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MALT1 inhibition by MI-2 suppresses epithelial-to-mesenchymal
transition and fibrosis by inactivating the NF-kB pathway
in high glucose-treated HK-2 cells
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Abstract. Mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALTI1) is a scaffold protein
and protease that is associated with multiple biological
processes, such as immune signaling transduction, inflam-
mation and glucose variation. However, its implication in
diabetic nephropathy (DN) is unclear. The present study
aimed to investigate the dysregulation of MALT1 and the
effect of its inhibition by MI-2 in high glucose-treated renal
tubular epithelial cells. HK-2 cells were treated with 15 mM
D-glucose [low-concentration glucose (LG) group] and
30 mM D-glucose [high-concentration glucose (HG)]. The
negative control (NC) group consisted of cells cultured only
with the standard medium. Subsequently, HK-2 cells under the
HG condition were treated with 0, 1, 2 and 4 yM MI-2, an
inhibitor of MALT]I. Cell migration rate, invasive cell count,
and the expression levels of vimentin, a-smooth muscle actin
(a-SMA), fibronectin (FN) and collagen I were increased,
whereas E-cadherin expression was decreased in the HG group
compared with that in the NC group (all P<0.01), implying
enhanced epithelial-to-mesenchymal transition (EMT) and
fibrosis in the HG group. Furthermore, MALT1 was upregu-
lated in the HG group compared with that in the NC group
(P<0.01). Following MI-2 treatment in cells under the HG
condition, the inhibitory effects of MI-2 on EMT, fibrosis and
the NF-kB pathway were dose-dependent. Cell migration rate,
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invasive cell count and vimentin expression were reduced,
whereas E-cadherin expression was elevated; furthermore, the
expression levels of a-SMA, FN and collagen I were down-
regulated in the high concentration MI-2 (HC-MI-2) group
compared with those in the HG group (all P<0.01). In addition,
the NF-kB pathway was inactivated, as reflected by increased
inhibitor of kB a expression and decreased phosphorylated-
p65 expression in the HC-MI-2 group compared with in the
HG group (both P<0.001). In conclusion, MALT]1 inhibition by
MI-2 suppresses EMT and fibrosis by inactivating the NF-xB
pathway in HG-treated HK-2 cells, indicating its potency as a
target for DN.

Introduction

Diabetic nephropathy (DN) is a prevalent and severe compli-
cation of diabetes mellitus, and it is the main cause of chronic
kidney disease worldwide (1,2). Due to the complex and multi-
factorial pathogenesis of DN, the treatment of patients with
DN is challenging (3,4). Notably, renal fibrosis is essential for
the pathological process of DN (5,6), and epithelial-to-mesen-
chymal transition (EMT), which refers to the differentiation
of epithelial cells into migratory and invasive mesenchymal
cells, is considered a critical step in the development of renal
fibrosis (7-10). Therefore, inhibiting EMT and renal fibrosis
may contribute to suppressing the progression of DN.
Mucosa-associated lymphoid tissue lymphoma transloca-
tion protein 1 (MALT1) is a scaffold protein and protease
regulating downstream signaling pathways (11-13). Previous
studies have indicated that the inhibition of MALTI has
a suppressive effect on EMT and organ fibrosis (14,15). For
example, a study suggested that MALT1 could facilitate EMT
through regulation of EMT-transcription factors (14). Another
study revealed that the inhibition of MALT1 reduces fibrosis,
and this may be attributed to suppression of the NF-xB
signaling pathway (15). Therefore, the inhibition of MALT1
could be considered a potential treatment target for DN. MI-2
is an irreversible small molecule inhibitor that combines with
MALTI and disrupts its protease function (16). However, to
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the best of our knowledge, the role of MI-2 in attenuating the
EMT of kidney cells or renal fibrosis to mitigate DN has not
yet been demonstrated. Therefore, the current study aimed to
investigate the effect of MALTI1 inhibition by MI-2 on high
glucose-induced EMT and fibrosis in HK-2 cells.

Materials and methods

Cell culture. HK-2 cells were purchased from Xiamen Yimo
Biotechnology Co., Ltd. The cells were cultured in a special
HK-2 culture medium (Wuhan Servicebio Technology Co.,
Ltd.) containing 5.6 mM D-glucose (MedChemExpress),
pre-supplemented with 10% fetal bovine serum (FBS;
Wuhan Pricella Biotechnology Co., Ltd.) and 1% peni-
cillin/streptomycin solution (Wuhan Servicebio Technology
Co., Ltd)).

Glucose treatment. HK-2 cells were cultured to 80% conflu-
ence in standard medium. Subsequently, the cells were
treated with fresh medium plus either 15 mM D-glucose
[low-concentration glucose (LG) group] or 30 mM D-glucose
[high-concentration glucose (HG) group]. The negative
control (NC) group consisted of cells cultured only with
the standard medium. After being treated for 48 h at 37°C, the
cells were harvested for wound healing and invasion assays,
immunofluorescence staining and western blotting.

MI-2 treatment. MI-2 (MedChemExpress),a MALT]1 inhibitor,
was used to suppress the protease function of MALT1. HK-2
cells were treated with medium containing 30 mM D-glucose
and either 0, 1, 2 or 4 uM MI-2, and were named as the HG
group, the low concentration MI-2 (LC-MI-2) group, the
medium concentration MI-2 (MC-MI-2) group and the high
concentration MI-2 (HC-MI-2) group, respectively. The wound
healing and invasion assays, immunofluorescence staining
and western blotting were performed after 48 h of treatment
at 37°C.

Cell viability. Cell viability was assessed using the Cell
Counting Kit-8 (CCK-8; Wuhan Servicebio Technology Co.,
Ltd.). Briefly, 4x10° cells were plated and treated with high
glucose and/or MI-2 as aforementioned for 24 h, followed by
incubation with 10% CCK-8 solution for 2 h. Subsequently,
the optical density (OD) value was detected using a micro-
plate reader (Nanjing Huadong Electronics Information &
Technology Co., Ltd.).

Wound healing assay. The cell migration rate following
treatment was assessed using a wound healing assay. Briefly,
after treatment, the cells were plated and cultured to achieve
90% confluence. Subsequently, a 10 pl sterile pipette tip was
used to create a straight wound across the cell monolayer.
After washing, medium containing 1% FBS was added and
images of the wound area were captured as baseline (0 h).
The cells were then cultured for another 6 h, and images of
the wound area were captured again with a light microscope
(Motic Industrial Group Co., Ltd.). The width of the wound
at 0 and 6 h was measured to calculate the cell migration rate
as follows: (Area of wound at O h - area of wound at 6 h)/area
of wound at 0 h x 100%.

Cell invasion assay. Cell invasion was measured after treat-
ment using a Transwell assay. Briefly, following treatment, the
HK-2 cells (2x10*) were resuspended in serum-free medium
and were plated in the upper chamber of pre-coated Transwell
inserts (0.8 ym, Corning, Inc.). The Transwell inserts were
pre-coated with Matrigel matrix (Corning, Inc.) at 37°C for 1 h.
The lower chamber was filled with the standard medium. After
24 h of incubation at 37°C, the invasive cells were counted
after staining with crystal violet solution (Wuhan Servicebio
Technology Co., Ltd.) at room temperature for 5 min. Images
of the invasive cells were captured with an inverted light
microscope (Motic Industrial Group Co., Ltd.).

Immunofluorescence staining. After treatment, the HK-2
cells were washed and fixed in 4% paraformaldehyde solution
(Wuhan Servicebio Technology Co., Ltd.) at room temperature
for 20 min to preserve cell morphology. The cells were then
permeabilized using 0.3% Triton X-100 (Wuhan Servicebio
Technology Co., Ltd.) and blocked with bovine serum albumin
(Beyotime Institute of Biotechnology) at 37°C for 1 h. The
anti-a-smooth muscle actin (a-SMA) antibody (1:1,000;
cat. no. GB111364-50; Wuhan Servicebio Technology Co.,
Ltd.) was incubated with the cells at 4°C overnight, and then
a Alexa Fluor 488 labeled secondary antibody (1:1,000;
cat. no. GB25303; Wuhan Servicebio Technology Co., Ltd.)
was incubated with the cells at 37°C for 30 min, followed
by staining with DAPI (Wuhan Servicebio Technology Co.,
Ltd.) at room temperature for 5 min. An inverted fluorescence
microscope (Motic Industrial Group Co., Ltd.) was used to
collect images. Relative fluorescence intensity was measured
using ImageJ (V1.8.0; National Institutes of Health).

Western blotting. After treatment, the HK-2 cells were washed
and the RIPA Kit (Wuhan Servicebio Technology Co., Ltd.)
was added to the cells for lysis. Subsequently, the cell lysates
were harvested and proteins were isolated after centrifugation
at 12,000 x g for 5 min at 4°C. The protein concentration was
quantified using a BCA Kit (Wuhan Servicebio Technology Co.,
Ltd.). Subsequently, western blotting was performed according
to standard procedures, including electrophoresis, electropho-
retic transfer, blocking and antibody incubation. Briefly, 20 ug
protein was separated by a 4-20% precast gel (Shanghai Willget
Biotechnology Co., Ltd.) and transferred to a polyvinylidene
difluoride membrane (Merck KGaA). The membrane was
blocked with 5% BSA (Wuhan Servicebio Technology Co.,
Ltd.) at 37°C for 1 h. Afterwards, the membrane was incubated
with primary antibodies overnight at 4°C and with secondary
antibody at 37°C for 1.5 h. Finally, the signal was detected
using an enhanced chemiluminescence kit (Dalian Meilun
Biology Technology Co., Ltd.). The antibodies used included:
Anti-vimentin (1:50,000; cat. no. 10366-1-AP), anti-inhibitor
of kB a (IkBa; 1:10,000; cat. no. 10268-1-AP), anti-phosphor-
ylated (p)-p65 (1:5,000; cat. no. 82335-1-RR) and anti-p65
(1:20,000; cat. no. 80979-1-RR) (all from Wuhan Sanying
Biotechnology); anti-E-cadherin (1:2,000; cat. no. AF0131),
anti-fibronectin (FN; 1:1,500; cat.no. AF5335) and anti-collagen
I (1:2,000; cat. no. AF7001) (all from Affinity Biosciences);
and anti-MALT1 (1:1,000; cat. no. GB11790-100), anti-f3-actin
(1:5,000; cat. no. GB15003-100) and HRP-linked secondary
antibodies (1:10,000; cat. no. GB23303) (all from Wuhan
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Figure 1. Effect of different concentrations of glucose on epithelial-to-mesenchymal transition in HK-2 cells. (A) Comparison of cell migration rate among the
NC, LG and HG groups, between the NC and LG groups, between the NC and HG groups, and between the LG and HG groups. (B) Comparison of invasive
cell number among the NC, LG and HG groups, between the NC and LG groups, between the NC and HG groups, and between the LG and HG groups.
(C) Comparison of the protein expression levels of E-cadherin among the NC, LG and HG groups, between the NC and LG groups, between the NC and HG
groups, and between the LG and HG groups; and comparison of the protein expression levels of vimentin among the NC, LG and HG groups, between the NC
and LG groups, between the NC and HG groups, and between the LG and HG groups. “P<0.05, “P<0.01, “"P<0.001; ns, not significant; n=3/group. NC, negative

control; LG, low-concentration glucose; HG, high-concentration glucose.

Servicebio Technology Co., Ltd.). The intensity of target bands
was assessed using ImagelJ software V1.8.0, and the expression
levels of the target proteins were normalized to [3-actin.

Statistical analysis. Statistical analyses were performed using
GraphPad (version 9.0; Dotmatics). The Shapiro-Wilk test
of normality was initially performed. Subsequently, group
comparisons of normal data were carried out using one-way
analysis of variance, followed by Tukey's multiple compari-
sons test. P<0.05 was considered to indicate a statistically
significant difference.

Results

HG facilitates EMT and fibrosis and enhances MALTI
expression in HK-2 cells. In detail, cell migration rate and
invasive cell number were increased in the HG group compared
with those in the NC and LG groups (all P<0.05), whereas there
was no change between the LG and NC groups (both P>0.05)
(Fig. 1A and B). Furthermore, E-cadherin protein expression
levels were reduced in the HG group compared with those in
the NC group (P<0.01), whereas they did not differ between
the HG and LG groups, or between the LG and NC groups
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(both P>0.05) (Fig. 1C). By contrast, elevated vimentin protein
expression was observed in the HG group compared with that
in the NC (P<0.001) and LG (P<0.05) groups, as well as in the
LG group compared with that in the NC group (P<0.05). These
results indicated that glucose promoted EMT with gradient
concentration effects in HK-2 cells.

Glucose promoted fibrosis in HK-2 cells in a dose-depen-
dent manner. The relative fluorescence intensity of a-SMA
was increased in the HG group compared with that in the NC
(P<0.001) and LG (P<0.01) groups, as well as in the LG group
compared with in the NC group (P<0.05) (Fig. 2A). In addi-
tion, the protein expression levels of FN and collagen I were
increased in the HG group compared with those in the NC and
LG groups (all P<0.05), but there was no difference in expres-
sion between the LG and NC groups (both P>0.05) (Fig. 2B).

Additionally, glucose facilitated MALT1 expression in a
dose-dependent manner in HK-2 cells. Specifically, the protein
expression levels of MALT1 were increased in the HG group
compared with those in the NC (P<0.01) and LG (P<0.05)
groups, whereas there was no difference between the LG and
NC groups (P>0.05) (Fig. 2C).

MI-2 inhibits cell viability and EMT in HG-treated HK-2
cells. No difference was found in the protein expression levels
of MALT1 among the HG, LC-MI-2, MC-MI-2 and HC-MI-2
groups (all P>0.05; Fig. S1), indicating that MI-2 functions
by inhibiting MALT1 activity but not its direct expression.
However, MI-2 dose-dependently reduced cell viability in
HG-treated HK-2 cells, and HC-MI-2 exhibited the best effect.
In detail, the OD value was reduced in the HC-MI-2 group
compared with that in the HG, LC-MI-2, and MC-MI-2 groups
(all P<0.01; Fig. S2). The effect of MI-2 on the inhibition of
EMT was dose-dependent in HG-treated HK-2 cells and
HC-MI-2 showed the best inhibitory effect. In detail, the cell
migration rate and invasive cell number were reduced in the
HC-MI-2 group compared with those in the HG and LC-MI-2
groups (all P<0.05), whereas there was no significant difference
between the HC-MI-2 group and the MC-MI-2 group (both
P>0.05) (Fig. 3A and B). Furthermore, the protein expression
levels of E-cadherin were elevated, whereas those of vimentin
were reduced in the HC-MI-2 group compared with those in
the HG group and the LC-MI-2 group (all P<0.01) (Fig. 3C).
Moreover, the protein expression of E-cadherin was elevated
in the HC-MI-2 group compared with that in the MC-MI-2
group (P<0.05), but the reduction in vimentin protein expres-
sion between the HC-MI-2 and MC-MI-2 groups was not
statistically significant (P>0.05).

MI-2 inhibits fibrosis in HG-treated HK-2 cells. MI-2
dose-dependently reduced fibrosis in HG-treated HK-2 cells
and HC-MI-2 exhibited the best effect. Specifically, the
relative fluorescence intensity of a-SMA was reduced in the
HC-MI-2 group compared with that in the HG, LC-MI-2
and MC-MI-2 groups (all P<0.05; Fig. 4A). Furthermore, the
protein expression levels of FN were reduced in the HC-MI-2
group compared with those in the HG and LC-MI-2 groups
(both P<0.05), but there was no significant difference between
the HC-MI-2 group and the MC-MI-2 group (P>0.05)
(Fig. 4B). Collagen I protein expression was also decreased in
the HC-MI-2 group compared with that in the HG (P<0.001)

and LC-MI-2 (P<0.01) groups, but it did not differ statistically
between the HC-MI-2 and MC-MI-2 groups (P>0.05).

MI-2 inhibits the NF-xB pathway in HG-treated HK-2 cells.
MI-2 inhibited the NF-kB pathway in HG-treated HK-2
cells in a dose-dependent manner and HC-MI-2 had the best
inhibitory effect. In particular, IkBa protein expression was
increased in the HC-MI-2 group compared with that in the HG
(P<0.001), LC-MI-2 (P<0.001) and MC-MI-2 (P<0.05) groups
(Fig. 5). By contrast, the protein expression ratio of p-p65/p65
was descended in the HC-MI-2 group compared with that in
the HG (P<0.001) and LC-MI-2 (P<0.05) groups; however, no
significant difference was found between the HC-MI-2 and
MC-MI-2 groups (P>0.05).

Discussion

DN is a burden on healthcare systems that affects ~1/3 of
patients with diabetes mellitus (3,17,18). Renal fibrosis, marked
by the excessive deposition of extracellular matrix components,
destroys kidney structure and causes loss of kidney function,
which is closely linked to the development and progression
of DN (19). EMT is one of the major pathogeneses of renal
fibrosis (20). In the present study, the HK-2 cell line was used, a
human renal proximal tubule epithelial cell line, to construct a
widely used in vitro model of DN (21-25). The results revealed
that HG promoted EMT and fibrosis in HK-2 cells, which was
similar to the findings of previous studies (22,23). Moreover,
previous studies have revealed that HG can induce the protein
expression of MALT1, which was similar to the findings of the
current study (26,27). In the present study, HG promoted the
protein expression levels of MALT1 in HK-2 cells, which indi-
cated that MALT1 may be a promising target and a potential
biomarker for DN.

Enhanced cell migration and invasion reflect the develop-
ment of EMT (28), and the reduction of epithelial surface
markers (such as E-cadherin) and the elevation of mesenchymal
markers (such as vimentin) are the hallmarks of EMT (29).
Furthermore, the excessive deposition of extracellular matrix
components, such as a-SMA, FN and collagen I are considered
important markers of fibrosis (30). The present study revealed
that MI-2 could reverse HG-induced EMT and fibrosis with
gradient concentration effects in HK-2 cells. These findings
suggested that MI-2 might be an effective therapeutic agent
for DN. In the wound healing assay, the choice of time point of
cell migration depends on numerous factors. The main factor
is the specific requirements of the experiment and cell type. In
addition, other factors, such as cell density, scratch width and
cell processing methods need to be taken into account. Due
to a comprehensive consideration of these factors, the present
study set multiple evaluation time points in the preliminary
experiments. The time point of 6 h was eventually selected as
the evaluation time point to prevent the cells from becoming
too dense and affecting the migration evaluation.

The current study suggested that MI-2 did not significantly
affect the protein expression of MALT1 in HG-treated HK-2
cells. The cause of this phenomenon may be that MI-2 is
an irreversible MALT]1 inhibitor, which works by directly
combining with MALT1 and inhibiting MALT1 protease
activity (15,31-34); thus, MI-2 did not directly affect the protein
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Figure 2. Effects of different concentrations of glucose on fibrosis and MALT1 expression in HK-2 cells. (A) Comparison of the relative fluorescence intensity
of a-SMA among the NC, LG and HG groups, between the NC and LG groups, between the NC and HG groups, and between the LG and HG groups.
(B) Comparison of the protein expression levels of FN among the NC, LG and HG groups, between the NC and LG groups, between the NC and HG groups,
and between the LG and HG groups; and comparison of the protein expression levels of collagen I among the NC, LG and HG groups, between the NC and LG
groups, between the NC and HG groups, and between the LG and HG groups. (C) Comparison of the protein expression levels of MALT1 among the NC, LG
and HG groups, between the NC and LG groups, between the NC and HG groups, and between the LG and HG groups. "P<0.05, “P<0.01, *“P<0.001; ns, not
significant; n=3/group. MALT1, mucosa-associated lymphoid tissue lymphoma translocation protein 1; a-SMA, a-smooth muscle actin; NC, negative control;
LG, low-concentration glucose; HG, high-concentration glucose; FN, fibronectin.

expression of MALTI. In addition, due to the fact that MALT1
is the key regulator in activating the NF-«xB signaling pathway,
the present study further explored whether the NF-«B signaling
pathway was inhibited by MI-2 in HG-treated HK-2 cells. The
findings revealed that MI-2 increased the protein expression

levels of IxBa, while reducing the protein expression ratio of
p-p65/p65 in a dose-dependent manner in HG-treated HK-2
cells. Notably, a previous study showed that MALT1 inhibition
by MI-2 can suppress the NF-«xB signaling pathway in mantle
cell lymphoma cells (35). The results of this previous study
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Figure 3. Effect of different concentrations of MI-2 on epithelial-to-mesenchymal transition in HG-treated HK-2 cells. (A) Comparison of cell migration rate
among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups, between the HG and LC-MI-2 groups, between the HG and MC-MI-2 groups, between the HG and
HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between the MC-MI-2 and HC-MI-2 groups.
(B) Comparison of invasive cell number among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups, between the HG and LC-MI-2 groups, between the HG and
MC-MI-2 groups, between the HG and HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between
the MC-MI-2 and HC-MI-2 groups. (C) Comparison of the protein expression levels of E-cadherin among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups,
between the HG and LC-MI-2 groups, between the HG and MC-MI-2 groups, between the HG and HC-MI-2 groups, between the LC-MI-2 and MC-MI-2
groups, between the LC-MI-2 and HC-MI-2 groups, and between the MC-MI-2 and HC-MI-2 groups; and comparison of the protein expression levels of
vimentin among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups, between the HG and LC-MI-2 groups, between the HG and MC-MI-2 groups, between the
HG and HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between the MC-MI-2 and HC-MI-2
groups. HK-2 cells in the LC-MI-2, MC-MI-2 and HC-MI-2 groups were treated with HG. "P<0.05, “P<0.01, ““P<0.001; ns, not significant; n=3/group. HG,
high-concentration glucose; LC-MI-2, low concentration MI-2; MC-MI-2, medium concentration MI-2; HC-MI-2; high concentration MI-2.

were similar to the present results (35), indicating that MALT1
inhibition by MI-2 may decrease cell viability and migra-
tion via the NF-«xB signaling pathway. However, there were
some differences between the previous study and the current
study: i) The previous study focused on mantle cell lymphoma
cells, whereas the present study focused on HK-2 cells (which
were used for in vitro studies of DN) (35). ii) The previous
study highlighted the impact of MI-2 inhibiting the NF-xB
signaling pathway on tumor resistance, while the present
study focused on its impact on EMT and fibrosis (35). iii) The
previous study did not construct MI-2 concentration gradient

models; however, the present study constructed these models,
which further indicated that the inhibitory effect of MI-2 on
the NF-kB pathway was dose-dependent (35). The possible
mechanisms underlying the inhibitory effects of MI-2 on
the NF-kB signaling pathway may be as follows: MI-2 could
directly bind to MALT1 and suppress its protease function,
thus disrupting the assembly of the CARMA1/BCL10/MALT1
(CBM) complex, further inactivating the IxB kinase complex,
inhibiting the phosphorylation of IxB and reducing NF-kB
activation (36,37). However, the current study did not explore
specific molecular interactions or downstream effects, which
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HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between the MC-MI-2 and HC-MI-2 groups.
(B) Comparison of the protein expression levels of FN among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups, between the HG and LC-MI-2 groups,
between the HG and MC-MI-2 groups, between the HG and HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2
groups, and between the MC-MI-2 and HC-MI-2 groups; and comparison of the protein expression levels of collagen I among the HG, LC-MI-2, MC-MI-2 and
HC-MI-2 groups, between the HG and LC-MI-2 groups, between the HG and MC-MI-2 groups, between the HG and HC-MI-2 groups, between the LC-MI-2
and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between the MC-MI-2 and HC-MI-2 groups. HK-2 cells in the LC-MI-2, MC-MI-2
and HC-MI-2 groups were treated with HG. "P<0.05, “P<0.01, ““P<0.001; ns, not significant; n=3/group. HG, high-concentration glucose; a-SMA, a-smooth
muscle actin; LC-MI-2, low concentration MI-2; MC-MI-2, medium concentration MI-2; HC-MI-2; high concentration MI-2; FN, fibronectin.

require verification in future studies. Overall, the results indi-
cated that MI-2 inhibited MALT1, further blocking the NF-«xB
signaling pathway to suppress HG-induced EMT and fibrosis.
Notably, some other signaling pathways, such as transforming
growth factor-f/SMAD, Wnt/B-catenin and phosphatidylino-
sitol 3-kinase/protein kinase B/mammalian target of the
rapamycin, are also involved in EMT and fibrosis (38-40).
These signaling pathways could be explored in future studies.

Overall, the aforementioned findings highlighted that MI-2
might be a promising agent, which could meet the current
clinical needs for the management of DN. However, the
CCK-8 cell viability assay showed that MI-2 dose-dependently
reduced the viability of HG-treated HK-2 cells. This result
indicated that although MI-2 showed a favorable effect on
the treatment of DN, its clinical application may be limited
by toxicity. Thus, strict dose optimization is required to avoid
exacerbating toxicity in clinical practice. Moreover, more

clinical studies are required to further validate the clinical
application of MI-2, including the efficacy and safety assess-
ment of MI-2 in patients with DN.

The current study has the following limitations: i) The
mechanism by which HG promoted the protein expression
of MALT1 in HK-2 cells remains unknown. Future studies
should explore the signaling pathways or transcription factors
involved in MALT1 upregulation under HG conditions, which
may provide deeper insights into the pathogenesis of DN and
potential therapeutic targets. ii) The study only focused on
HK-2 cells. The findings may not be generalizable to other
types of kidney cells, such as podocytes and mesangial cells,
which also serve crucial roles in DN. Thus, future studies
should investigate whether MI-2 has similar effects on these
kidney cells. iii) Due to the lack of experimental conditions,
the current study was entirely based on in vitro experiments.
The results might not fully reflect the complex interactions
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Figure 5. Effect of different concentrations of MI-2 on the NF-kB pathway in HG-treated HK-2 cells. Comparison of the protein expression levels of IkBa
among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups, between the HG and LC-MI-2 groups, between the HG and MC-MI-2 groups, between the HG and
HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between the MC-MI-2 and HC-MI-2 groups;
and comparison of p-p65/p65 among the HG, LC-MI-2, MC-MI-2 and HC-MI-2 groups, between the HG and LC-MI-2 groups, between the HG and MC-MI-2
groups, between the HG and HC-MI-2 groups, between the LC-MI-2 and MC-MI-2 groups, between the LC-MI-2 and HC-MI-2 groups, and between the
MC-MI-2 and HC-MI-2 groups. HK-2 cells in the LC-MI-2, MC-MI-2 and HC-MI-2 groups were treated with HG. "P<0.05, “P<0.01, ““P<0.001; ns, not
significant; n=3/group. HG, high-concentration glucose; IkBa, inhibitor of kB a; LC-MI-2, low concentration MI-2; MC-MI-2, medium concentration MI-2;

HC-MI-2; high concentration MI-2; p, phosphorylated.

and responses in a living organism. Future studies should
conduct in vivo studies using animal models of DN to validate
the findings and assess the therapeutic potential of MI-2 in a
more physiologically relevant context. iv) The current study
evaluated the effects of MI-2 treatment after 48 h, and the
short duration might not capture the full spectrum of cellular
responses or long-term effects. Future studies should extend
the treatment and observation periods to evaluate the sustained
effects and potential side effects of MI-2. v) The current study
lacked detailed mechanistic studies to elucidate the specific
interactions and downstream effects of MALT1 inhibition by
MI-2 on the NF-kB pathway. On one hand, MALT1 acts as
a scaffolding protein, which mediates the formation of the
CBM complex to drive activation of the NF-«B pathway (41).
Thus, immunoprecipitation is required to evaluate the effect
of MALT1 on the CBM complex, and western blot analysis
should be performed to assess the effect of MI-2 on down-
stream proteins of the CBM complex (such as TRAF6 and
TAKT1). On the other hand, MALTI acts as a protease, which
cleaves several proteins directly connected to the NF-xB
pathway, such as CYLD, A20 and RelB (41). Thus, western
blotting is required to assess the effect of MI-2 on these
related proteins. However, considering technical and financial
limitations, the detailed molecular studies were not conducted.
vi) Due to financial limitations, the current study prioritized
and only focused on the NF-xB pathway. Future studies may
consider investigating other relevant signaling pathways to
provide a more comprehensive understanding of the molecular
mechanisms. vii) The current study only used western blotting
to measure proteins, whereas dual measurements of proteins
using enzyme-linked immunosorbent assay and western blot-
ting assay may enhance the quality of results.

In conclusion, the present study revealed that MALT1 inhi-
bition by MI-2 may attenuate HG-induced EMT and fibrosis in
HK-2 cells, and this attenuation may be attributed to inhibition
of the NF-«B signaling pathway.
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