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Abstract: Background: Recently published research demonstrated direct renoprotective effects of
the glucagon-like peptide-1 receptor agonist GLP 1 RA, but the relevant molecular mechanisms are
still not clear. The aim of this research was to assess the effects of Liraglutide in a cell culture model
of diabetic nephropathy on cell viability, antioxidant (GSH) and transforming growth factor beta 1
(TGF- β1) levels and extracellular matrix (ECM) expression. The metabolic activity in hyperglycemic
conditions and the effect of Liraglutide treatment were assessed by measuring Akt, pAkt, GSK3β,
pGSK3β, pSTAT3, SOCS3, iNOS and NOX4 protein expression with Western blot. F actin distribution
was used to assess the structural changes of the cells upon treatment. Materials and methods: The
cells were exposed to high glucose (HG30 mM) followed by 0.5 mM H2O2 and a combination of
glucose and H2O2 during 24 h. Subsequently, the cells were treated with different combinations of
HG30, H2O2 and Liraglutide. Cell viability was determined by an MTT colorimetric test, and the GSH,
TGF-β1 concentration and ECM expression were measured using a spectrophotometric/microplate
reader assay and an ELISA kit, respectively. Western blotting was used to detect the protein level
of Akt, pAkt, GSK3β, pGSK3β, pSTAT3, SOCS3, iNOS and NOX4. The F-actin cytoskeleton was
visualized with Phalloidin stain and subsequently quantified. Results: Cell viability was decreased as
well as GSH levels in cells treated with a combination of HG30/H2O2, and HG30 alone (p < 0.001). The
addition of Liraglutide improved the viability in cells treated with HG30, but it did not affect the cell
viability in the cell treated with the addition of H2O2. GSH increased with the addition of Liraglutide
in HG30/H2O2 (p < 0.001) treated cells, with no effect in cells treated only with HG30. TGF-β1
levels (p < 0.001) were significantly increased in HG30 and HG30/H2O2. The addition of Liraglutide
significantly decreased the TGF-β1 levels (p < 0.01; p < 0.05) in all treated cells. The synthesis of
collagen was significantly increased in HG30/H2O2 (p < 0.001), while the addition of Liraglutide
in HG30/H2O2 significantly decreased collagen (p < 0.001). Akt signaling was not significantly
affected by treatment. The GSK3b and NOX4 levels were significantly reduced (p < 0.01) after the
peroxide and glucose treatment, with the observable restoration upon the addition of Liraglutide
suggesting an important role of Liraglutide in oxidative status regulation and mitochondrial activity.
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The treatment with Liraglutide significantly upregulated STAT3 (p < 0.01) activity, with no change in
SOCS3 indicating a selective regulation of the STAT 3 signaling pathway in glucose and the oxidative
overloaded environment. A significant reduction in the distribution of F-actin was observed in
cells treated with HG30/H2O2 (p < 0.01). The addition of Liraglutide to HG30-treated cells led
to a significant decrease of distribution of F-actin (p < 0.001). Conclusion: The protective effect of
Liraglutide is mediated through the inhibition of TGF beta, but this effect is dependent on the extent
of cellular damage and the type of toxic environment. Based on the WB analysis we have revealed
the signaling pathways involved in cytoprotective and cytotoxic effects of the drug itself, and further
molecular studies in vitro and vivo are required to elucidate the complexity of the pathophysiological
mechanisms of Liraglutide under conditions of hyperglycemia and oxidative stress.

Keywords: diabetic nephropathy; TGF- beta 1; Liraglutide; LLC-PK1 cells

1. Introduction

Diabetic nephropathy (DN) is a severe chronic complication of diabetes mellitus type
I and II (T1DM and T2DM). DN is the most common cause of renal failure, dialysis and
transplantation around the world [1]. Studies have shown that diabetic kidney disease
(DKD) can lead to end-stage renal disease in 30–40% of DM patients [2], emphasizing the
importance of DKD prevention and the development of new therapeutic options targeting
not only glycemic control, but also the pathophysiological processes involved in the onset
and progression of chronic complications.

Recently published cardiovascular outcome trials (CVOT) revealed that long acting
GLP-1 RAs have significant renoprotective effects which could not be attributed only to the
glucose-lowering effects of drugs primarily affecting the glomerular damage pathways [3].
There are several different mechanisms that could be responsible for this beneficial effects
of GLP-1 RA. One is the reduction of renal oxidative stress including different molecular
pathways, such as the inhibition of NAD(P)H through increased cAMP and PKA production
or reducing the activation of TGF-β1 and the connective tissue growth factor (CTGF)
accountable for the proliferation of mesangial cells and the extracellular matrix of glomeruli
demonstrated in in vitro and in vivo models [4,5].

However, a major role of tubular damage in DN is also recognized, along with the
traditionally known glomerular injury. Yin W et al. showed that GLP-1 RAs reduced
albuminuria and ameliorated kidney tubules and tubulointerstitial lesions in a model with
diabetic nephropathy rats [6]. Additionally, C-peptide, which was found to inhibit tubu-
lointerstitial fibrosis [7], was increased by GLP-1 Ras, suggesting a potential mechanism of
improving tubulointerstitial and tubular injury in GK rats with diabetic nephropathy [6].

The exposure of human proximal tubular cells and cortical fibroblasts to high glucose
(HG) concentrations can directly induce cell growth and collagen synthesis, detached
of glomerular, hemodynamic or vascular pathology [8]. Some studies have shown that
fibronectin generation in response to HG is mediated by the polyol pathway in LLC-
PK1 cells [9] and that the flux of glucose in the hexosamine pathway mediates ECM
production via the stimulation of TGF-β [10]. Likewise, it promotes oxidative stress
and leads, through the P13/Akt (Protein kinase B) pathway, to tubular dysfunction. In
addition, the TGF-β receptor acts through the phosphorylation of Smad transcription
factors, involved in gene regulation associated with cell differentiation, growth arrest and
the epithelial–mesenchymal transition (EMT) [8]. Moreover, TGF-β can induce apoptosis
and de-differentiation in epithelial cells and many other different cellular effects, which
may promote the progression of diabetic nephropathy [11]. TGF-β’s involvement in the
signaling pathways of tubular damage, cell apoptosis and oxidative stress, as well as
diabetic nephropathy, may be one of the key mediators of GLP -1 RA renoprotective
actions [12].
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Akt is a significant mediator of insulin activity and has been established as a fun-
damental gene necessary for maintaining regular glucose homeostasis [13]. Glycogen
synthase kinase-3β (Gsk-3β), a protein downstream of Akt, is broadly associated with the
control of mitochondrial functions [14]. Akt is activated by phosphorylation and activated
Akt (p-Akt) can conversely control GSK3β. Akt can directly phosphorylate GSK-3β at Ser9,
negatively controlling its kinase activity, while the active form of GSK-3β may phospho-
rylate VDAC1 on threonine 51, leading to reduced HK-II binding to mitochondria. The
inactivation of GSK-3β by Akt thereby preserves the integrity of mitochondria [14,15].

The signal transducer and transcription activator (STAT) is a family of transcription
factors activated by tyrosine phosphorylation via Janus kinases (JAKs) [16]. The members
of the STAT family are involved in a number of cell differentiation processes and regulate
tissue-specific gene expression [17]. Transcription factors such as the signal transducer and
activator of transcription 3 (STAT3) are activated under diabetic conditions [18]. Although
STAT3 is mainly prevalent in the cytosol and nucleus, there is growing evidence that it can
also be found in mitochondria where it affects cellular respiration [19].

The Janus kinase/signal transducers and activators of the transcription (JAK/STAT)
pathway are involved in the progression of DN and are negatively conducted by the
suppressors of cytokine signaling (SOCS) proteins. Between the various mechanisms
related to JAK/STAT negative regulation, the family of suppressors of cytokine signaling
(SOCS) proteins has been suggested as a new goal for a therapeutic approach of DN in
humans by regulating the JAK/STAT signaling pathway [20].

NADPH oxidases of the Nox family are the main source of ROS in the diabetic kidney
and are crucial mediators of redox signaling in glomerular and tubulointerstitial cells in a
diabetic environment. Nicotinamide adenine dinucleotide phosphate oxidase (NOX) is a
membrane-bound enzyme responsible for the development of ROS in hyperglycemia. The
overexpression of NOX in pathological cases has been linked with the stimulation of aldose
reductase, advanced glycosylation products, the hexosamine pathway, protein kinase C
and the progression of diabetic injury [21,22].

NOS protein iNOS can be found in different cell types, for example in macrophages,
vascular smooth muscle cells and glomerular mesangial cells, producing huge amounts of
NO stirred by endotoxins and cytokines. The stimulation of iNOS due to hyperglycemia
may lead to the enhanced production of NO, which in turn promotes diabetic hyperfiltration
and glomerular aberrations in diabetes [23].

The aim of this study was to investigate the effect of GLP-1 RA Liraglutide on cell
viability, oxidative stress and TGF- β levels, in a model of diabetic nephropathy in LLC-PK1
cells. The protein expressions of Akt, pAkt, GSK3β, pGSK3β, pSTAT3, SOCS3, iNOS
and NOX4 were also analyzed in order to assess the Liraglutide effects under glucose
overload and ROS (reactive oxygen species) stress, given their role in the leptin and insulin
signaling pathways, forming a complex network that keeps cells in homeostasis under
physiological conditions.

2. Materials and Methods
2.1. Cell Culture and Treatment

The LLC-PK1 cell line was isolated from a kidney of a healthy, male, Hampshire
pig and shows the characteristics of proximal kidney tubules (a gift from Professor Carl
Verkoelen’s laboratory at the Urology Clinic of Erasmus Medical Center in Rotterdam, The
Netherlands). LLC-PK1 cells were sub-cultivated in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS/Thermo Fisher Scientific Cat.
No. 16000036) and an antibiotic solution (penicillin /streptomycin/Thermo Fisher Scientific
Inc., Waltham, MA, USA) at 37 ◦C. When the cells reached an 80–90% confluence, they were
exposed to pathophysiological mediators that mimic DN: high glucose and oxidative stress.
At first, the cells were treated with high glucose (D-(+)-Glukoza, bezvodna, pro analysi,
Kemika) at different concentrations (1.5, 30 mM), followed by 0.5 mM H2O2 (Grammol,
Zagreb, Croatia, Cat. No. 7722-84-1), and at last with a combination of glucose and H2O2
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(HG30/0.5 mM) for 24 h. Subsequently, the cells were treated with different combinations
of glucose and GLP-1 receptor analogue Liraglutide (HG 30 mM/10 nM, HG30/20 nM) and
combinations of glucose, H2O2 and Liraglutide (HG30/H2O2/10 nM, HG30/H2O2/20 nM).
The cells treated with HG30 and HG30/H2O2 were compared to control cells; in the second
group, the cells treated with HG30 were compared to cells treated with HG30/Lira10 and
HG30/Lira20. In the third group, the cells treated with HG30/H2O2 were compared to
cells treated with HG30/H2O2/Lira10 and HG30/H2O2/Lira20. The experiments were
made in triplicates.

2.2. Assessment of Cell Viability

The extent of the damage in the DN proximal tubule and the effect of the drug on
cell viability were determined by an MTT colorimetric test. The absorption of each sample
was measured at 450 nm on a microplate reader (iMarkTM Microplate Absorbance Reader;
Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol. The absorbance
value from the control group was set as 100%, and the values from the treatment groups
were expressed as a percentage of control.

2.3. Assesment of the Oxidative Stress

The oxidative stress of the cells was evaluated by measuring the total glutathione
(tGSH) concentration using a spectrophotometric/microplate reader assay method. After
incubation, the GSH concentration was determined using a commercially available colori-
metric kit according to the manufacturer’s protocol (Glutathione Assay Kit, Signa-Aldrich,
Saint Louis, MO, USA). The response was measured with a microplate reader (iMarkTM
Microplate Absorbance Reader) at 412 nm. The results were shown in nanomoles per
milliliter of sample.

2.4. Measurement of TGF-β Levels in an In Vitro Mimic Model of DN in Proximal Tubule Cells

The total TGF-β1 was measured using a Human/Mouse/Rat/Porcine/Canine TGF-
beta 1 Quantikine ELISA Kit (Cat No. DB100B) according to the manufacturer’s instructions.
On the first day of the experiment, the cells were plated at a density of 1.5 × 105 cells/mL of
medium in 6-well plates and treated with different compounds according to the aforemen-
tioned protocol. On the third day, the cells were scraped and detached from the cultured
dish surface and centrifuged at 140× g for 7 min at 4 ◦C. First, we conducted the sample
activation procedure. We added 1 N HCL to 100 uL of cell supernatant and mixed well.
This was followed by an incubation at room temperature for 10 min. The acidified sample
was then neutralized by adding 20 uL of 1.2 N NaOH/0.5 M HEPES, vortexed for a mini-
mum of 10 s, and an immunoassay procedure was immediately started according to the
manufacturer’s instructions.

2.5. Measurement of ECM Expression in an In Vitro Mimic Model of DN in Proximal Tubule Cells

LLC-PK1 cells were plated on a 75 cm2 Petri dish, grown to 80–90% confluency and
treated with different compounds according to the aforementioned protocol. The cells
were scraped and detached from the cultured dish surface, transferred to a Falcon tube
and centrifuged at 140× g for 7 min at 4 ◦C. The supernatant was discarded, and the pellet
(250 uL) was washed with Ammonii acetate (150 mM) and homogenized on ice with an
ultrasonic homogenizer Bandelin Sonopuls 2070 (BANDELIN electronic GmbH & Co. KG,
Berlin, Germany). The homogenate was centrifuged for 15 min at 1000× g at 4 ◦C. In each
tube of homogenized aqueous solution, 750 uL of 25% saturated (NH4)2SO4 was added
and incubated overnight at 4 ◦C under constant agitation. On the next day, the samples
were centrifuged at 21,000× g 40 min at 4 ◦C, and collagen was isolated. The supernatant
was discarded, and the pellet was solubilized in 1mL of 0.5 M HAc (acetic acid), leaving
aliquots of collagen from the culture medium. We transferred 100 uL of collagen aliquots to
2 mL conic tubes, homogenized for 5 s, with a cycle set at 9 and 100% of the power, and
precipitated with a 1 mL of 50 uM (69 ug/mL) dye Sirius Red (Sigma-Aldrich Chemical Co.,
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Saint Louis, MO, USA) solution in 0.5 M acetic acid. The samples were vortexed, incubated
for 30 min at room temperature to achieve spontaneous precipitation and then centrifuged
for 40 min at 21,000× g. The supernatant was disposed of, and the pellet was diluted in
1 mL 0.1 N KOH for 15 min at room temperature. The absorbance was measured at a
wavelength of 490 nm.

2.6. Protein Extraction and Western Blot Method in the In Vitro Mimic Model of DN in Proximal
Tubule Cells

After differentiation in a 75 cm2 Petri dish and a growth to a 80–90% confluency, the
cells were harvested, transferred to a 1.5 mL Eppendorf tube and pelleted in a centrifuge
at 130× g for 5 min at 4 ◦C. The supernatant was separated, followed by the addition of
600 µL of a homogenization buffer. The cells were homogenized on ice with an ultrasonic
homogenizer Bandelin Sonopuls 2070 (BANDELIN electronic GmbH & Co. KG, Berlin,
Germany), and the homogenate was centrifuged for 15 min at 1000× g at 4 ◦C. The
pellet was discarded, and the supernatant was used in further analyses. The supernatant
protein content was measured using a Bradford protein assay. Technical triplicates of
the cell homogenate sample were pipetted, and 1 µL of the standard sample and 250 µL
of Bradford reagent were pipetted to each well. The samples were incubated at room
temperature for 15 min and read at the iMark microplate reader (Bio-rad, Hercules, CA,
USA) at 595 nm. A dilution of sample aliquots to 1 mg/mL was achieved with a 1× PBS
buffer and mixed with a Western blot sample buffer in a 1:5 ratio. The aliquots were heated
up to 100 ◦C for 5 min and stored at 4 ◦C. The prepared proteins were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel (12%) electrophoresis in a Hoeffer mighty small
electrophoresis system (Hoeffer Inc. San Francisco, CA, USA) with a continuous current of
15 mA per gel. The separated proteins were transferred to polyvinylidene difluoride (PVDF)
membranes in a TE22 Mighty small transfer tank (Thermo Fisher Scientific, Waltham, MA,
USA). Nonspecific reactions were blocked by a solution of 3% bovine serum albumin
(BSA) in a 1× PBS buffer with 0.1% Tween 20 detergent (PBST). The membrane was
then incubated in the primary antibody solution overnight on a shaker at +4 ◦C in the
dilutions shown in Table 1. The membranes were washed for 10 min 3 times in a PBST
buffer and incubated in a biotin-labeled secondary antibody for 2 h at room temperature
(Table 1). The membranes were washed again in a PBST buffer (3 × 10 min) and incubated
in a streptavidin-HRP complex for 1 h at room temperature. The washing of secondary
antibodies and the streptavidin-HRP complex was carried out 3 times for 10 min in the
PBST buffer. Specific proteins were detected using a chemiluminescent detection solution
Immobilon ® Forte Western HRP Substrate (Millipore, Burlington, MA, USA) using the
ChemiDoc™ Imaging system. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as an internal control. ImageJ-Fiji software was used to quantitatively analyze the
signals of the investigated proteins.

Table 1. List of primary antibodies, secondary antibodies and tertiary complex used for 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
1:2000

pAkt

Anti-protein
kinase B—

phosphorylated on
serine 473

IgG monoclonal Rabbit
Cell signaling,

Danvers, MA, USA
Cat. No. 9271S

1:2000
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Table 1. Cont.

Antibody Label Full Name of the
Antibody

Antibody
Classification Host Species Manufacturer and

Catalog Number
Dilution Used for

Western Blot

GSK3 β

Anti-glycogen
synthase kinase 3

alpha + beta
IgG monoclonal Rabbit

Cell signaling,
Danvers, MA, USA

Cat. No. 5676S
1:2000

pGSK3 β

Anti-GSK3 beta—
phosphorylated on

tyrosine 216 +
GSK3 alpha—

phosphorylated on
tyrosine 279

IgG polyclonal Rabbit
Abcam,

Cambridge, UK
Cat. No. ab75745

1:2000

SOCS3
Anti-suppressor of

cytokine
signaling-3

IgG Mouse
Abcam,

Cambridge, UK
Cat. No. ab14939

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

1:2000

NOX4 Anti-NADPH
oxidase 4 IgG Goat

Santa Cruz
Biotechnology,

Dallas, TX, USA
Cat. No. 21860

1:1000

iNOS
Anti-inducible

nitric oxide
synthase

IgG Rabbit

Novus Biologicals,
Littleton, CO, USA

Cat. No.
NB300-605

1:1000

αGO-biotin Anti-goat antibody
labeled with biotin IgG Donkey

Abcam,
Cambridge, UK
Cat. No. ab6884

1:20,000

αMO-biotin
Anti-mouse

antibody labeled
with biotin

IgG Goat

Jackson
Immunoresearch,
West Grove, PA,

USA
Cat. No.

115-065-071

1:20,000

αRB-HRP
Anti-rabbit

antibody labeled
with HRP

IgG Goat

Jackson
Immunoresearch,
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
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2.7. Measurement of Treatment Effectiveness the and Influence on Cell Morphology by Visualizing
the F-Actin Cytoskelet with Phalloidin Stain

The cells were maintained and treated according to the previously described protocol.
Cell morphology (F-actin cytoskeleton) was visualized with Phalloidin stain (Rhodamine
Phalloidin Reagent (ab235138)) according to the manufacturer’s instructions and imaged
using an inverted microscope (Axioscop 2 Mot Microscope, Carl Zeiss, Göttingen Germany).

LLC-PK1 cells were grown on glass cover-slips inside a Petri dish to reach a 80–90%
confluency and treated according to the previously described protocol. LLC-PK1 cell
morphology (F-actin cytoskeleton) was visualized using Phalloidin stain (Rhodamine
Phalloidin Reagent (ab235138)) as follows: on the third day, the cell culture medium was
aspirated carefully, avoiding cell detachment from the plate surface. The cells were then
fixed in 2% formaldehyde (2.5 mL per each well) at 4 ◦C for 30 min. 0.1% Triton X-100 in
PBS 1× was added into the fixed cells for 5 min at room temperature to the permeabilized
membrane. The cells were washed 3 times every 10 min in PBS 1×. A conjugate working
solution, 250 µL of 1× Phalloidin, was added to each well of fixed cells. The cells were
incubated in the dark, at room temperature, for 60 min. The nuclei were counterstained
using DAPI (1 µg/mL in methanol). Subsequently, the cells were rinsed 2–3 times with
PBS 1× and imaged using an inverted microscope (Axioscop 2 Mot Microscope, Carl Zeiss,
Göttingen Germany). Cell images were obtained by using a 40× objective adjusted against
negative stain control with mounted and without the post-acquisition enhancement of
images. Total and immunopositive nuclei were counted in the ImageJ software using
QuantIF ImageJ macro. https://www.mdpi.com/1999-4915/11/2/165/htm (accessed on 8
May 2021).

The statistical analyses were performed using a One-way ANOVA with Post-hoc
Tukey HSD; p-values of < 0.05 were considered statistically significant. The normality of
data distribution was tested with a Shapiro–Wilk test. The homoscedasticity of the groups
was tested with Bartletts F test. In both tests, the calculated p value was higher than 0.05,
indicating the normality of the data distribution and the homoscedasticity between groups,
which is a prerequisite for the ANOVA. The statistical program Statistica 12 (Tibco, Palo
Alto, CA, USA) was applied to all of these experiments.

3. Results

In our study, an LLC-PK1 cell line cultured in normal glucose served as a negative
control (NG; 1.5 Mm) , while experimental groups were treated with high glucose (HG;
30 mM), H2O2 (0.5 mM), a combination of glucose and H2O2 (HG30/H2O2), a combination
of glucose and Liraglutide (HG 30 mM/10 nM, HG30/20 nM) and a combination of glucose,
H2O2 and Liraglutide (HG30/H2O2/10 nM, HG30/H2O2/20 nM) for 24 h.

3.1. Cell Viability in the LLC-PK1 Cell Line

In the cells grown in hyperglycemia, induced cytotoxicity was observed as the cell
viability was decreased. Cells treated with a combination of HG30/H2O2, and HG30 alone
had a significant decrease in MTT levels compared with controls (p < 0.001). Cell viability
was improved with the addition of Liraglutide 10 nM to cells treated with HG30, while
20 nM had no effect. However, cell viability was significantly decreased in all experimental
groups treated with H2O2 regardless of Liraglutide addition, as shown in Figure 1.

https://www.mdpi.com/1999-4915/11/2/165/htm
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Figure 1. Cell viability assessed by an MTT assay in the experimental LLC-PK1-treated cell lines
(control vs. HG30 and HG30/H2O2; HG30 vs. HG30/Lira10 and HG30/Lira20; HG30/H2O2 vs.
HG30/H2O2/Lira10 and HG30/H2O2/Lira20). MTT measurements were done by spectrophotometry
at 595 nm. One-way ANOVA F(8,44) = 67.66, p = 9.26 × 10

−19 with Tukey HSD post hoc test; ** p < 0.01
*** p < 0.001. The data are shown as the means ± SD (standard deviation) from three independent
biological replicates. Values underneath the x axis represent the amount of compound added in the
experiment, and 0 represents that the compound was not added. MTT assay, pig proximal tubule cell
line (LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

3.2. Measurement of Cellular Glutathione (GSH) Concentration in the LLC-PK1 Cell Line

GSH levels were measured in the LLC-PK1-treated cell cultures and the control group
as shown in Figure 2. There was a significant decrease in GSH levels in cells treated with
HG30 and HG30/H2O2 compared to the untreated controls (p < 0.001), as expected. A
significant increase of GSH was observed with the addition of Liraglutide 10 and 20 nM in
cells treated with HG30/H2O2 (p < 0.01). However, the addition of Liraglutide (both 10
and 20 nM) to HG30 revealed that the cells had no effect on the GSH levels.
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Figure 2. GSH levels in the experimental LLC-PK1-treated cell lines (control vs. HG30 and
HG30/H2O2; HG30 vs. HG30/Lira10 and HG30/Lira20; HG30/H2O2 vs. HG30/H2O2/Lira10
and HG30/H2O2/Lira20). GSH measurements were done by spectrophotometry at 415 nm. One-
way ANOVA F(16,70) = 43.68, p = 4.137 × 10

−25 with Tukey HSD post hoc test; The values are represented
in micromole per milliliter as average. Bars assigned with asterisks are statistically significantly
different * p < 0.05, ** p < 0.01 *** p < 0.001. Values underneath the x axis represent the amount of
compound added in the experiment, and 0 represents that the compound was not added. The data
are shown as the means ± SD (standard deviation) from three independent biological replicates.
Cellular glutathione (GSH), pig proximal tubule cell line (LLC-PK1), HG (1.5 mM, 30 mM), H2O2

(0.5 mM), Liraglutide (10 nM, 20 nM).

3.3. Effects of Glucose, H2O2 and Liraglutide on TGF-β1 Levels

TGF-β1 levels were significantly increased in HG30- and HG30/H2O2-treated cells
compared to the untreated controls (p < 0.001). The addition of Liraglutide in both concen-
trations significantly decreased TGF-β1 levels in both HG30- (p < 0.01) and HG30/H2O2-
treated (p < 0.05) cells. The results are shown in Figure 3.
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Figure 3. Levels of TGF-β concentrations in the experimental LLCPK1-treated cell lines (con-
trol vs. HG30 and HG30/H2O2; HG30 vs. HG30/Lira10 and HG30/Lira20; HG30/H2O2 vs.
HG30/H2O2/Lira10 and HG30/H2O2/Lira20). TGF-β measurements were done by spectrophotom-
etry at 450 nm. One-way ANOVA F(7,23) = 14.54, p = 7.47 × 10

−6 with Tukey HSD post hoc test; * p < 0.05,
** p < 0.01, *** p < 0.001. The values are represented in picogram per milliliter as average. Values
underneath the x axis represent the amount of compound added in the experiment, and 0 represents
that the compound was not added. The data are shown as the means ± SD (standard deviation) from
three independent biological replicates. TGF-β Elisa, pig proximal tubule cell line (LLC-PK1), HG
(1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

3.4. Measurement of ECM Expression in a Cell Culture Model of Diabetic Nephropathy

The synthesis of collagen was significantly increased in HG30/H2O2-treated (p < 0.001)
cells when compared to controls, while the addition of Liraglutide in both concentra-
tions (10 nM and 20 nM) significantly decreased the collagen concentrations compared
to HG30/H2O2-treated cells (p < 0.001 for all). The treatment with HG30 did not change
the synthesis of collagen compared to controls. The addition of Liraglutide 20 nM in cells
treated with HG30 only significantly increased the collagen synthesis compared to cells
treated with HG30 only (p < 0.01), while the same effect was observed with the addition of
10 nM of Liraglutide. However, the difference was not statistically significant, as shown in
Figure 4.
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Figure 4. Levels of collagen synthesis in the experimental LLC-PK1-treated cell lines (control vs. HG30
and HG30/H2O2; HG30 vs. HG30/Lira10 and HG30/Lira20; HG30/H2O2 vs. HG30/H2O2/Lira10
and HG30/H2O2/Lira20). ECM measurements were done by spectrophotometry at 595 nm. One-
way ANOVA F(9,26) = 49.73, p = 1.6 × 10

−6 with Tukey HSD post hoc test; ** p < 0.01, *** p < 0.001. The
values are represented in microgram ECM per total protein as average. Values underneath the x axis
represent the amount of compound added in the experiment, and 0 represents that the compound
was not added. The data are shown as the means ± SD (standard deviation) from three independent
biological replicates. ECM measurement, pig proximal tubule cell line (LLC-PK1), HG (1.5 mM,
30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

3.5. Protein Extraction and Western Blot Method in a Cell Culture Model of Diabetic Nephropathy

The effects of glucose at different concentrations (1.5, 30 mM) and the combinations of
glucose and H2O2 (30/0.5 mM), of glucose and Liraglutide (30 mM/10 nM, 30/20 nM) and
of glucose, H2O2 and Liraglutide (30/0.5 mM/10 nM, 30/0.5 mM/20 nM) on the protein
expression were examined using a Western blot analysis.

A significant decrease of AKT levels compared to controls was observed in HG30/H2O2-
treated cells (p < 0.05). The addition of Liraglutide 10 nM and 20 nM caused an increase in
the AKT protein levels relative to HG30/H202-treated cells (p = NS), as shown in Figure 5.
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Figure 5. Protein expression in an LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira
20) determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The data are shown as the means ± SD (standard deviation) from three
independent biological replicates. One-way ANOVA F(6,20) = 4.04, p = 1.47 × 10

−2 with Tukey HSD post
hoc test; * p < 0.05; Values underneath the x axis represent the amount of compound added in the
experiment, and 0 represents that the compound was not added. Protein expression, pig proximal
tubule cell line (LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

Compared to controls, there was no significant change in pAKT expression across all
experimental groups, as shown in Figure 6.
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Figure 6. Protein expression in LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira 20)
determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The data are shown as the means ± SD (standard deviation) from three independent
biological replicates. One-way ANOVA F(6,20) = 0.7921, p = 5.91 × 10

−1 with Tukey HSD post hoc test.
Values underneath the x axis represent the amount of compound added in the experiment, and
0 represents that the compound was not added. Protein expression, pig proximal tubule cell line
(LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

The ratio of pAKT/AKT increased as a response to the combined glucose and peroxide
treatment. An additional treatment of glucose/peroxide group with 10 nM of liraglutide
had no effect on the reduction of the pAKT/AKT ratio. In the peroxide/glucose group
additionally treated with 20 nM of Liraglutide, the ratio of pAKT/AKT returned to levels
similar to those observed in a glucose-treated group. The induced oxidative damage only by
a high glucose treatment with 20 nM of Liraglutide demonstrated an effect of the increased
pAKT/AKT ratio similar to the one observed in the peroxide/glucose group, as shown in
Figure 7.
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Figure 7. Ratio of pAKT/AKT molecules calculated from protein expression in the LLC-PK1-treated
cell line (control vs. HG30 and HG30/H2O2; HG30 vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2

vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira 20) determined by Western blot. The data are shown
as the means ± SD (standard deviation) from three independent biological replicates. One-way
ANOVA F(6,20) = 4.659, p = 8.34 × 10

−3 with Tukey HSD post hoc test; * p < 0.05. Values underneath the x
axis represent the amount of compound added in the experiment, and 0 represents that the compound
was not added. Protein expression, pig proximal tubule cell line (LLC-PK1), HG (1.5 mM, 30 mM),
H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

A decrease in GSK3 β protein levels was demonstrated in HG30/H2O2-treated cells
compared to those treated only with HG30. GSK3 β protein levels were increased in cells
treated with HG30/H2O2/Lira10 and 20 compared to those treated with HG30/H2O2
(p < 0.01), as shown in Figure 8.
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Figure 8. Protein expression in the LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira
20) determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The data are shown as the means ± SD (standard deviation) from three
independent biological replicates. One-way ANOVA F(6,20) = 4.23, p = 1.23 × 10

−2 with Tukey HSD post
hoc test; ** p < 0.01; Values underneath the x axis represent the amount of compound added in the
experiment, and 0 represents that the compound was not added. Protein expression, pig proximal
tubule cell line (LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

pGSK3 β protein levels remained unaffected in cells treated with HG30 and HG30/H2O2
compared to the controls. The addition of both concentrations of Liraglutide demonstrated
a tendency to increase pGSK3 β. However, it was not statistically significant, except when
comparing HG30/Lira10 with HG30/H2O2, as shown in Figure 9.
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Figure 9. Protein expression in the LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira 20)
determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The data are shown as the means ± SD (standard deviation) from three independent
biological replicates. One-way ANOVA F(6,20) = 4.589, p = 8.86 × 10

−3 with Tukey HSD post hoc test;
** p < 0.01; Values underneath the x axis represent the amount of compound added in the experiment,
and 0 represents that the compound was not added. Protein expression, pig proximal tubule cell line
(LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

NOX4 protein levels were not changed by the addition HG30 and HG30/H2O2 com-
pared to controls, but the cells’ exposure to HG30/H2O2 caused a significant decrease of
NOX4 compared to cells treated only with HG30 (p < 0.01). NOX4 protein levels were
significantly increased in cells treated with HG30/H2O2/Lira10 compared to those treated
with HG30/H2O2 (p < 0.01), as shown in Figure 10.
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Figure 10. Protein expression in the LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira 20)
determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The data are shown as the means ± SD (standard deviation) from three independent
biological replicates. One-way ANOVA F(6,20) = 4.154, p = 1.32 × 10

−2 with Tukey HSD post hoc test;
** p < 0.01. Values underneath the x axis represent the amount of compound added in the experiment,
and 0 represents that the compound was not added. Protein expression, pig proximal tubule cell line
(LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

iNOS levels remained unaffected by the treatment with HG30 and HG30/H2O2. Cells
treated with HG30/Lira10 showed a significant increase of iNOS levels compared to
HG30/H2O2-treated cells and controls, as shown in Figure 11.
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Figure 11. Protein expression in the LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira 20)
determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an
internal control. The data are shown as the means ± SD (standard deviation) from three independent
biological replicates. One-way ANOVA F(6,20) = 4.241, p = 1.218 × 10

−2 with Tukey HSD post hoc test;
** p < 0.01. Values underneath the x axis represent the amount of compound added in the experiment,
and 0 represents that the compound was not added. Protein expression, pig proximal tubule cell line
(LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

The protein levels of pSTAT3 in HG30- and HG30/H2O2-treated cells increased rela-
tive to the control group (p = NS). The treatment with HG30/H2O2/Lira10 significantly
increased the pSTAT3 levels compared to controls (p < 0.01), as shown in Figure 12.
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Figure 12. Protein expression in the LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira
20) determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The data are shown as the means ± SD (standard deviation) from three
independent biological replicates. One-way ANOVA F(6,20) = 5.57, p = 3.88 × 10

−3 with Tukey HSD post
hoc test; ** p < 0.01; Values underneath the x axis represent the amount of compound added in the
experiment, and 0 represents that the compound was not added. Protein expression, pig proximal
tubule cell line (LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

There was no significant change in SOCS3 expression across all experimental groups,
as shown in Figure 13.
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Figure 13. Protein expression in the LLC-PK1-treated cell line (control vs. HG30 and HG30/H2O2; HG30
vs. HG30/Lira10 and HG30/Lira 20; HG30/H2O2 vs. HG30/H2O2/Lira10 and HG30/H2O2/Lira
20) determined by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control. The data are shown as the means ± SD (standard deviation) from three
independent biological replicates. One-way ANOVA F(6,20) = 0.819, p = 5.73 × 10

−1 with Tukey HSD post
hoc test. Values underneath the x axis represent the amount of compound added in the experiment,
and 0 represents that the compound was not added. Protein expression, pig proximal tubule cell line
(LLC-PK1), HG (1.5 mM, 30 mM), H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM).

3.6. Visualization and Quantification of the F-Actin Cytoskelet with Phalloidin Stain

A significant reduction in the distribution of F-actin was observed in cells treated with
HG30/H2O2 (p < 0.01), yet no difference was present in HG30-treated cells compared to
controls, as shown in Figure 14a,b. The addition of Liraglutide to HG30 led to a significant
decrease in the distribution of F-actin (p < 0.001), with no effect on cells cultured with
HG30/H2O2.
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Figure 14. (a) Quantification and Visualization of the F-actin cytoskeleton with Rhodamine Phalloidin
stain. Levels of total F actin stained by Phalloidin-Rhodamine in the LLC-PK1-treated cell lines
(control vs. HG30 and HG30/H2O2; HG30 vs. HG30/Lira10 and HG30/Lira20; HG30/H2O2 vs.
HG30/H2O2/Lira10 and HG30/H2O2/Lira20). Data represent the integrated density of the red color
of stained actin per single cell. A higher number equals a more intense stain. One-way ANOVA

F(8,26) = 22.41, p = 7.46 × 10
−8 with Tukey HSD post hoc test; * p < 0.05, ** p < 0.01, *** p < 0.001. The data

are shown as the means ± SD (standard deviation) from three independent biological replicates. Bars
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assigned with asterisks are statically significantly different. Values underneath the x axis repre-
sent the amount of compound added in the experiment, and 0 represents that the compound was
not added. Protein expression, pig proximal tubule cell line (LLC-PK1), HG (1.5 mM, 30 mM),
H2O2 (0.5 mM), Liraglutide (10 nM, 20 nM). (b) LLC-PK1 cells were labeled for F-actin us-
ing Phalloidin labelled with rhodamine and nuclei stained with DAPI. (A)—DMEM (control),
(B)—glucose (HG 30 mM), (C)—glucose and H2O2 (HG/0.5 mM), (D)—glucose, H2O2 and Liraglu-
tide (HG/0.5 mM/10 nM), (E)—glucose, H2O2 and Liraglutide (HG/0.5 mM/20 nM), (F)—glucose
and Liraglutide (HG30/10 nM), (G)—glucose and Liraglutide (HG30/20 nM). The size bar represents
100 µm.

4. Discussion

The key extracellular conditions in diabetic nephropathy are hyperglycemia, protein-
uria, hypoxia and inflammation, and contribute to proximal tubular damage by shifting the
hormone-induced release of cytokines (TGF-β) and promoting oxidative stress [24–27]. So
far, in vitro and in vivo findings suggested that the GLP-1 receptor agonist Liraglutide de-
creases hyperglycemia-induced kidney damage by reducing the proliferation of mesangial
cells, albuminuria, oxidative stress and inflammatory cytokines [28–30] possibly through
the alteration of TGF-β expression, but the molecular mechanisms involved in this process
have yet to be fully clarified.

In our study, treating proximal tubular cells with both HG30 and H2O2 caused a
decrease in cell viability. In a study by Tong et al., a decrease in cell viability and an increase
in cell apoptosis in a NRK-52E cell culture were also demonstrated. On the other hand, the
treatment with Liraglutide led to an improved viability in the hyperglycemic conditions
measured by the MTT levels. Similarly, Zhao et al. proved that Liraglutide improved
cell viability in HK-2 cells (human proximal tubular cells) by downregulating caspase-3
expression. Furthermore, upon treatment with H2O2, Liraglutide lost its protective effect
due to extensive oxidative damage that in turn most likely caused cell apoptosis.

Under physiological conditions, cells are equipped with numerous antioxidant sys-
tems, including non-enzymatic ones, such as GSH, to limit the effects of free radicals. To a
certain level, GSH can control the damage caused by free radicals, but at one point hyper
saturation occurs, cells are confronted with oxidative stress, and the addition of external
agents is necessary to maintain cell viability, as was shown in a rat model of nephrolithia-
sis [31]. Our data regarding GSH levels clearly demonstrated that the treatment with HG30
and H2O2 increased oxidative stress, while the addition of Liraglutide had the beneficial
effect of reducing oxidative stress. However, the addition of Liraglutide to cells damaged
only by hyperglycemia had no effect, indicating that the protective effect of the drug is
achieved predominantly through the prevention of oxidative stress in viable cells before cell
apoptosis occurs. Previous research supports this hypothesis. The reduction of oxidative
stress by Liraglutide was shown in patients with type-2 diabetes independent of glucose-
lowering effect [32]. Furthermore, in a study performed by Yin et al., a recombinant human
GLP-1 inhibited protein kinase C (PKC)-β but increased protein kinase A (PKA), reducing
oxidative stress in both glomeruli and tubules in diabetic STZ-induced rats [6]. A study
by Krause et al. demonstrated that Liraglutide significantly improved GSH levels but had
no effect on the reactive oxygen species production [33]. Therefore, we could hypothesize
that Liraglutide could have a protective effect on the cell membrane when exposed to free
radicals mediated, at least in part, by GSH.

Several studies have suggested that intrinsic renal cells are able to produce inflam-
matory cytokines and growth factors such as TGF-β1, responsible for the progression of
DN [34]. As a fibrogenic cytokine, TGF-β1 is considered a key mediator in DN, as was
demonstrated in a large meta-analysis including type-2 diabetic patients with albumin-
uria [35]. In addition, oxidative stress through the P13K/Akt and JNK pathways leads
to the activation of NF-кB, upregulating the expression of TGF-β1 and the connective
tissue growth factor [36,37]. The results of our study are in agreement with previous
research demonstrating a significant increase of TGF-β1 levels in injured cells, both with
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hyperglycemia and oxidative stress. In a recently published study, oxidative stress in
normotensive rats fed with L-arginin induced renal injury and was mediated by increased
NOX4 production [38].

Furthermore, Liraglutide led to a decrease of TGF-β1 levels when added to cells
exposed to hyperglycemia and/or oxidative stress, suggesting that the protective effect
of Liraglutide was mediated through the inhibition of TGF-β1 expression in this model
of diabetic nephropathy. Likewise, previous research demonstrated the protective role
of Liraglutide, by diminishing renal fibrosis induced by TGF-β1 in NRK-52E cells. The
proposed pathophysiological mechanism could be the inhibition of the activation of the
TGF-β1/Smad3 and ERK1/2 signaling pathways. Some studies have shown that fibronectin
generation in response to HG is mediated by the polyol pathway in LLC-PK1 cells [39]
and that the flux of glucose in the hexosamine pathway mediates ECM production via
the stimulation of TGF-β [9]. In addition, it promotes oxidative stress and leads, through
the P13/Akt pathway, to tubular dysfunction. Hypoxia increases collagen production
and TIMP1 expression and decreases MMP2 activity (ECM accumulation) [10,36]. In our
study, H202 may have induced ECM expression by a direct or an indirect effect, through
the activation of the TGF-β system [40]. A study by Huang L et al. showed that Liraglutide
reduced the accumulation of glomerular ECM and renal injury in DN by upregulating
the signaling of the Wnt/β-catenin pathway and ameliorated renal injury in diabetic
nephropathy. This is in agreement with our results, since an increased amount of collagen
was observed in the group treated with high glucose and H2O2, while a decrease of collagen
concentration was noted in groups treated with both concentrations of Liraglutide.

Akt is part of the insulin signaling pathway, and phosphorylation determines Akt
activity. The Akt protein levels were minimally altered in all groups except in cells treated
with HG30/H2O2. There was no significant change in the Akt activity with the addition of
Liraglutide, indicating that the treatment with Liraglutide was not causing pathological
hyperactivation or sub-activation in one important part of the insulin pathway, where the
phosphorylation of a significant number of transcription factors occurs via protein kinase B.
In addition, the activation of phospholipase C is most likely omitted, responsible for the
release of GLUT4 vesicles on the cell membrane and for the regulation of oxidative status
within the cell itself. There was also no significant difference in pAkt, attesting that the
Liraglutide effects were not achieved through Akt activation.

The combination of oxidative damage and high levels of glucose demonstrated the
increasing effect of the pAKT/AKT ratio. Liraglutide treatment was effective only in higher
dosages, implying that the metabolic effects of Liraglutide had to overcome oxidative
damage first with secondary metabolic effects manifesting as the normalization of the
pAKT/AKT ratios in the cells. Interestingly enough, the same effect as the one observed
with high glucose and oxidative damage was produced when cells exposed to high glucose
levels were treated with 20 nM of Liraglutide. Upon oxidative damage, the pAKT/AKT
ratio increased, followed by an increase in ECM levels. Similar observations regarding
the pAKT/AKT ratio and an increase in ECM levels were described by Palau et.al [41].
A significant increase in ECM levels treated with glucose and a high Liraglutide dose
implied that Liraglutide itself in hyperglycemia could potentially induce kidney injury.
Alternatively, in case of acute metabolic stress and increased oxidative damage, Liraglutide
demonstrated beneficial effects by preventing the overproduction of ECM and decreased
levels of pAKT/AKT to normal levels. Similar antioxidative effects were observed by
Milani et.al. in a model of acute liver injury in mice [42].

Cells treated with HG30/H2O2 caused a reduction in the expression of the GSK3 beta
protein. A significant increase was noted after the addition of Liraglutide at both con-
centrations to HG30 and HG30/H2O2 compared to HG30/H2O2-treated cells, supporting
the hypothesis that the exposure to oxidative stress with high glucose levels triggers a
lower insulin signaling pathway, independent of Akt affecting the GSK activity in tubule
cells. It is also important to note that the fact that no fibrosis was measured in the cells
treated with Liraglutide indicates that a hyperactivation of the beta catenin signaling
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pathway most likely did not occur [43]. Furthermore, pGSK3β represents the activity of
GSK3β and was significantly increased after the treatment with HG30/Lira10nM com-
pared to HG30/H2O2-exposed cells. Since kidney cells are capable of glycogen synthesis,
the microenvironment could be the one responsible for a GSK3β transcription activation
independent of the insulin induction. There was no difference between the control group
and that of glucose-only-treated and glucose-treated groups in combination with both
Liraglutide concentrations, suggesting that glucose alone is unable to induce changes in
GSK3β expression levels.

The levels of iNOS expression were significantly increased in cells treated with
HG30/Lira10 compared to HG30/H2O2-treated cells. iNOS, a proinflammatory enzyme,
has been shown to induce endothelial apoptosis in hyperglycemic conditions [44]. On
the other hand, under physiological conditions, the production of NO by neuronal NOS
(nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS) has beneficial effects on vas-
cular and cellular functions [45]. Conversely, in type-2 diabetes patients and nephropathy,
a reduction of nitric oxide synthesis was observed [46]. In addition, high glucose and
advanced glycosylation end products could cause a decrease in NOS expression in diabetic
kidneys [47]. Moreover, iNOS dictates the levels of NO, which in turn has a wide range of
cellular effects, and all of those effects are NO-concentration-dependent. Previous studies
demonstrated that the upregulation of iNOS activity and NO can cause oxidative damage
and cell death. On the other hand, short-term spikes in iNOS activity and NO levels act as
a ROS-scavenging mechanism, demonstrated in various animal studies [48]. Therefore, the
addition of Liraglutide 10 nM could restore NO production via iNOS stimulation compared
to the extreme damage achieved by the combination of oxidative stress and hyperglycemia.

pSTAT3 is directly related to the leptin signaling pathway. In the Western blot analysis
of pSTAT3, we have observed the same pattern as for Akt activity. The treatment with HG30
/H2O2 /Lira10 increased pSTAT3 levels compared to all groups except control, indicating
that oxidative stress, high glucose concentration and treatment with Liraglutide could lead
to the activation of the leptin signaling pathway, which in turn will block part of the insulin
pathway. These results suggest that this combination of high osmotic and oxidative stress
and drugs could also have a potentially detrimental effect on cell metabolism due to a
dysregulation of the insulin and leptin signaling pathways within cells. A research by Liu
et al. reported that the acetylation and phosphorylation of p65 and STAT3 were higher in
the glomeruli of db/db mice than in those of db/m mice [49]. Furthermore, a study by
Opazo-Ríos L. et al. suggests an upregulation and compartmental activation of STAT1/3
in BTBR ob/ob diabetic kidneys, and a compensatory increase of SOCS1/3 proteins [20].
SOSCS3 levels remained unchanged, meaning that the segment of the leptin signaling
pathway communicating with the insulin signaling pathway remained intact. This suggests
that there was no pathological disruption of the metabolic network.

Increased ROS production by NOX4 in hyperglycemic conditions accompanied by the
activation of TGF-ß promotes tubular damage [50]. Moreover, enhanced ROS production
via Nox4 is necessary for fibronectin expansion and a high TGF-ß expression in tubular
cells exposed to high glucose [51]. The effect of Liraglutide on the reduction of oxidative
stress markers was confirmed by Hendarto, H. et al., demonstrating its beneficial role in the
expression of NAD(P)H oxidase in the renal tissue (Nox4, gp91phox, p22phox, p47phox)
of streptozotocin-induced diabetic rats, independent of antihyperglycemic effects [29]. In
our study, cell exposure to HG30/H2O2 caused a significant decrease of NOX4 compared
to cells treated only with HG30. In addition, a significant increase was observed in cells
treated with HG30/H2O2/Lira10 compared to the HG30/H2O2. The level of oxidative
stress induced in this study could have affected ROS production to the extent that the
addition of the drug further potentiated cell injury and the toxic effect achieved by adding
both, glucose and hydrogen peroxide. Furthermore, in cells treated only with glucose,
without hydrogen peroxide, and with the addition of Liraglutide, no change in Nox4
expression has been observed, further supporting this notion.



Curr. Issues Mol. Biol. 2022, 44 1111

The major structural solute component in proximal tubule is F-actin [52]. Previous
studies demonstrated that diabetes causes alterations in the cellular matrix, such as fibrosis
and changes in the F-actin content and organization [53–55]. Hydrogen peroxide during
inflammation causes cell death mainly by disarranging filamentous (polymerized) actin
(F-actin). In a study by DalleDonne et al., the escalation in H202 concentration used for the
treatment of actin monomers enhanced the number of actin filaments at a steady state [56].
Furthermore, in an in vitro study in mouse podocytes, high glucose led to filamentous actin
(F-actin) rearrangement and injury [57]. Several studies have shown a more disorganized F-
actin structure, with a decreased F-actin content in diabetic animals [58]. Correspondingly,
a significant reduction in the distribution of F-actin was observed in cells treated with
HG30/H2O2, but this effect was absent in cells exposed to hyperglycemia alone. Obviously,
oxidative stress is the key element in F-actin filament disruption.

While some studies have quantified F-actin fluorescence in diabetic animals, none
have quantified F-actin disorganization at present. Previous data on exendin-4 treatment
demonstrated a significant increase in the rearrangement of filamentous-actin with a re-
duction of cell migration in the cardiac and skeletal muscles of a mouse model [59]. Quite
unexpectedly, the addition of Liraglutide to HG30 caused a significant decline of F-actin dis-
tribution, while no effect was detected in HG30/H2O2-treated cells. We can only speculate
that the reduced distribution of F-actin with the addition of Liraglutide in hyperglycemic
conditions is the result of actin filaments reorganization, increased differentiation and
reduced cell migration, as with the addition of oxidative stress Liraglutide’s effect on the
F-actin structure is less pronounced.

The main limitation of our study is the lack of in vivo experiments confirming our
in vitro findings. Therefore, the results of our study should be interpreted with discretion.
In vivo studies are needed to further substantiate the data presented in this study.

The results attained in this study support a possible protective role of Liraglutide in
LLC-PK cells treated with hyperglycemia with and without H2O2, probably mediated via
the inhibition of TGF-β1, thus reducing oxidative stress injury. Surprisingly, a WB analysis
demonstrated that Liraglutide could play a dual role depending on the stress factor present.
For instance, Liraglutide in combination with hyperglycemia could potentially induce
kidney injury by the activation of pAkt/AKT levels. Furthermore, an increase in pSTAT3
and NOX4 levels stimulated by oxidative stress, high glucose concentration and Liraglutide
suggested a potentially detrimental effect on cell metabolism due to the dysregulation of
the insulin and leptin signaling pathways and the increased ROS production. On the other
hand, the addition of Liraglutide to cells exposed to hyperglycemia and oxidative stress
caused a decrease in pAKT/AKT levels, preventing ECM overproduction, and restored
NO production via iNOS-minimizing oxidative stress damage. Another important finding
shown by WB analysis was that Liraglutide’s effects were not achieved through the Akt
activation of the upper insulin signaling pathway, but through an increase in GSK3β
protein expression after the Liraglutide treatment indicated a possible activation of the
lower insulin signaling pathway independent of Akt. The cellular model may not fully
represent the results that could be obtained in animal experiments, but they are certainly a
guideline and provide effective strategies for further in vivo research and clinical trials.
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Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Curr. Issues Mol. Biol. 2022, 44 1112

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Thomas, B. The Global Burden of Diabetic Kidney Disease: Time Trends and Gender Gaps. Curr. Diabetes Rep. 2019, 19, 18.

[CrossRef] [PubMed]
2. Hill, C.J.; Cardwell, C.R.; Patterson, C.C.; Maxwell, A.P.; Magee, G.M.; Young, R.J.; Matthews, B.; O’Donoghue, D.J.; Fogarty, D.G.

Chronic kidney disease and diabetes in the national health service: A cross-sectional survey of the U.K. national diabetes audit.
Diabetes Med. 2014, 31, 448–454. [CrossRef] [PubMed]

3. Mosterd, C.M.; Bjornstad, P.; van Raalte, D.H. Nephroprotective effects of GLP-1 receptor agonists: Where do we stand? J. Nephrol.
2020, 33, 965–975. [CrossRef]

4. Baggio, L.L.; Drucker, D.J. Biology of incretins: GLP-1 and GIP. Gastroenterology 2007, 132, 2131–2157. [CrossRef]
5. Kawanami, D.; Takashi, Y. GLP-1 Receptor Agonists in Diabetic Kidney Disease: From Clinical Outcomes to Mechanisms. Front.

Pharmacol. 2020, 11, 967. [CrossRef] [PubMed]
6. Yin, W.; Xu, S.; Wang, Z.; Liu, H.; Peng, L.; Fang, Q.; Deng, T.; Zhang, W.; Lou, J. Recombinant human GLP-1(rhGLP-1) alleviating

renal tubulointestitial injury in diabetic STZ-induced rats. Biochem. Biophys. Res. Commun. 2018, 495, 793–800. [CrossRef]
[PubMed]

7. Hills, C.E.; Al-Rasheed, N.; Willars, G.B.; Brunskill, N.J. C-peptide reverses TGF-beta1-induced changes in renal proximal tubular
cells: Implications for treatment of diabetic nephropathy. Am. J. Physiol. Renal. Physiol. 2009, 296, F614–F621. [CrossRef] [PubMed]

8. Heldin, C.H.; Landström, M.; Moustakas, A. Mechanism of TGF-beta signaling to growth arrest, apoptosis, and epithelial-
mesenchymal transition. Curr. Opin. Cell. Biol. 2009, 21, 166–176. [CrossRef]

9. Daniels, M.C.; McClain, D.A.; Crook, E.D. Transcriptional regulation of transforming growth factor beta1 by glucose: Investigation
into the role of the hexosamine biosynthesis pathway. Am. J. Med. Sci. 2000, 319, 138–142. [CrossRef]

10. Orphanides, C.; Fine, L.G.; Norman, J.T. Hypoxia stimulates proximal tubular cell matrix production via a TGF-beta1-independent
mechanism. Kidney Int. 1997, 52, 637–647. [CrossRef]

11. Jones, S.C.; Saunders, H.J.; Pollock, C.A. High glucose increases growth and collagen synthesis in cultured human tubulointerstitial
cells. Diabet. Med. 1999, 16, 932–938. [CrossRef] [PubMed]

12. Xiao, S.; Yang, Y.; Liu, Y.T.; Zhu, J. Liraglutide Regulates the Kidney and Liver in Diabetic Nephropathy Rats through the
miR-34a/SIRT1 Pathway. J. Diabetes Res. 2021, 2021, 8873956. [CrossRef]

13. Cho, H.; Thorvaldsen, J.L.; Chu, Q.; Feng, F.; Birnbaum, M.J. Akt1/PKBalpha is required for normal growth but dispensable for
maintenance of glucose homeostasis in mice. J. Biol. Chem. 2001, 276, 38349–38352. [CrossRef] [PubMed]

14. Yang, K.; Chen, Z.; Gao, J.; Shi, W.; Li, L.; Jiang, S.; Hu, H.; Liu, Z.; Xu, D.; Wu, L. The Key Roles of GSK-3β in Regulating
Mitochondrial Activity. Cell. Physiol. Biochem. 2017, 44, 1445–1459. [CrossRef]

15. Zhang, X.; Lu, Z.; Abdul, K.S.M.; Changping, M.A.; Tan, K.S.; Jovanovi, A.; Tan, W. Isosteviol sodium protects heart embryonic
H9c2 cells against oxidative stress by activating Akt/GSK-3β signaling pathway. Pharmazie 2020, 75, 36–40. [CrossRef]

16. Stark, G.R.; Darnell, J.E. The JAK-STAT pathway at twenty. Immunity 2012, 36, 503–514. [CrossRef] [PubMed]
17. Darnell, J.E. STATs and gene regulation. Science 1997, 277, 1630–1635. [CrossRef]
18. Kawai, M.; Namba, N.; Mushiake, S.; Etani, Y.; Nishimura, R.; Makishima, M.; Ozono, K. Growth hormone stimulates adipogenesis

of 3T3-L1 cells through activation of the Stat5A/5B-PPARgamma pathway. J. Mol. Endocrinol. 2007, 38, 19–34. [CrossRef]
[PubMed]

19. Wegrzyn, J.; Potla, R.; Chwae, Y.J.; Sepuri, N.B.; Zhang, Q.; Koeck, T.; Derecka, M.; Szczepanek, K.; Szelag, M.; Gornicka, A.; et al.
Function of mitochondrial Stat3 in cellular respiration. Science 2009, 323, 793–797. [CrossRef] [PubMed]

20. Opazo-Ríos, L.; Sanchez Matus, Y.; Rodrigues-Díez, R.R.; Carpio, D.; Droguett, A.; Egido, J.; Gomez-Guerrero, C.; Mezzano, S.
Anti-inflammatory, antioxidant and renoprotective effects of SOCS1 mimetic peptide in the BTBR ob/ob mouse model of type 2
diabetes. BMJ Open Diabetes Res. Care 2020, 8, e001242. [CrossRef]

21. Laddha, A.P.; Kulkarni, Y.A. NADPH oxidase: A membrane-bound enzyme and its inhibitors in diabetic complications. Eur. J.
Pharmacol. 2020, 881, 173206. [CrossRef] [PubMed]

22. Gorin, Y.; Block, K. Nox4 and diabetic nephropathy: With a friend like this, who needs enemies? Free Radic. Biol. Med. 2013, 61,
130–142. [CrossRef] [PubMed]

23. Lee, H.Y.; Noh, H.J.; Gang, J.G.; Xu, Z.G.; Jeong, H.J.; Kang, S.W.; Choi, K.H.; Han, D.S. Inducible nitric oxide synthase (iNOS)
expression is increased in lipopolysaccharide (LPS)-stimulated diabetic rat glomeruli: Effect of ACE inhibitor and angiotensin II
receptor blocker. Yonsei Med. J. 2002, 43, 183–192. [CrossRef] [PubMed]

24. Satoh, M.; Fujimoto, S.; Haruna, Y.; Arakawa, S.; Horike, H.; Komai, N.; Sasaki, T.; Tsujioka, K.; Makino, H.; Kashihara, N.
NAD(P)H oxidase and uncoupled nitric oxide synthase are major sources of glomerular superoxide in rats with experimental
diabetic nephropathy. Am. J. Physiol. Renal. Physiol. 2005, 288, F1144–F1152. [CrossRef]

25. Wardle, E.N. Cellular oxidative processes in relation to renal disease. Am. J. Nephrol. 2005, 25, 13–22. [CrossRef]

http://doi.org/10.1007/s11892-019-1133-6
http://www.ncbi.nlm.nih.gov/pubmed/30826889
http://doi.org/10.1111/dme.12312
http://www.ncbi.nlm.nih.gov/pubmed/24102856
http://doi.org/10.1007/s40620-020-00738-9
http://doi.org/10.1053/j.gastro.2007.03.054
http://doi.org/10.3389/fphar.2020.00967
http://www.ncbi.nlm.nih.gov/pubmed/32694999
http://doi.org/10.1016/j.bbrc.2017.11.076
http://www.ncbi.nlm.nih.gov/pubmed/29137984
http://doi.org/10.1152/ajprenal.90500.2008
http://www.ncbi.nlm.nih.gov/pubmed/19091788
http://doi.org/10.1016/j.ceb.2009.01.021
http://doi.org/10.1097/00000441-200003000-00002
http://doi.org/10.1038/ki.1997.377
http://doi.org/10.1046/j.1464-5491.1999.00174.x
http://www.ncbi.nlm.nih.gov/pubmed/10588523
http://doi.org/10.1155/2021/8873956
http://doi.org/10.1074/jbc.C100462200
http://www.ncbi.nlm.nih.gov/pubmed/11533044
http://doi.org/10.1159/000485580
http://doi.org/10.1691/ph.2020.9851
http://doi.org/10.1016/j.immuni.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22520844
http://doi.org/10.1126/science.277.5332.1630
http://doi.org/10.1677/jme.1.02154
http://www.ncbi.nlm.nih.gov/pubmed/17242167
http://doi.org/10.1126/science.1164551
http://www.ncbi.nlm.nih.gov/pubmed/19131594
http://doi.org/10.1136/bmjdrc-2020-001242
http://doi.org/10.1016/j.ejphar.2020.173206
http://www.ncbi.nlm.nih.gov/pubmed/32442539
http://doi.org/10.1016/j.freeradbiomed.2013.03.014
http://www.ncbi.nlm.nih.gov/pubmed/23528476
http://doi.org/10.3349/ymj.2002.43.2.183
http://www.ncbi.nlm.nih.gov/pubmed/11971212
http://doi.org/10.1152/ajprenal.00221.2004
http://doi.org/10.1159/000083477


Curr. Issues Mol. Biol. 2022, 44 1113

26. Gorin, Y.; Block, K.; Hernandez, J.; Bhandari, B.; Wagner, B.; Barnes, J.L.; Abboud, H.E. Nox4 NAD(P)H oxidase mediates
hypertrophy and fibronectin expression in the diabetic kidney. J. Biol. Chem. 2005, 280, 39616–39626. [CrossRef]

27. Han, D.C.; Isono, M.; Hoffman, B.B.; Ziyadeh, F.N. High glucose stimulates proliferation and collagen type I synthesis in renal
cortical fibroblasts: Mediation by autocrine activation of TGF-beta. J. Am. Soc. Nephrol. 1999, 10, 1891–1899. [CrossRef] [PubMed]

28. Mima, A.; Hiraoka-Yamomoto, J.; Li, Q.; Kitada, M.; Li, C.; Geraldes, P.; Matsumoto, M.; Mizutani, K.; Park, K.; Cahill, C.; et al.
Protective effects of GLP-1 on glomerular endothelium and its inhibition by PKCβ activation in diabetes. Diabetes 2012, 61,
2967–2979. [CrossRef]

29. Hendarto, H.; Inoguchi, T.; Maeda, Y.; Ikeda, N.; Zheng, J.; Takei, R.; Yokomizo, H.; Hirata, E.; Sonoda, N.; Takayanagi, R. GLP-1
analog liraglutide protects against oxidative stress and albuminuria in streptozotocin-induced diabetic rats via protein kinase
A-mediated inhibition of renal NAD(P)H oxidases. Metabolism 2012, 61, 1422–1434. [CrossRef]

30. Kodera, R.; Shikata, K.; Kataoka, H.U.; Takatsuka, T.; Miyamoto, S.; Sasaki, M.; Kajitani, N.; Nishishita, S.; Sarai, K.; Hirota, D.;
et al. Glucagon-like peptide-1 receptor agonist ameliorates renal injury through its anti-inflammatory action without lowering
blood glucose level in a rat model of type 1 diabetes. Diabetologia 2011, 54, 965–978. [CrossRef]

31. Huang, H.S.; Ma, M.C.; Chen, J.; Chen, C.F. Changes in the oxidant-antioxidant balance in the kidney of rats with nephrolithiasis
induced by ethylene glycol. J. Urol. 2002, 167, 2584–2593. [CrossRef]

32. Rizzo, M.; Abate, N.; Chandalia, M.; Rizvi, A.A.; Giglio, R.V.; Nikolic, D.; Marino Gammazza, A.; Barbagallo, I.; Isenovic, E.R.;
Banach, M.; et al. Liraglutide reduces oxidative stress and restores heme oxygenase-1 and ghrelin levels in patients with type 2
diabetes: A prospective pilot study. J. Clin. Endocrinol. Metab. 2015, 100, 603–606. [CrossRef] [PubMed]

33. Krause, G.C.; Lima, K.G.; Dias, H.B.; da Silva, E.F.G.; Haute, G.V.; Basso, B.S.; Gassen, R.B.; Marczak, E.S.; Nunes, R.S.B.; de
Oliveira, J.R. Liraglutide, a glucagon-like peptide-1 analog, induce autophagy and senescence in HepG2 cells. Eur. J. Pharmacol.
2017, 809, 32–41. [CrossRef] [PubMed]

34. Navarro-González, J.F.; Mora-Fernández, C. The role of inflammatory cytokines in diabetic nephropathy. J. Am. Soc. Nephrol.
2008, 19, 433–442. [CrossRef] [PubMed]

35. Qiao, Y.C.; Chen, Y.L.; Pan, Y.H.; Ling, W.; Tian, F.; Zhang, X.X.; Zhao, H.L. Changes of transforming growth factor beta 1 in
patients with type 2 diabetes and diabetic nephropathy: A PRISMA-compliant systematic review and meta-analysis. Medicine
2017, 96, e6583. [CrossRef] [PubMed]

36. Li, X.; Kimura, H.; Hirota, K.; Sugimoto, H.; Yoshida, H. Hypoxia reduces constitutive and TNF-alpha-induced expression of
monocyte chemoattractant protein-1 in human proximal renal tubular cells. Biochem. Biophys. Res. Commun. 2005, 335, 1026–1034.
[CrossRef] [PubMed]

37. Li, Y.; Ma, D.-X.; Wang, Z.-M.; Hu, X.-F.; Li, S.-L.; Tian, H.-Z.; Wang, M.-J.; Shu, Y.-W.; Yang, J. The glucagon-like peptide-1 (GLP-1)
analog liraglutide attenuates renal fibrosis. Pharmacol. Res. 2018, 131, 102–111. [CrossRef]

38. Huang, L.; Lin, T.; Shi, M.; Chen, X.; Wu, P. Liraglutide suppresses production of extracellular matrix proteins and ameliorates
renal injury of diabetic nephropathy by enhancing Wnt/β-catenin signaling. Am. J. Physiol. Renal. Physiol. 2020, 319, F458–F468.
[CrossRef]

39. Morrisey, K.; Steadman, R.; Williams, J.D.; Phillips, A.O. Renal proximal tubular cell fibronectin accumulation in response to
glucose is polyol pathway dependent. Kidney Int. 1999, 55, 2548–2572. [CrossRef]

40. Iglesias-De La Cruz, M.C.; Ruiz-Torres, P.; Alcamí, J.; Díez-Marqués, L.; Ortega-Velázquez, R.; Chen, S.; Rodríguez-Puyol, M.;
Ziyadeh, F.N.; Rodríguez-Puyol, D. Hydrogen peroxide increases extracellular matrix mRNA through TGF-beta in human
mesangial cells. Kidney Int. 2001, 59, 87–95. [CrossRef] [PubMed]

41. Palau, V.; Nugraha, B.; Benito, D.; Pascual, J.; Emmert, M.Y.; Hoerstrup, S.P.; Riera, M.; Soler, M.J. Both Specific Endothelial and
Proximal Tubular Adam17 Deletion Protect against Diabetic Nephropathy. Int. J. Mol. Sci. 2021, 22, 5520. [CrossRef] [PubMed]

42. Milani, L.; Galindo, C.M.; Turin de Oliveira, N.M.; Corso, C.R.; Adami, E.R.; Stipp, M.C.; Beltrame, O.C.; Acco, A. The GLP-1
analog liraglutide attenuates acute liver injury in mice. Ann. Hepatol. 2019, 18, 918–928. [CrossRef] [PubMed]

43. Schunk, S.J.; Floege, J.; Fliser, D.; Speer, T. WNT-β-catenin signalling—A versatile player in kidney injury and repair. Nat. Rev.
Nephrol. 2021, 17, 172–184. [CrossRef]

44. Zhang, X.; Fu, Y.; Xu, X.; Li, M.; Du, L.; Han, Y.; Ge, Y. PERK pathway are involved in NO-induced apoptosis in endothelial cells
cocultured with RPE under high glucose conditions. Nitric Oxide 2014, 40, 10–16. [CrossRef]

45. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315–424.
[CrossRef] [PubMed]

46. Tessari, P.; Cecchet, D.; Cosma, A.; Vettore, M.; Coracina, A.; Millioni, R.; Iori, E.; Puricelli, L.; Avogaro, A.; Vedovato, M. Nitric
oxide synthesis is reduced in subjects with type 2 diabetes and nephropathy. Diabetes 2010, 59, 2152–2159. [CrossRef]

47. Goligorsky, M.S.; Chen, J.; Brodsky, S. Workshop: Endothelial cell dysfunction leading to diabetic nephropathy: Focus on nitric
oxide. Hypertension 2001, 37, 744–748. [CrossRef]

48. Heemskerk, S.; Masereeuw, R.; Russel, F.G.; Pickkers, P. Selective iNOS inhibition for the treatment of sepsis-induced acute kidney
injury. Nat. Rev. Nephrol. 2009, 5, 629–640. [CrossRef]

49. Tikoo, K.; Singh, K.; Kabra, D.; Sharma, V.; Gaikwad, A. Change in histone H3 phosphorylation, MAP kinase p38, SIR 2 and p53
expression by resveratrol in preventing streptozotocin induced type I diabetic nephropathy. Free Radic. Res. 2008, 42, 397–404.
[CrossRef]

http://doi.org/10.1074/jbc.M502412200
http://doi.org/10.1681/ASN.V1091891
http://www.ncbi.nlm.nih.gov/pubmed/10477140
http://doi.org/10.2337/db11-1824
http://doi.org/10.1016/j.metabol.2012.03.002
http://doi.org/10.1007/s00125-010-2028-x
http://doi.org/10.1016/S0022-5347(05)65042-2
http://doi.org/10.1210/jc.2014-2291
http://www.ncbi.nlm.nih.gov/pubmed/25393640
http://doi.org/10.1016/j.ejphar.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28501576
http://doi.org/10.1681/ASN.2007091048
http://www.ncbi.nlm.nih.gov/pubmed/18256353
http://doi.org/10.1097/MD.0000000000006583
http://www.ncbi.nlm.nih.gov/pubmed/28403088
http://doi.org/10.1016/j.bbrc.2005.07.175
http://www.ncbi.nlm.nih.gov/pubmed/16105652
http://doi.org/10.1016/j.phrs.2018.03.004
http://doi.org/10.1152/ajprenal.00128.2020
http://doi.org/10.1046/j.1523-1755.1999.00454.x
http://doi.org/10.1046/j.1523-1755.2001.00469.x
http://www.ncbi.nlm.nih.gov/pubmed/11135061
http://doi.org/10.3390/ijms22115520
http://www.ncbi.nlm.nih.gov/pubmed/34073747
http://doi.org/10.1016/j.aohep.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31151874
http://doi.org/10.1038/s41581-020-00343-w
http://doi.org/10.1016/j.niox.2014.05.001
http://doi.org/10.1152/physrev.00029.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237348
http://doi.org/10.2337/db09-1772
http://doi.org/10.1161/01.HYP.37.2.744
http://doi.org/10.1038/nrneph.2009.155
http://doi.org/10.1080/10715760801998646


Curr. Issues Mol. Biol. 2022, 44 1114

50. Singh, D.K.; Winocour, P.; Farrington, K. Oxidative stress in early diabetic nephropathy: Fueling the fire. Nat. Rev. Endocrinol.
2011, 7, 176–184. [CrossRef]

51. Sedeek, M.; Callera, G.; Montezano, A.; Gutsol, A.; Heitz, F.; Szyndralewiez, C.; Page, P.; Kennedy, C.R.; Burns, K.D.; Touyz,
R.M.; et al. Critical role of Nox4-based NADPH oxidase in glucose-induced oxidative stress in the kidney: Implications in type 2
diabetic nephropathy. Am. J. Physiol. Renal. Physiol. 2010, 299, F1348–F1358. [CrossRef] [PubMed]

52. Figueiredo, J.F.; Bertels, I.M.; Gontijo, J.A. Actin cytoskeletal and functional studies of the proximal convoluted tubules after
preservation. Transplant. Proc. 2008, 40, 3311–3315. [CrossRef]

53. Chen, P.Y.; Shih, N.L.; Hao, W.R.; Chen, C.C.; Liu, J.C.; Sung, L.C. Inhibitory Effects of Momordicine I on High-Glucose-Induced
Cell Proliferation and Collagen Synthesis in Rat Cardiac Fibroblasts. Oxidative Med. Cell Longev. 2018, 2018, 3939714. [CrossRef]
[PubMed]

54. Guo, S.; Meng, X.W.; Yang, X.S.; Liu, X.F.; Ou-Yang, C.H.; Liu, C. Curcumin administration suppresses collagen synthesis in the
hearts of rats with experimental diabetes. Acta Pharmacol. Sin. 2018, 39, 195–204. [CrossRef]

55. Xie, X.W. Liquiritigenin attenuates cardiac injury induced by high fructose-feeding through fibrosis and inflammation suppression.
Biomed. Pharmacother. 2017, 86, 694–704. [CrossRef]

56. DalleDonne, I.; Milzani, A.; Colombo, R. H2O2-treated actin: Assembly and polymer interactions with cross-linking proteins.
Biophys. J. 1995, 69, 2710–2719. [CrossRef]

57. Lv, Z.; Hu, M.; Ren, X.; Fan, M.; Zhen, J.; Chen, L.; Lin, J.; Ding, N.; Wang, Q.; Wang, R. Fyn Mediates High Glucose-Induced
Actin Cytoskeleton Reorganization of Podocytes via Promoting ROCK Activation In Vitro. J. Diabetes Res. 2016, 2016, 5671803.
[CrossRef]

58. Nemoto, O.; Kawaguchi, M.; Yaoita, H.; Miyake, K.; Maehara, K.; Maruyama, Y. Left ventricular dysfunction and remodeling in
streptozotocin-induced diabetic rats. Circ. J. 2006, 70, 327–334. [CrossRef]

59. Romanelli, G.; Varela, R.; Benech, J.C. Diabetes induces differences in the F-actin spatial organization of striated muscles.
Cytoskeleton 2020, 77, 202–213. [CrossRef]

http://doi.org/10.1038/nrendo.2010.212
http://doi.org/10.1152/ajprenal.00028.2010
http://www.ncbi.nlm.nih.gov/pubmed/20630933
http://doi.org/10.1016/j.transproceed.2008.06.060
http://doi.org/10.1155/2018/3939714
http://www.ncbi.nlm.nih.gov/pubmed/30402205
http://doi.org/10.1038/aps.2017.92
http://doi.org/10.1016/j.biopha.2016.12.066
http://doi.org/10.1016/S0006-3495(95)80142-6
http://doi.org/10.1155/2016/5671803
http://doi.org/10.1253/circj.70.327
http://doi.org/10.1002/cm.21600

	Introduction 
	Materials and Methods 
	Cell Culture and Treatment 
	Assessment of Cell Viability 
	Assesment of the Oxidative Stress 
	Measurement of TGF- Levels in an In Vitro Mimic Model of DN in Proximal Tubule Cells 
	Measurement of ECM Expression in an In Vitro Mimic Model of DN in Proximal Tubule Cells 
	Protein Extraction and Western Blot Method in the In Vitro Mimic Model of DN in Proximal Tubule Cells 
	Measurement of Treatment Effectiveness the and Influence on Cell Morphology by Visualizing the F-Actin Cytoskelet with Phalloidin Stain 

	Results 
	Cell Viability in the LLC-PK1 Cell Line 
	Measurement of Cellular Glutathione (GSH) Concentration in the LLC-PK1 Cell Line 
	Effects of Glucose, H2O2 and Liraglutide on TGF-1 Levels 
	Measurement of ECM Expression in a Cell Culture Model of Diabetic Nephropathy 
	Protein Extraction and Western Blot Method in a Cell Culture Model of Diabetic Nephropathy 
	Visualization and Quantification of the F-Actin Cytoskelet with Phalloidin Stain 

	Discussion 
	References

