes, homogenised for 5 s, cycled at 9 and 100% power, and filtered. Samples
were allowed to naturally precipitate for 30 min at room temperature and then centrifuged
for 40 min at a speed of 21,000× g. The pellet was diluted in 1 mL of 0.1 N KOH for 15 min
at room temperature after discarding the supernatant. A wavelength of 490 nm was used
to measure the absorbance.

2.6. Protein Extraction and Western Blot Method

Following treatment, cells were extracted, transferred to a 1.5-mL Eppendorf tube,
and centrifuged at 130× g for 5 min at 4 ◦C. After separation of the supernatant, 600 µL
of homogenisation buffer was added. Cells were homogenised on ice using a Bandelin
Sonopuls 2070 ultrasonic homogeniser. The homogenate was then centrifuged at 1000× g
at 4 ◦C for 15 min. The Bradford protein assay was used to determine the amount of
protein in the supernatant. Samples were read at 595 nm on the iMark microplate reader.
Western blot sample buffer was combined with sample aliquots at a ratio of 1:5 to achieve
a final concentration of 1 mg/mL. Sodium dodecyl sulphate (SDS)-polyacrylamide gel
(12%) electrophoresis using Hoeffer mighty small electrophoresis system (Hoeffer inc. San
Francisco, CA, USA) was utilised for protein separation, which was then transferred to the
polyvinylidene difluoride (PVDF) membranes in TE22 Mighty small transfer tank (Thermo
Fisher Scientific, Waltham, MA, USA). A solution of 3% bovine serum albumin (BSA) in
1× PBS buffer containing 0.1% Tween 20 detergent prevented nonspecific reactions (PBST).
The incubation of the membrane was performed overnight at +4 ◦C in the primary antibody
solution (see Table 1). Membranes were rinsed in PBST solution for 10 min, followed by
incubation with a secondary antibody labelled with biotin (Table 2). Membranes were
washed 3 times in PBST buffer before incubation with the streptavidin–HRP combination.
The streptavidin–HRP complex and secondary antibodies were rinsed in PBST buffer
3 times for 10 min each. Detection of proteins was determined by the chemiluminescent
detection solution Immobilon® Forte Western HRP Substrate (Millipore, Burlington, MA,
USA) with the ChemiDoc™ Imaging system. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as an internal control. Quantitative analysis of protein signals was
performed with ImageJ-Fiji software.

Statistical analyses were performed using one-way ANOVA with post hoc Tukey
HSD; statistically significant were considered all p-values of <0.05. The normality of data
distribution was tested with Shapiro–Wilk test. The homoscedasticity of groups was tested
with the Bartletts F test. In both tests calculated p value was higher than 0.05, indicating the
normality of data distribution and homoscedasticity between groups which is a prerequisite
for ANOVA. Statistical program Statistica 12 (Tibco, Palo Alto, CA, USA) was used for all
analyses.
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Table 1. List of primary antibodies used in the Western blot method.

Antibody
Label

Full Name of the
Antibody

Antibody
Classification

Host
Species

Manufacturer and
Catalog Number

Dilution Used for
Western Blot

Akt anti-protein kinase B IgG monoclonal Mouse
Cell signaling, Danvers,

MA, USA
Cat. No. 2920S

1:1000

pAkt-Ser 473
anti-protein kinase

B-phosphorylated on
serine 473

IgG monoclonal Rabbit
Cell signaling, Danvers,

MA, USA
Cat. No. 9271S

1:1000

GSK3β Anti-glycogen synthase
kinase 3 alpha + beta IgG monoclonal Rabbit

Cell signaling, Danvers,
MA, USA

Cat. No. 5676S
1:1000

pGSK3β

Anti-glycogen synthase
kinase 3-tyrosine

279 phosphorylated
GSK3alpha and tyrosine

216 phosphorylated
GSK3β

IgG polyclonal Rabbit
Thermo Fisher Waltham,

Rockford, IL, USA
Cat. No. OPA1-03083

1:1000

pSTAT3

Anti-signal transducer
and activator of

transcription
3-phosphorylated on

tyrosine 705

IgG monoclonal Rabbit
Cell signaling, Danvers,

MA, USA
Cat. No. 9145S

1:1000

SMAD7 Anti-sterile alpha motif
domain containing 7 IgG polyclonal Rabbit

Sigma-Aldrich, St. Louis,
MO, USA

Cat. No. HPA028897
1:1000

Table 2. List of secondary antibodies and tertiary complex used in Western blot method.

Antibody Label Full Name of the
Antibody

Antibody
Classification

Host
Species

Manufacturer and Catalog
Number

Dilution Used for
Western Blot

αMO-biotin Anti-mouse antibody
labelled with biotin IgG Goat

Jackson immune research, West
Grove, PA, USA

Cat. No. 115-065-071
1:20,000

αRB-HRP Anti-rabbit antibody
labelled with HRP IgG Goat

Jackson immune research, West
Grove, PA, USA

Cat. No. 111-035-144
1:20,000

SA-HRP
Streptavidin

peroxidase polymer,
Ultrasensitive

- - Sigma-Aldrich, St. Louis, MO, USA
Cat. No. S2438 1:1000

3. Results

LLC-PK1 cell line exposed to normoglycemic conditions served as a negative control
(NG; 1.5 mM), whereas experimental groups were treated with high glucose (HG; 30 mM),
H2O2 (0.5 mM), the combination of HG and H2O2 (HG30/H2O2), the combination of HG
and empagliflozin (HG30 mM/100 nM, HG30/500 nM), and combination of HG, H2O2
and Empagliflozin (HG30/H2O2/100 nM, HG30/H2O2/500 nM) for 24 h.

3.1. Empagliflozin Effects on Cell Viability and Oxidative Stress

According to MTT results, the combination of HG30 and H2O2 resulted in a consider-
able loss of cell viability (p < 0.001), whereas the viability difference between cells treated
with HG30 alone and the control was only numerical (Figure 1A). To determine cellular
redox tone, GSH content was measured (see Figure 1B). GSH content was reduced relative
to control in cells treated with HG30 and HG30/H2O2 (p = NS; p < 0.001, respectively).
GSH levels improved after the addition of both doses of empagliflozin in cells treated with
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HG30 (p < 0.05 and p = NS), whereas the addition of empagliflozin to HG30/H2O2 resulted
in an increase in GSH levels (p = NS; p < 0.01, respectively).
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3.2. Empagliflozin Effects on Collagen Synthesis and TGF-β1 Expression

In comparison with the control, exposure to HG30/H2O2 resulted in a modest decrease
in collagen synthesis. When 500 nM empagliflozin was added to HG30/H2O2-treated cells,
a modest increase in collagen synthesis was observed (p = NS), but 100 nM empagliflozin
had no impact. As demonstrated in Figure 2A, 100 nM empagliflozin had no effect, whereas
500 nM empagliflozin significantly increased collagen synthesis in cells treated with HG30
(p < 0.001).
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F(8,79) = 4.337, p = 2.571 × 10−2, and Tukey HSD post hoc test, *** p < 0.001. Values are expressed in
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indicate compound quantity. (B) Effects of empagliflozin on TGF-β1 concentrations in LLC-PK1 cell
line. One-way ANOVA F(7,23) = 14.54, p = 7.47 × 10−6, and Tukey HSD post hoc test; *** p < 0.001.
Values are expressed in picograms per millilitre as mean with standard deviation ± SD. Values below
the x-axis indicate the quantity of compounds.

Treatment with HG30/H2O2 significantly increased TGF-β1 levels (p < 0.001). How-
ever, treatment with HG30 increased TGF-β1 levels, but the difference was not statistically
significant. Following empagliflozin treatment of HG30/H2O2-treated cells, a significant
drop in TGF-1 levels (p < 0.001 for all) was detected, while no change was observed in
HG30-treated cells. Figure 2B.
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3.3. Empagliflozin Effects on the Expression of Akt, pAkt, GSK3, pGSK3, pSTAT3, and SMAD7 in
LLC-PK1 Cells

The protein expression of critical regulators involved in diabetic nephropathy was
investigated further. In comparison with the control group, the level of pSTAT3 pro-
tein in cells treated with HG30 and HG30/H2O2 remained unaltered. Treatment with
HG30/H2O2/Empa500 dramatically elevated STAT3 levels (p < 0.001), as shown in Fig-
ure 3A. In HG30 and HG30/H2O2-treated cells, pGSK3 protein levels were much lower
than in control cells (p < 0.01; p < 0.05). Furthermore, pGSK3 expression was considerably
higher in cells treated with HG30/H2O2/Empa500 versus other groups (p < 0.05; p < 0.001),
as well as in HG30/Empa500-treated cells versus HG30 (p < 0.01) (Figure 3B). GSK3 protein
levels remained unchanged in HG30/H2O2-treated cells compared to controls (Figure 3C).
SMAD7 protein expression was significantly reduced in cells treated with HG30 and
HG30/H2O2 compared with controls. (p < 0.001; p < 0.01). An overexpression of SMAD7
was observed in cells treated with Empa500/HG30/H2O2 versus HG30/H2O2-treated cells
(p < 0.05). Treatment with HG30/Empa100 and 500 had no effect on SMAD7 expression
(Figure 3D). AKT and pAKT expression stayed the same in all compared experimental
groups (Figure 3E,F).
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4. Discussion

Several antihyperglycemic drugs, including the SGLT2 inhibitor empagliflozin, have
beneficial effects on kidney function [40]. SGLT2i has been shown to have anti-inflammatory
properties in diabetic animals [33,34], human studies [36,37], and cell cultures exposed to
hyperglycemic conditions [31]. Empagliflozin’s effects and underlying pathophysiological
mechanisms were examined in vitro utilizing cell cultures such as human tubular cells
(HK2) or mouse tubular epithelial cells. Several studies have demonstrated that inhibiting
SGLT2 reduces the release of proinflammatory or profibrotic mediators caused by HG,
while others have discovered a favourable effect on oxidative stress feedback [31,41–44].
Previous research studying intracellular processes underlying empagliflozin’s protective
mechanisms against HG-mediated damage in HK-2 cells [42] found that empagliflozin had
no negative impact on the viability of PTCs cultivated in HG [45]. According to Smith et al.,
empagliflozin had no cytotoxic, genotoxic, or mitogenic activity [43]. Similarly, increased
cell viability following the addition of empagliflozin to cells exposed to hyperglycemia
was noted in our study. Furthermore, prior studies found that empagliflozin had a modest
effect on oxidative stress reduction in hyperglycemia-provoked cellular damage. In a study
by Baer et al., treatment with empagliflozin did not reduce oxidative stress [45]. Yet, in
our study, both concentrations of empagliflozin augmented GSH levels in cells that had
been exposed to HG30. Furthermore, a significant increase in GSH level was observed
with the addition of 500 nM empagliflozin to cells treated with HG30/H2O2, suggesting
a beneficiary effect of empagliflozin on proximal tubule cells damaged by a combination
of high glucose and oxidative stress. In a recent study, the addition of empagliflozin to
renal proximal tubule cells exposed to hyperglycemia led to a rise in the expression of the
protein HIF-1 (hypoxia-inducible factor-1alpha), a protein responsible for modifying tissue
reaction in a hypoxic environment [46] which could offer one of the possible explanations
for the protective effect of the drug in question.

According to various studies, growth factors and inflammatory cytokines like TGF-
β1 necessary for the development of diabetic kidney injury could be produced by renal
cells [19]. TGF-β1 is regarded as the major culprit responsible for DN because of its fi-
brogenic properties, as shown in a meta-analysis including people with type 2 diabetes
with albuminuria [47]. Moreover, oxidative stress activates NF-кB, which upregulates the
TGF-β1 expression via the P13K/K signalling pathways [48]. The results of our study
are consistent with other research showing that both oxidative stress and hyperglycaemia
markedly increase TGF-β1 levels in damaged cells. The addition of empagliflozin to cells
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cultured in hyperglycaemia and oxidative stress caused a decrease in TGF-β1 levels, imply-
ing that the beneficial effect of empagliflozin was, in part, facilitated by the inhibition of
TGF-β1 in this cell model of diabetic nephropathy. Similarly, in a study by Winiarska A.
et al., a rise in downstream TGF-β1 mediator after exposure to HG was noted, followed by
normalization after empagliflozin treatment [48]. Yet, TGF-β1 levels remained unchanged
when treated with HG only and HG/empagliflozin compared with normoglycemic con-
ditions indicating that a combined high glucose and oxygen free radicals cell injury is
required in this cell model to better mimic diabetic nephropathy.

Hypoxia stimulates collagen formation and TIMP1 expression and inhibits MMP2
activity (accumulation of ECM) [48,49]. Furthermore, H2O2 may induce ECM expression
directly or indirectly by stimulating the TGF-β1 system [50]. However, the treatment with
empagliflozin had a minimal and statistically insignificant effect on collagen production
in cells treated with HG and HG/H2O2. Furthermore, the treatment with empagliflozin
had no effect on collagen production in cells treated with HG and HG/H2O2. Thus, we
can conclude that neither cell damage-inducing factors nor empagliflozin had a significant
effect on collagen synthesis in this experimental cell culture model.

Results regarding the expression of pSTAT3 were somewhat unexpected. In contrast to
all other groups, treatment with HG30, H2O2, or Empa500 significantly increased pSTAT3
levels, indicating that oxidative stress, high blood glucose levels, and empagliflozin treat-
ment all contribute to activation of the leptin signalling pathway, which in turn blocks part
of the insulin pathway. It seems that oxidative and osmotic stress in combination with
empagliflozin could negatively affect cell metabolism causing a disturbance of insulin and
leptin signalling pathways. Conversely, the study by Liu et al. reported that the glomeruli
of db/db mice have greater acetylation and phosphorylation of p65 and STAT3 than those
of db/m animals [51]. Engineering knockout of sirtuin-1 in podocytes, a known antagonist
of STAT3, increased acetylation of p65 and STAT3, making the mice more responsive to
DN [52], emphasizing the detrimental effects of activated STAT3 on the occurrence of DN.

The lack of differences in AKT levels among experimental groups suggests that base-
line AKT levels were not affected by the treatment. Then again, HG30/H2O2/Empa500
treatment significantly increased AKT phosphorylation compared with the HG30/Empa500-
treated group, indicating that empagliflozin treatment increases the endogenous activity
of the insulin signalling pathway in the case of oxidative stress, thus increasing cell sur-
vival. Insulin pathway activity was not affected by the treatment with HG30 and both
concentrations of empagliflozin compared with the control group, suggesting that the drug
does not trigger the insulin activation cascade on its own but only when the oxidative
injury is present. On the other hand, in an RPTCs model of DN, amplified expression of
constitutively active Akt revoked HG-induced cell death driven by p38 MAPK phospho-
rylation [53]. We could hypothesise that empagliflozin exerts a protective effect via the
insulin signalling pathway when renal tubule cells are exposed to a significant number of
oxygen-free radicals in this cellular model of DN.

Similar results were obtained for GSK3β levels; significantly higher levels were
observed in cells treated with HG30/H2O2/Empa500 than in cells treated with HG30,
HG30/Empa100, and HG30/Empa500, demonstrating that the interplay of oxidative stress
and hyperglycaemia enhances lower insulin pathway activity and alters glycogen syn-
thase kinase activity in tubule cells [54]. There was no difference between the control
group, HG, HG/Empa100, and 500-treated cells, suggesting that glucose alone is not able
to provoke changes in GSK3β expression, as was the case with pAkt expression. There-
fore, it seems that in this particular cell culture environment, glucose alone is not able to
stimulate the expression of pAkt and consequently GSK3β, but an exogenous stimulus
is required. Moreover, a significant decline in pGSK3β protein level was noted in HG30
and HG30/H2O2-treated cells compared with control, while increased expression was
detected in cells treated with HG30/H2O2/Empa500 compared with all groups. This is
in agreement with the results obtained in the human cardiomyocyte cell culture model
(H9c2). After exposure to H2O2 and antioxidant isosteviol sodium (STVN), p-GSK-3β
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levels increased, whereas the addition of LY294002, an inhibitor of Akt activity, eliminated
beneficial effects of STVNa by inhibiting an increase in pAkt and p-GSK-3β [24]. Hence, ac-
tivation of Akt/GSK-3β signalling cascade in the presence of HG, oxidative stress, and high
concentrations of empagliflozin could provide protection against mitochondrial-facilitated
cell apoptosis.

The absence of Smad7, a known inhibitor of TGF-b/Smad signalling and NF-kB acti-
vation, might precede NF-kB-mediated inflammation and TGF-b/Smad-driven fibrosis in
renal damage [12,13]. The protective effect of Smad7 in diabetic kidney injury makes its
overexpression a promising therapeutic target for diabetic nephropathy [55]. In our study,
SMAD7 protein expression was decreased in cells treated with HG and HG/H2O2 com-
pared with the control. Following treatment with higher concentrations of empagliflozin,
a significant rise in SMAD7 protein expression was observed. Conversely, in an animal
model study, empagliflozin reduced the ratios of p-Smad2/Smad2 and p-Smad3/Smad3, en-
hanced the effect of Smad7, and downregulated the production of TGF-β1 in DM mice [56].
These results support a protective effect mediated by empagliflozin that is caused by an
increase in SMAD7 protein expression.

However, one additional question arises, whether the revealed effects of empagliflozin
in this model of diabetic nephropathy are a consequence of the described effect in vivo,
which is blocking the entry of glucose into the proximal epithelial cells through inhibition
of the SGLT2 receptor or result from the interaction of empagliflozin with some other target
molecules. Based on previously published results confirming the presence of SGLT2 renal
transporters in LLC-PK1 cells, we can conclude that results obtained in this study are, in
fact, mediated in part by a decrease in the intracellular glucose concentration [57,58]. Still,
the most dramatic differences were found when comparing LLC-PK1 exposed to 30 mM
glucose and H2O2 with those additionally exposed to empagliflozin; thus, we can only
hypothesise that the empagliflozin directly affects the found activation of the Akt/GSK-3β,
STAT3, and SMAD7 signalling pathways through an unknown molecular target which is
not mediated by a decrease in intracellular glucose.

In conclusion, to mimic diabetic nephropathy in a more reliable manner in the LLC-
PK1 cell model, a combined injury by high glucose concentrations as well as oxidative
stress is required. The addition of empagliflozin to this combination of cell-damaging
agents improved tubule cell viability by reducing oxidative stress via activation of the
Akt/GSK-3β signalling pathway. Moreover, treatment with empagliflozin augmented the
expression of SMAD7, possibly leading to the downregulation of TGF-β1, one of the key
mediators of inflammation and fibrosis in diabetic nephropathy.

The main limitation of our study is the lack of in vivo experiments, and further
research in vitro and in vivo is needed to fully understand the complex pathophysiological
mechanisms underlying drug effects under conditions of hyperglycaemia and oxidative
stress in kidney tubular cells. Although the cellular model may not be entirely consistent
with the results that could be obtained in animal studies, they undoubtedly provide
guidance and valuable clues for future in vivo research and clinical trials.
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