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INTRODUCTION

ABSTRACT

Aims/Introduction: The molecular mechanisms of diabetic nephropathy (DN) are
poorly identified. However, the advantage of an increasing amount on microarray data of
diabetic nephropathy intrigued us to explore the mechanisms based on bioinformatics
prediction for diabetic nephropathy.

Materials and Methods: Bioinformatics analysis was conducted to screen the hub
genes associated with diabetic nephropathy. The average human renal tubular epithelial
cells were exposed to high glucose (HG) to generate an in vitro cell model. In addition, a
mouse model of diabetic nephropathy was established using a high-fat diet and
streptozotocin injection. Finally, the shRNA targeting immunoglobulin heavy constant
gamma 1 (IGHGT1) was introduced in vitro and in vivo to illustrate its effect on
downstream factors and on the development diabetic nephropathy.

Results: Bioinformatics analysis revealed that IGHGT, TRIM11 (tripartite motif protein 11),
and TonEBP are highly expressed in diabetic nephropathy. In vitro cell experiments
demonstrated that IGHG1 positively regulates the expression of TRIM11 and TonEBP
(tonicity-responsive enhancer binding protein) in HK2 cells treated with high glucose.
Furthermore, TRIM11 upregulates the expression of TonEBP through activation of the
MEK/ERK (mitogen-activated protein kinase/extracellular signal-regulated kinase) signaling
pathway in HK2 cells treated with high glucose. In vivo, animal experiments further
confirmed that silencing IGHG1 could prevent the occurrence and development of
diabetic nephropathy.

Conclusion: The silencing of IGHG!1 alleviated diabetic nephropathy by inhibiting the
TRIM11/MEK/ERK axis and by downregulating TonEBP.

characterized by hypertension, progressive kidney function

Diabetic nephropathy (DN), as a complication of diabetes mel-
litus (DM) inducing the progression of end-stage renal
disease'?, is a notable contributor to the alarming mortality for
patients with diabetes mellitus>*. Diabetic nephropathy can be
diagnosed through pathologic structural and functional alter-
ations in the kidneys of patients with diabetes mellitus,
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decline, and proteinuria®. The complex organ pathology in
patients with diabetes mellitus, with a series of profound struc-
tural, metabolic, and functional alterations, challenges the devel-
opment of efficient therapies for diabetic nephropathy®.
Consequently, it is of growing interest to delve into the patho-
genic mechanisms underlining diabetic nephropathy for devel-
oping novel strategies for diabetic nephropathy.
Immunoglobulin G (IgG) is an essential component of
human adaptive immunity, accounting for approximately 80%
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of total immunoglobulins’. It has been shown that the glomeru-
lar IgG deposit impacts the glomerular structure and emerges
as an independent risk factor for diabetic nephropathy®. Also,
prior evidence has suggested that urinary IgG was elevated as
diabetic nephropathy progressed”. Immunoglobulin heavy con-
stant gamma 1 (IGHGI), as a member of the IgG subclass, is a
critical functional isoform of immunoglobulins produced by the
immune system of the body'® ">, IGHGI is among the urinary
glycoproteins related to chronic kidney disease'’, having a pre-
dictive potential for response to steroid therapy in focal seg-
mental glomerulosclerosis'®. An earlier study elucidated that
IGHG1 was correlated with kidney injuries in chronic kidney
disease”. Thus, the research on IGHGI is vital for understand-
ing the pathological mechanisms underlying diabetic
nephropathy.

As a type I interferon-inducible E3 ligase, the tripartite
motif-containing (TRIM) protein family orchestrates multiple
cell functions, such as transcription, signal transduction, and
cell cycle progression'®. Of note, TRIM11 has been classified as
participating in the development of diabetic nephropathy'’.
Intriguingly, research by Di et al'® uncovered that TRIM11-
knocked down glioma cells exhibited a decline in the activity of
the MEK/ERK pathway. More importantly, the activation of
the MEK/ERK pathway has been implicated in progression of
diabetic nephropathy'®. A prior study demonstrated the activat-
ing impacts of the MEK/ERK pathway on tonicity-responsive
enhancer-binding protein (TonEBP) after NRK52E cells were
treated with NaCl or mannitol hyperosmolality”. Furthermore,
TonEBP expression is high in adrenocortical tubular cells of
diabetic transgenic mice, accompanied by vacuolated degenera-
tive changes”’. Accordingly, the TRIM11/MEK/ERK/TonEBP
axis might be involved in the onset and development of dia-
betic nephropathy.

Nevertheless, limited data focused on the relationship
between IGHGI and TRIM11 and their functional relevance in
diabetic nephropathy. Therefore, this study sought to ascertain
whether IGHGI1 orchestrates the progression of diabetic
nephropathy via the TRIM11/MEK/ERK/TonEBP axis.

MATERIALS AND METHODS

Retrieval of differentially expressed genes (DEGs)

The GEO database was utilized to retrieve the dataset
GSE86300, which is relevant to diabetic nephropathy. This
dataset consists of five samples of early-stage diabetic mouse
renal cortex tissues and five control samples of mouse renal
cortex tissues. Differential mRNA analysis was performed using
the criteria of |logFC| > 2.25 and a P value < 0.05, with the aid
of the “limma” package in R language to identify genes with
differential expression. In addition, two validation datasets,
GSE20636 (including six samples of late-stage diabetic mouse
kidney tissues (8 months old) and six control samples of mouse
kidney tissues) and GSE185616 (comprising five samples of
late-stage diabetic mouse renal cortex tissues and 12 control
samples of mouse renal cortex tissues), were included.
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Cell culture and short hairpin RNA transduction

Human renal tubular epithelial cells HK-2 (CRL-2190) were cul-
tured in DMEM/F12 (Gibco, USA) medium supplemented with
streptomycin (100 U/mL; Gibco, MA, USA), penicillin (100 U/
mL; Gibco), and 10% FBS (Gibco). The cells were maintained in
a CO, incubator at 37°C. For the control group, the cells were
treated with 5.5 mM glucose for 24 h, while the high glucose
group (HG) cells were treated with 30 mM glucose for 24 h.

The isolation and induction of bone marrow-derived macro-
phages (BMDM) was performed as follows. Six-week-old mice
were euthanized, and the femurs and tibias were flushed with
phosphate-buffered saline (PBS) containing 2% heat-inactivated
fetal bovine serum (FBS). The bone marrow cells were then
subjected to gradient centrifugation at 500 g for 5 min, fol-
lowed by red blood cell lysis using a lysis buffer (provided by
BOSTER, Wuhan, China). The cells were suspended in 15%
1929 conditional medium (RPMI-1640 medium containing
10% FBS, 1% penicillin/streptomycin, and 15% 1929 cell culture
supernatant) and incubated at 37°C with 5% CO, for 24 h to
allow the cells to adhere to the culture dish. The adherent cells
were then replated in 6-well plates with 15% 1929 conditional
medium at a density of 1 x 10° cells per well, and cultured for
7 consecutive days with the medium changed every 2 days to
obtain BMDMs. Subsequently, the BMDMs were exposed to a
high glucose environment for 48 h: (1) control group (5.5 mM
glucose); (2) HG group (35 mM glucose)22.

For lymphocyte extraction, the kidney tissue was isolated from
diabetic nephropathy model mice and placed on a 200 mesh steel
screen to grind from the edge, transferring it to a 15 mL centri-
fuge tube. The tube was centrifuged at 650 rpm for 1 min, and
the supernatant was collected into another 15 mL centrifuge
tube. After centrifugation at 1,500 rpm for 5 min, the superna-
tant was discarded and the washing process was repeated twice.
The pellet was resuspended in 6 mL of a 40% Percoll solution,
and 3 mL of a 70% Percoll solution was added to the bottom
layer. The tube was then centrifuged at 2,000 rpm for 20 min,
with acceleration and deceleration rates of 6 and 2, respectively.
The leukocyte layer between the two layers of Percoll solution
was extracted into a 15 mL centrifuge tube, and after the addition
of PBS to fill the tube, centrifugation was performed at 200 rpm
for 5 min to collect the cells. After resuspending the cells in
1 mL of PBS, 10 uL of the cell suspension was taken and mixed
with trypan blue in a 1:1 ratio for cell counting purposes.

Cell transfection

When the cell fusion reached 80-90%, transfection was con-
ducted following the instructions for Lipofectamine 2000
(11668-019, Invitrogen, New York, CA, USA). All plasmids
were provided and constructed by the Shanghai Genome Com-
pany. Transfection in the HG group was divided into several
groups: sh-NC group (negative control silenced plasmid), sh-
IGHGI1 group (IGHGI silenced plasmid), sh-TRIM11 group
(TRIM11 silenced plasmid), sh-TonEBP group (TonEBP
silenced plasmid), DMSO group (solvent control group),
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PD98059 group (MEK/ERK inhibitor, 10 pM), sh-TRIMI11 +
0e-NC group (TRIM11 silenced plasmid + negative control
overexpressed plasmid), sh-TRIM11 + oe-ERK group (TRIM11
silenced plasmid + overexpressed ERK plasmid).

Construction of lentiviral vectors for silencing IGHG1, TRIM11,
and TonEBP

The pGreenPuro-CMV-shRNA-Lentivector (sh- silencing vec-
tor, catalog number: SI505A-1, System Biosciences, USA) was
purchased to construct lentivirus-based silencing vectors for
IGHGI1, TRIM11, and TonEBP. The silencing sequences are
listed in Table S1. The lentiviral vectors were transfected into
HK-2 cells using Opti-MEM medium (31985070, Gibco) and
Lipofectamine 3000 reagent (L3000015, Invitrogen, New York,
California, USA, https://www.thermofisher.cn/cn). After 20 h,
the growth medium was replaced with 12 mL of medium sup-
plemented with 5% fetal bovine serum. After 48 h of transfec-
tion, the supernatant containing the virus was collected, filtered
through a 045 pum cellulose acetate filter (HAWG04700, MF-
Millipore, https://www.sigmaaldrich.cn/), and stored at —80°C.

Establishment of DN mouse models

A total of 40 male C57BL/6 mice at the age of 6-8 weeks were
housed in a specific pathogen-free (SPF) animal facility. The
laboratory maintained a humidity of 60-65% and a tempera-
ture of 22-25°C, with a 12 h light/dark cycle. Free access to
food and water was provided. After 7 days of adaptation feed-
ing, routine measurements including blood glucose, blood pres-
sure, blood lipids, and body weight, were taken to confirm the
absence of any abnormalities in the mice. The mice were then
randomly divided into two groups: a control group consisting
of 10 mice and a diabetic nephropathy (DN) group consisting
of 110 mice. The control group received an intraperitoneal
injection of citrate buffer (0.1 M, pH 4.5). The DN group was
fed a high-fat diet (67% basal feed, 10% lard, 20% sugar, 2.5%
cholesterol, and 0.5% sodium cholate) for 2 weeks before being
intraperitoneally injected with streptozotocin (STZ) at a dose of
50 mg/kg”. The mice were then returned to standard labora-
tory housing. After 3 days of STZ injection, blood samples were
collected from the tail or neck vein to measure blood glucose
levels. A fasting blood glucose (FBG) level >5.6 mmol/L or a
blood glucose level >78 mmol/L 2 h post-load indicated the
preliminary establishment of the model.

After successful model establishment, some DN mice were
randomly divided into five groups (n = 10). The groups con-
sisted of the DN group (diabetic nephropathy model), DN + sh-
NC group (DN mice injected with 10 puL sh-NC lentivirus via
the tail vein), DN + sh-IGHGI group (DN mice injected with
10 pL sh-IGHGI lentivirus via the tail vein), DN + sh-TRIM11
group (DN mice injected with 10 pL sh-TRIM11 lentivirus via
the tail vein), and DN + sh-TonEBP group (DN mice injected
with 10 pL sh-TonEBP lentivirus via the tail vein).

Another portion was randomly divided into three groups
(n = 10): DN + DMSO group (DN mice injected with 10 pL
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DMSO via the tail vein) and DN + epalrestat group (DN mice
injected with 10 pL epalrestat via the tail vein).

Yet another portion was randomly divided into three groups
(n = 10): DN + sh-NC + oe-NC group (DN mice injected with
10 pL sh-NC lentivirus and oe-NC lentivirus via the tail vein),
DN + sh-IGHGI + o0e-NC group (DN mice injected with
10 pL sh-IGHGI lentivirus and oe-NC lentivirus via the tail
vein), and DNA + sh-IGHGI + oe-TonEBP group (DN mice
injected with 10 pL sh-IGHGI1 lentivirus and 10 pL oe-
TonEBP lentivirus via the tail vein).

After 6 weeks, euthanasia was performed by intraperitoneal
administration of 50 mg/kg pentobarbital sodium to all mice.
Urine was collected for 24 h before euthanasia for albumin
detection. All animal experiments were conducted according to
the approved protocol of our institution’s Animal Care and
Use Committee. The optimal MOI for 10 pL lentivirus was
determined to be 50.

ELISA

Serum creatinine (SCr) was measured using the mouse creati-
nine assay kit (C011-2-1), blood urea nitrogen (BUN) using a
urea detection kit (C013-2-1), and albumin using the urine
albumin ELISA kit (AO28-2-1)*%. These kits were from Jian-
Cheng Bioengineering Institute (Nanjing, China).

Detection of albumin/creatinine ratio (ACR)

Twenty-four-hour urine samples were collected from each
group of mice and analyzed using a urine microalbumin detec-
tion kit to measure ACR levels.

H&E staining

Sections were dewaxed, hydrated, stained with hematoxylin
(60°C) for 60 s, and hydrolyzed with 1% hydrochloric ethanol
for 3 s. After washing for 2 s with 1 x PBS, sections were stained
with eosin, dehydrated, and sealed, followed by observation of
the morphological structure of the kidney under a microscope™.

Cellular immunofluorescence double staining method

Cultured macrophages and lymphocytes were seeded onto glass
slides for staining. After treatment, the cells were washed trice
with PBS and fixed with 4% formaldehyde for 30 min at room
temperature. Subsequently, the cells were treated with 0.1% Tri-
ton X-100 for 30 min, followed by blocking with 3% normal
donkey serum (containing 0.1% Triton X-100) for 1 h in the
dark. The cells were then incubated overnight at 4°C with the fol-
lowing primary antibodies: mouse anti-TRIMI1 antibody
(ab111694, 1:500, Abcam, Cambridge, UK), TonEBP antibody
(ab3446, 1:20, Abcam), IGHG antibody (PA5-75428, 1:500,
Thermo Fisher, Waltham, MA, USA), macrophage-specific
marker F4/80 antibody (ab6640, 1:200, Abcam), or lymphocyte-
specific marker CD4 antibody (CD4 Antibody (36-0041-85),
1:200, Invitrogen). Following this, the cells were incubated with
two secondary antibodies, Goat Anti-Rat IgG H&L (Alexa
Fluor® 488) (1:500, ab150165) and Alexa Fluor555-conjugated
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antibody (AB150078, 1:500, Abcam), at 37°C for 1 h. After wash-
ing three times with PBS for 5 min each, the cell nuclei were
stained with DAPI for 5 min. Subsequently, fluorescence images
were captured using an Olympus FLUOVIEW FV1000 confocal
laser scanning microscope (Olympus Corporation, Tokyo, Japan).
The localization and expression of IGHGI, TRIM11, and
TonEBP in DN macrophages and lymphocytes were observed
using this microscope (scale: 50 pm; 400x magnification).

Tissue section immunofluorescence double staining method
Frozen kidney tissue sections (5 um thickness) were obtained,
followed by three washes with phosphate-buffered saline (PBS)
at room temperature for 5 min each. The slides were then
blocked with 5% bovine serum albumin (BSA) for 30 min. Sub-
sequently, they were incubated overnight at 4°C with the follow-
ing primary antibodies: TRIM11 (ab111694, 1:500, Abcam),
TonEBP (ab3446, 1:20, Abcam), IGHG (PA5-75428, 1:500,
Thermo Fisher), Wilms tumor-specific marker antibody (Novus
Immunologicals, Littleton, NBP2-44607, 1:200), or aquaporin 1
antibody (NB600-749, 1:200). After incubation, the slides were
incubated at 37°C for 1 h with secondary antibodies, which
included TRITC-labeled antibody (AB6786, 1:500, Abcam) and
Alexa Fluor 488-labeled antibody (AB150077, 1:500, Abcam).
Subsequently, the slides were washed three times with PBS for
5 min each. Finally, the nuclei were stained with DAPI for
5 min, and the stained sections were imaged using an Olympus
FLUOVIEW FV1000 confocal laser scanning microscope (Olym-
pus Corporation, Tokyo, Japan).

RNA extraction and qRT-PCR

The total cellular RNA was extracted strictly as per the manuals
of a TRIZOL kit (15596-018, Solarbio, Beijing, China), followed
by concentration estimation. cDNA was synthesized using the
RNA RT kit (KR116, TianGen Biotechnology Co., Ltd, Beijing,
China). The ¢cDNA concentration was determined using fluo-
rescence quantitative PCR (B21202, Bimake, Shanghai, China),
and the cDNA was diluted to the same concentration using the
quantitative dilution method. The ¢cDNA (1 pL) was acquired,
and the reaction amplification system was 10 pL. The reaction
was conducted using a fluorescence quantitative PCR instru-
ment Applied Biosystems ViiA™ 7 (Applied Biosystems). The
2724CT method was applied for fold change calculation normal-
ized to B-actin. Primers were synthesized by Sangon (Shanghai,
China) and designed using the Primer5 software (Table S2).

Western blot

Total tissue and cell proteins were extracted, separated, and
transferred to membranes. The membrane was blocked with
5% skim milk powder and probed with primary antibodies to
TRIM11 (ab111694, 1:1,000, Abcam), TonEBP (ab3446, 1:1,000,
Abcam), IGHG1 (PA5-75428, 1:500, Thermo Fisher), ERK1
(ab32537, 1:1,000, Abcam), ERK2 (ab32081, 1:1,000, Abcam),
MEK1/2 (#4694, 1:1,000, CST, USA), p-ERK1/2 (ab201015,
1:1,000, Abcam), p-MEK1/2 (#2338, 1:1,000, CST, Danvers,
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MA) at 4°C overnight. After that, the membrane was re-probed
with HRP-labeled secondary IgG antibody (Abcam; goat anti-
rabbit: ab205718, 1:20,000 or goat anti-rat: ab6789, 1:5,000).
After development, the solution was added for developing, and
quantitative analysis of proteins was performed using Image]
software, normalized to B-actin (ab8226, 1:1,000, Abcam).

Statistical analysis

Data were processed using SPSS 21.0 software, Chicago, IL,
USA, with measurement data summarized as mean * SD.
Comparisons between the two groups were analyzed using
unpaired t-tests and comparisons among multiple groups using
one-way ANOVA with Tukey’s test. A value of P < 0.05 reflects
statistical significance.

RESULTS

IGHG1, TRIM11, and TonEBP were predicted bioinformatically
to be highly expressed in DN

To explore the mechanisms related to diabetic nephropathy, we
conducted differential analysis on the DN-related microarray
GSE86300, displaying 12 significantly upregulated and 17 signif-
icantly downregulated mRNAs in renal cortex samples of dia-
betes mellitus mice (Figure 1lab). By reviewing the literature,
we found that among these 12 significantly upregulated genes,
only IGHGI1 has not been reported in diabetic nephropathy
but is remarkably upregulated in chronic kidney disease'”, con-
sistent with the microarray analysis results. Furthermore, we
observed upregulation of IGHGI1 expression in late-stage dia-
betic nephropathy by analyzing the GSE20636 and GSE185616
datasets (Figure lc, d). Immunofluorescence staining revealed
elevated expression of IGHGI1, TRIM11, and TonEBP in the
renal tissue of DN mice, with TonEBP showing predominant
enrichment in the renal tubular epithelial cells (Figure le). Fur-
thermore, IGHG1, TRIM11, and TonEBP also demonstrated
overall high expression in bone marrow-derived macrophages
and lymphocytes in diabetic nephropathy (Figure 1f, g). These
findings suggest their potential involvement in the
inflammatory-driven pathology of diabetic nephropathy.

IGHG1 positively regulated TRIM11 and TonEBP expression in
vitro

To explore the relationship among IGHGI1, TRIMI11, and
TonEBP, HK-2 cells were treated with HG. IGHG1, TRIM11,
and TonEBP were notably higher in HG-treated HK-2 cells than
in control cells, as reflected by qRT-PCR and Western blot results
(Figure 2a, b). After further silencing IGHGI, IGHGI1, TRIM11,
and TonEBP, the expression was lowered in HG-treated HK-2
cells with sh-IGHG1 (Figure 2c, d). Silencing of either TRIM11
or TonEBP in HK2 cells of the HG group did not yield significant
changes in the expression of IGHG1 (Figure 2e-h). However,
compared with the sh-NC group, the silencing of TRIM11 and
TonEBP resulted in a notable reduction in their expression levels
(Figure 2e, f). In summary, IGHGI1 positively orchestrated
TRIM11 and TonEBP expression in vitro.
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significantly differentially expressed mRNAs in the renal cortex samples of early diabetic mice from the GSE86300 dataset, with red indicating
upregulation and blue indicating downregulation. () Expression levels of IGHGT in the renal tissue samples of late diabetic mice and control
samples from the GSE20636 dataset, P < 0.001, P < 0.005. (d) Expression levels of IGHGT in the renal cortex samples of late diabetic mice and
control samples from the GSE185616 dataset. (e) Cellular localization of IGHG1, TRIM11, and TonEBP in diabetic kidneys. Immunofluorescence
double staining was performed on mouse kidney tissues from the control and DN groups using antibodies against p-w/IGHGT1, p-w/TRIM11, p-1/

TonEBP, and the renal tubular epithelial cell marker WT1 (scale bar =

100 um; 400x magnification). IGHGT1, TRIM1
and DAPI (blue). (f, g) Immunofluorescence staining was used to detect the expression of IGHG1 (red), TRIM11

1, and TonEBP (green), WT1 (red),
(red), and TonEBP (red) in DN

macrophages (marked with F4/80, green) and lymphocytes (marked with CD4, green) (scale bar. 50 pm; 400x magnification). Control = 5, DN = 5.

*P < 005 when compared with the control group.

TRIM11 upregulated TonEBP expression through the
activation of the MEK/ERK pathway in vitro

The study further dissected the mechanism of TRIMI1 and
TonEBP in diabetic nephropathy. qRT-PCR and Western blot
results exhibited successful TRIM11 transfection (Figure 3a).
The Western blot results demonstrated (Figure 3b) that com-
pared with the sh-NC group, the sh-TRIM11 group exhibited a

significant decrease in the ratios of p-MEK1/2 to MEK1/2, p-
ERK1/2 to ERK1/2, as well as a reduction in TonEBP expres-
sion levels.

Further, gRT-PCR and Western blot data (Figure 3c)
indicated that PD98059 diminished TonEBP expression in
HG-treated HK-2 cells. Further, TRIM11 and the MEK/ERK
pathway were altered to verify that TRIM11 mediated TonEBP
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Figure 2 | IGHG1 silencing decreases TRIM11 and TonEBP expression in HG-induced HK-2 cells. (a, b) IGHGT, TRIM11, and TonEBP expression in
HG-induced HK-2 cells was measured by gRT-PCR (a) and Western blot (b). (¢, d) IGHG1, TRIM11, and TonEBP expression in HG-induced HK-2 cells
after silencing IGHG1 measured by gRT-PCR (c) and Western blot (d). (e, f) The expression levels of IGHGT, TRIM11, and TonEBP in the cells from
each group were evaluated using gRT-PCR and Western blot analysis after TRIM11 knockdown. (g, h) The expression levels of IGHG1, TRIM11, and
TonEBP in the cells from each group were evaluated using qRT-PCR and Western blot analysis after TonEBP knockdown. *P < 005 compared with
the control or sh-NC groups. An independent samples t-test was employed to compare between two groups, while a one-way analysis of variance
(ANova) was used for multiple group comparisons. Cell experiments were repeated three times.

through the MEK/ERK pathway. For qRT-PCR results
(Figure 3d), unchanged TRIM11 expression and increased ERK
and TonEBP expression were observed following treatment
with oe-ERK + sh-TRIM11. Western blot results (Figure 3e)
also manifested unchanged TRIMI11 expression and elevated p-
ERK1/2, ERK, and TonEBP expression upon treatment with
oe-ERK + sh-TRIM11. Collectively, TRIM11 enhanced TonEBP
expression via MEK/ERK pathway activation in vitro.

Silencing of IGHGT1 alleviated symptoms of DN in mice

Further, we established a mouse model of diabetic nephropathy
for validation. In the DN group, the kidney weight/body
weight ratio increased but decreased after silencing IGHGI,
TRIM11, and TonEBP (Figure 4a). The ELISA results
(Figure 4b—e) showed that compared with the control group,
the DN group exhibited a significant increase in blood creati-

albumin, and a notable increase in ACR levels. Treatment with
sh-IGHGI, sh-TRIMI11, and sh-TonEBP could reverse the
above results. Compared with the DN + DMSO group, the
DN + epalrestat group showed a decrease in kidney weight/
body weight ratio in mice(Figure S1A) and significantly
decreased blood creatinine and blood urea nitrogen expression,
urinary albumin, and ACR levels (Figure S1A-E). The H&E
staining results (Figure 4f) revealed that compared with the
control group, the DN group exhibited disrupted renal tubular
epithelium, renal tubular vascular clusters, and interstitial struc-
tures, enlarged renal glomeruli, widened mesangial areas,
noticeable matrix proliferation, thickened glomerular basement
membrane, and tubular atrophy and dilation, as well as vacuo-
lar degeneration of tubular epithelial cells, formation of tubular
casts, and minimal infiltration of inflammatory cells in the
tubulointerstitium. Silencing IGHGI alleviated the renal dam-

nine and blood urea nitrogen expression, increased urinary age, resulting in milder lesions. Compared with the
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Figure 3 | TRIM11 silencing blocks the MEK/ERK pathway to downregulate TonEBP expression in HG-treated HK-2 cells. (a) The transfection
efficiency of TRIM11 detected by gRT-PCR and Westemn blot (*P < 0.05, **P < 001 compared with the sh-NC group). (b) Western blot determined
the expression of p-MEK1/2, p-ERK1/2, and TonEBP (*P < 005, P compared with the sh-NC group). (c) The expression of TonEBP measured by
gRT-PCR and Western blot (*P < 005 compared with the DMSO group). (d) gRT-PCR detection of ERK and TonEBP expression. (e) Western blot
analysis of the expression of ERK, p-ERK1/2, and TonEBP (ns indicates no statistical difference compared with the sh-TRIM11 + oe-NC group,

*p < 005 compared with the sh-TRIM11 + oe-NC group). An independent samples t-test was employed to compare between two groups, while
ANova was used for multiple group comparisons. Cell experiments were repeated three times.
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Figure 4 | Silencing of IGHG1 inhibits the progression of diabetic nephropathy in mice. (a) Kidney weight/body weight of mice. (b) ELISA for SCr
in mice. (c) ELISA for BUN in mice. (d) ELISA for urinary albumin in mice. (¢) Urinary microalbumin detection for ACR levels. (f) H&E staining was
used to observe the histopathological damage in the kidney, glomerulus, and blood tissues of the mice in the experimental groups at 200x
magnification (scale bar = 50 pm) and 400x magnification (scale bar = 100 pm). (g, h) The expression of relevant genes, including IGHGT1, TRIM11,
TonEBP, MEK, ERK, p-MEK1/2, and p-ERK1/2 in the renal cortex and medulla of the mice in the experimental groups was evaluated using gRT-PCR
and Western blot analysis. *P < 0.05 compared with the control group, P < 0.05 compared with the DN + sh-NC group. anova was used for
multiple group comparisons. n = 10 for experimental animals in each group.

DN + DMSO group, the DN + epalrestat group showed
improvements in DN mouse lesions (Figure SIF).

The qRT-PCR and Western blot results (Figure 4g, h) dem-
onstrated that compared with the control group, IGHGI,
TRIM11, and TonEBP expressions were upregulated in the kid-
ney tissues of the DN group, while MEK1/2 and ERK1/2

expressions remained unchanged. The ratio of p-MEK1/2 and
p-ERK1/2 to total protein increased significantly. There were
no significant differences between the DN and DN + sh-NC
groups. Compared with the DN + sh-NC group, the DN + sh-
IGHG1 group showed significant downregulation of IGHGI,
TRIM11, and TonEBP expressions, while MEK1/2 and ERK1/2
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expressions remained unchanged. The ratio of p-MEK1/2 and
p-ERK1/2 to total protein decreased. The DN + sh-TRIM
group exhibited significant downregulation of TRIMI11 and
TonEBP expressions, while MEK1/2 and ERKI1/2 expressions
remained unchanged. The ratio of p-MEK1/2 and p-ERK1/2 to
total protein decreased. Conversely, the DN + sh-TonEBP
group showed significant downregulation of TonEBP expres-
sion, while MEK1/2, ERK1/2, p-MEK1/2, and p-ERK1/2 to
total protein expressions remained unchanged. Compared with
the DN + DMSO group, the DN + epalrestat group achieved
similar results to the DN + sh-IGHG1 group (Figure S1G, H).

These results indicate that silencing IGHG1 can prevent the
occurrence and progression of diabetic nephropathy.

http://wileyonlinelibrary.com/journal/jdi

Silent expression of IGHG1 and overexpression of TonEBP can
induce the occurrence and development of diabetic
nephropathy

Additionally, following the silent expression of IGHGI and
overexpression of TonEBP, there was an increase in the kidney
weight-to-body weight ratio in mice (Figure 5a). The ELISA
results demonstrated that compared with the DN + sh-
IGHGI1 + o0e-NC group, the mice in the DN + sh-IGHGI +
oe-TonEBP group showed a significantly increased expression
of blood creatinine and blood urea nitrogen, as well as elevated
levels of urinary albumin and ACR (Figure 5b—e). The H&E
staining results revealed that compared with the DN + sh-
IGHGI1 + o0e-NC group, the mice in the DN + sh-IGHGI +
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Figure 5 | The effects of silencing IGHG1 and overexpressing TonEBP on the progression of diabetic nephropathy in mice. The following
measurements were conducted in this study: (a) renal weight to body weight ratio in each group of mice; (b) serum creatinine levels in each
group of mice, measured using ELISA; () blood urea nitrogen levels in each group of mice, measured using ELISA; (d) urinary albumin levels in
each group of mice, measured using ELISA; (e) urinary microalbumin levels, measured using ACR; (f) pathological damage to kidney, glomerulus,
and vascular tissues in the major groups of mice observed through H&E staining (magnification: 200, scale bar: 50 pm; magnification: 400x, scale
bar: 100 pum); (g, h) expression of genes related to IGHGT, TRIM11, TonEBP, MEK, ERK, p-MEK1/2, and p-ERK1/2 was assessed in the renal cortex and
medulla of each group of mice using gRT-PCR and Western blot analysis. *P < 0.05 compared with the DN + sh-NC + oe-NC group. An
independent samples t-test was employed to compare two groups, while anova was used for multiple group comparisons. The experiments were
replicated three times, with a sample size of n = 10 animals per group.
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oe-TonEBP group exhibited pathological features similar to DN
mice, including disrupted renal tubular epithelium, renal tubule
vascular clusters, and interstitial structures, as well as pro-
nounced matrix proliferation and severe lesions (Figure 5f). On
the other hand, the DN + sh-IGHGI + oe-NC group showed
reduced renal damage.

Furthermore, qRT-PCR and Western blot results demon-
strated that compared with the DN + sh-NC + oe-NC group,
the DN + sh-IGHGI + o0e-NC group displayed significant
downregulation of IGHGI, TRIMI11, and TonEBP expression,
while the expression of MEK1/2 and ERKI/2 remained
unchanged. The ratio of p-MEK1/2, p-ERK1/2, p-MEK1/2, and
p-ERK1/2 to total protein expression decreased. In comparison
with the DN + sh-IGHGI + oe-NC group, the DN + sh-
IGHGL1 + oe-TonEBP group exhibited decreased expression of
IGHG1, TRIM11, MEK1/2, ERK1/2, p-MEK1/2, and p-ERK1/2
in renal tissue, while TonEBP expression was significantly upre-
gulated (Figure 5g, h).

These findings demonstrate that the silent expression of
IGHGI and overexpression of TonEBP can induce the occur-
rence and progression of diabetic nephropathy.

DISCUSSION

Diabetic nephropathy is a multifactorial disorder with multiple
pathogenic  molecular  processes and histopathological
structures”>”’. Therefore, understanding the molecular mecha-
nism underpinning the progression of diabetic nephropathy is
vital for treating this disease better. Based on this, this study
was conducted to elucidate the mechanism of IGHGI in dia-
betic nephropathy development via the TRIM11/MEK/ERK/
TonEBP axis. Our data deciphered that silencing IGHG1 pre-
vented the progression of diabetic nephropathy by blocking the
TRIM11/MEK/ERK axis and downregulating TonEBP.

As reported, the upregulation of IGHGI, which encodes the
heavy chain of IgG, is related to increased immune cell
infiltration®®, Furthermore, elevated immune cell infiltration is
critical in the progression of diabetic nephropathy*”. In addition,
prior work observed IgG deposits in the glomeruli of non-obese
diabetic mice™. Nevertheless, limited studies directly dissect the
role of IGHGI in diabetic nephropathy, despite mounting evi-
dence elucidating the link of IGHGI upregulation to kidney-
related disorders, such as clear cell renal cell carcinoma and
chronic kidney disease'™'. The molecular assessment of gene
transcript patterns, particularly renal compartments, has gained
attention in recent years, but knowledge of the mechanisms by
which they act still needs to be improved. Prior evidence indi-
cates the involvement of IGHGI upregulation in the tubulointer-
stitium with antibody-mediated rejection of renal allografts™.
Besides, increased IGHG1 was found in B cells of blood samples
of active systemic lupus erythematosus™.

TRIM proteins assume a role in tumor development, prolif-
eration, migration, and apoptosis**. In addition, these proteins
are also implicated in diabetes mellitus and its complications™.
For instance, TRIM32 orchestrates insulin resistance by
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repressing the plakoglobin function in several catabolic states,
including diabetes mellitus®®. In addition, ectopic TRIM13 con-
strains mesangial collagen synthesis in diabetic nephropathy”’.
Importantly, TRIM11 expression was observed in a previous
study to be amplified in the kidney tissues of DN mice'”. Cor-
roborating results were observed in our work as TRIM11 was
upregulated in DN and HG-induced HK-2 cells. Intriguingly,
silencing IGHGI caused the downregulation of TRIM11. Over-
all, IGHGI silencing might decrease TRIM11 expression to
impede the progression of diabetic nephropathy.

Of note, TRIM11 knock-down curtails cell proliferation and
invasion in high-grade glioma by disrupting the MEK/ERK
pathway'®. Furthermore, the activated MEK/ERK pathway by
NOD2 contributes to endothelial-to-mesenchymal transition in
glomerular vascular endothelial cells to accelerate the develop-
ment of diabetic nephropathy®. Also, blockade of the MEK/
ERK pathway is implicated in the repressive impacts of long
non-coding RNA ANRIL knock-down on mouse mesangial cell
fibrosis, proliferation, and inflammation in  diabetic
nephropathy’”. Our data illustrated the decline of p-MEK1/2
and p-ERK1/2 expression in HG-induced HK-2 cells following
TRIMI1 silencing and in DN mice after IGHGI silencing. As
reported, the MEK/ERK pathway leads to the transactivation of
TonEBP in the nucleus pulposus cells of the intervertebral
disc®®. TonEBP (also named Nuclear Factor of Activated T-
Cells 5) results in aldose reductase gene upregulation in mono-
cytes, which is linked to early diabetic nephropathy in
humans*'. The haplodeficiency of TonEBP diminishes the acti-
vation of macrophages triggered by hyperglycemia, macro-
phages in the kidney, and the renal expression of pro-
inflammatory factors, thus facilitating diabetic nephropathy in
mice*”. In our work, silencing IGHG1 or TRIM11 or inhibiting
the MEK/ERK pathway caused a reduction of TonEBP expres-
sion in vitro. Moreover, TonEBP was downregulated in DN
mice by silencing IGHGL.
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Figure 6 | Molecular mechanism graph of IGHG1 in diabetic
nephropathy. IGHG1 elevates TonEBP expression by activating the
TRIM11/MEK/ERK pathway, thus alleviating diabetic nephropathy.
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In conclusion, our data supported the notion that silencing
IGHGI blocked the TRIM11/MEK/ERK axis to downregulate
TonEBP and impeded the progression of diabetic nephropathy
(Figure 6). This study first unraveled the relationship between
IGHG1 and TRIMI11 and disclosed the repression of diabetic
nephropathy via IGHGI silencing, which provides potential tar-
gets for preventing diabetic nephropathy. Nonetheless, more
detailed explorations are merited to dissect further the mecha-
nism of the IGHG1/TRIM11/MEK/ERK/TonEBP axis in dia-
betic nephropathy.
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