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Background: The role of Short-chain fatty acids (SCFAs) and their G-protein-coupled receptors (GPRs) in mitigating diabetic
nephropathy (DN) has been recognized. This study aimed to investigate the impact of SCFAs on inflammation in DN via G-
protein-coupled receptors 41 and 43 (GPR41/43).
Methods: Human kidney tubular HK-2 cells were transfected to silence GPR41/43 and treated with sodium acetate (Ac, 48
mmol/L)/sodium propionate (Pr, 24 mmol/L)/sodium butyrate (But, 8 mmol/L) under high glucose (HG, 30 mM) or normal
glucose conditions. Rats were administered lentivirus solution to silence GPR41/43 and streptozotocin (STZ, 60 mg/kg) to induce
DN, followed by treatment with But (100 mmol/L). Diabetic symptoms and renal function were evaluated, kidney weight/body
weight (KW/BW) was calculated, and renal histopathology was examined using hematoxylin-eosin, periodic acid-Schiff, and
Masson staining. Quantitative real-time polymerase chain reaction, Western blot, enzyme-linked immunosorbent assay, and
immunohistochemistry were employed to assess epithelial-mesenchymal transition (EMT)-related proteins,GPR41,GPR43, NLR
family pyrin domain containing 3 (NLRP3), and inflammatory factor levels in HK-2 cells and kidney tissues.
Results: Ac/Pr/But reversed HG-induced downregulation in GPR41/GPR43 and upregulation of NLRP3/tumor necrosis factor-α
(TNF-α)/interleukin-18 (IL-18)/IL-6/IL-1β in HK-2 cells (p< 0.001). But attenuated HG-induced decrease in epithelial cadherin
(E-cadherin) (p < 0.001) and increase in alpha-smooth muscle actin (α-SMA) (p < 0.05) in HK-2 cells. Silencing GPR41/43 re-
versed the effects of But (p< 0.05). STZ induced diabetic symptoms, increased urine albumin level, serum creatinine/ blood urea
nitrogen (BUN) level, KW/BW, α-SMA, NLRP3, and inflammatory factor levels in kidney tissues, exacerbated kidney morphol-
ogy, and downregulated E-cadherin and GPR41/GPR43 in kidney tissues in rats (p< 0.001). But attenuated these effects of STZ,
which were reversed by silencing GPR41/43 (p < 0.05).
Conclusions: SCFAs inhibit NLRP3 inflammasome activation, thus alleviating inflammation and EMT in DN by upregulating
GPR41/43.
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Introduction

Diabetic nephropathy (DN) is a severe chronic mi-
crovascular complication of diabetes characterized by vari-
ous pathological abnormalities, including increased inflam-
mation, accumulation of reactive oxygen species (ROS),
proteinuria, and gradual decline in renal function [1,2].
Given its high incidence among end-stage renal disease
(ESRD) cases and its primary role as an inducer of ESRD,
DN represents a significant public health challenge world-
wide [2]. Despite advancements in therapeuticmethods that
alleviate DN symptoms and slow its progression to ESRD,
the cure rate of patients remains unsatisfactory [3].

Chronic inflammation plays a vital role in the onset
and progression of DN in extensive experimental and the-
oretical studies [4]. In addition to its direct effects, inflam-
mation has been implicated in facilitating other pathological

processes in DN, such as renal fibrosis, which can be driven
by the epithelial-mesenchymal transition (EMT) of tubular
epithelial cells [5]. The concurrence of inflammation and
fibrosis in DN often leads to the development of chronic
kidney disease (CKD), which may ultimately progress to
ESRD [5]. Therefore, investigating the mechanisms under-
lying renal inflammation and EMT in DN holds promise
for shedding light on its pathogenesis and developing novel
treatment strategies.

The induction and perpetuation of chronic inflam-
mation in DN are closely associated with the activation
of NOD-like receptors (NLRs) and intracellular pattern
recognition receptors (PRRs) by intracellular and extracel-
lular danger-associated molecular patterns and pathogen-
associated molecular patterns [6]. NLR family pyrin do-
main containing 3 (NLRP3) is activated in the form of the
NLRP3 inflammasome, driving the progression of DN, and
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targeting it is considered a potential therapeutic option for
DN [7]. The NLRP3 inflammasome consists of NLRP3,
pro-Caspase-1, and apoptosis-associated speck-like protein
containing a CARD (ASC) [8]. Its activation leads to the
cleavage of caspase-1, resulting in the activation of inflam-
matory effectors interleukin-1β (IL-1β) and IL-18, thereby
influencing the microinflammatory state of DN at multiple
levels [9,10].

Long-term dysbiosis triggers a persistent systemic in-
flammatory state and contributes to the development of DN
[11] through the interplay between the kidney and intestine,
a phenomenon termed the “gut-kidney axis” [12]. Mecha-
nistically, dysbiosis-induced enhanced permeability of the
intestinal wall permits the translocation of significant quan-
tities of bacteria and toxins into the bloodstream, thereby
activating the monocyte-macrophage system and promot-
ing the release of numerous cytotoxic substances, which ex-
acerbate inflammatory organ damage, including in the kid-
ney [13]. The primary mediators implicated in the “gut-
kidney axis” are metabolites of intestinal flora [14]. Short-
chain fatty acids (SCFAs), predominantly butyrate, propi-
onate, and acetate, are essential metabolites formed by in-
testinal flora through the fermentation of undigested carbo-
hydrates and dietary fiber [15,16]. SCFAs reduce renal fi-
brosis in CKDby inhibiting theNLRP3 inflammasome acti-
vation [17]. Moreover, the protective role of SCFAs in DN
against renal inflammation and fibrosis has been demon-
strated in several studies [18,19]. SCFAs also ameliorate
inflammatory or fibrotic responses induced by high glu-
cose (HG) in renal tubular epithelial cells [20]. However,
whether SCFAs alleviate DN in vivo by suppressing tubu-
lar epithelial cell inflammation and EMT requires further
validation.

G-protein-coupled receptors 41 and 43 (GPR41 and
GPR43) are a pair of cell surface G-protein-coupled re-
ceptors (GPRs) involved in the regulation of inflammation
[21]. SCFAs upregulate GPR43 to ameliorate DN and as-
sociated inflammation and fibrosis [18]. Additionally, SC-
FAs can inhibit tumor necrosis factor-α (TNF-α)-induced
inflammation in renal cortical epithelial cells by activating
GPR41 and GPR43 [22]. However, whether SCFAs regu-
late NLRP3 in renal tubular epithelial cells via GPR41/43
to alleviate DN remains to be elucidated.

This study aimed to elucidate the effect and mecha-
nisms of SCFAs in the onset and progression of DN, explore
new therapeutic avenues for DN, and establish a novel theo-
retical framework for delaying renal damage and improving
patient prognosis.

Materials and Methods

Cell Culture
The human kidney tubular cell line HK-2 (CRL-

2190) from the American Type Culture Collection (ATCC,
Manassas, VA, USA) was cultured in Dulbecco’s Modi-

fied Eagle’s Medium (DMEM, 11966025, Thermo Fisher,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS, 30-2020, ATCC, Manassas, VA, USA) in a
humidified atmosphere with 5% CO2 at 37 °C. The HK-2
cells were sub-cultured every four days, with the medium
changed every 2 days, and transferred to an FBS-deprived
medium for 24 hours before experiments. Authentication of
HK-2 cells was performed using short tandem repeat (STR)
analysis, and they were confirmed free of mycoplasma con-
tamination.

Cell Transfection and Treatment
Small interfering RNA against GPR41 (siGPR41,

A01010) and GPR43 (siGPR43, A01010) were obtained
from Genepharma (Shanghai, China). Three different
siRNA were used for each target gene: siGPR41#1:
5′-ATGGATTCTGCCCTTCATCTTCT-3′, siGPR41#2:
5′-CTGAATACTGGGGAAATGCAACC-3′, siGPR41#3:
5′-CCCTGTGTATTACCAGTTACTGC-3′; siGPR43#1:
5′-CGGCTTCTACAGCAGTATCTACT-3′, siGPR43#2:
5′-ACCAAATCACCTGCTATGAGAAC-3′, siGPR43#3:
forward, 5′-CCAGCCTGGATCCATTATT-3′; reverse, 5′-
AAUAAUGGAUCCAGGCUGG-3′. A small interfering
RNA negative control (siNC, A01010) was also included.

The transfection of siGPR41, siGPR43, and siNC
into HK-2 cells at approximately 80% confluence was
performed using Lipofectamine™ 3000 Transfection
Reagent (L3000015, Thermo Fisher, Waltham, MA,
USA). Sodium acetate (Ac, CH3COONa, ≥99%; S2889,
Sigma-Aldrich, Saint Louis, MO, USA), sodium propi-
onate (Pr, CH3CH2COONa, ≥99%; V900330, Sigma-
Aldrich, Saint Louis, MO, USA), sodium butyrate (But,
CH3CH2CH2COONa, 99%; V900464, Sigma-Aldrich,
Saint Louis, MO, USA), and glucose (C6H12O6, ≥98%;
HY-B0389, MedChemExpress, Monmouth Junction, NJ,
USA) were dissolved in water separately. Untransfected
HK-2 cells were treated with 48 mmol/L Ac, 24 mmol/L
Pr, or 8 mmol/L But for 2 hours, while transfected cells
were treated with 8 mmol/L But for 2 hours. Subsequently,
all cells were stimulated with high glucose (HG, 30 mM)
for 24 hours. Normal glucose (NG) at 5.6 mM was
used as a control treatment for 24 hours of cell induction
(Supplementary Fig. 1) [18].

Establishment of the Lentiviral Vector Carrying
Short Hairpin RNA against GPR41/43 (shGPR41/43)

The lentiviral vector expressing rat shGPR41/43
and short hairpin RNA negative control (shNC)
were obtained from Genepharma (Shanghai, China).
The sequences for shGPR41 were as follows:
forward- 5′-GTGGACTATCCTTGATGATAA-3′,
reverse- 5′-TTATCATCAAGGATAGTCCAC-3′.
The sequences for shGPR43 were: forward- 5′-
GCCCTCTGGGCTTCCATAAAT-3′, reverse- 5′-
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ATTTATGGAAGCCCAGAGGGC-3′. A total volume of
100 µL of lentivirus solution at a titer of 107 transfection
units (TU)/mL was injected into the rat kidney once.

Animal Models and Administration Method
Male Sprague-Dawley (SD) rats (n = 60), aged 8–10

weeks and weighing 200–220 g, were obtained from Vital
River (Beijing, China) and housed in an animal facility un-
der controlled conditions: temperature of 23± 2 °C, humid-
ity of 50%, and a 12-hour light/dark cycles, with ad libitum
access to water and food. Ethical approval was obtained
from the Ethics Committee of Zhejiang Baiyue Biotech Co.,
Ltd. for Experimental Animals Welfare (approval number:
ZJBYLA-IACUC-20220601).

Streptozotocin (STZ, C8H15N3O7, ≥99%; HY-
13753, MedChemExpress, Monmouth Junction, NJ, USA)
was dissolved in water. One week after injection of the
lentivirus solution, rats underwent a 12-hour fasting period
and were intraperitoneally injected with STZ at a dose of
60 mg/kg to induce diabetes mellitus [23]. An equal vol-
ume of peanut oil was used as a control for STZ treatment
in the control group. Blood samples were collected from the
tail vein 72 hours after STZ injection and fasting blood glu-
cose concentrations were measured using a blood glucose
monitor (ACCU-CHEK Performa, Roche, Basel, Switzer-
land). Diabetes mellitus was diagnosed if the blood glu-
cose level was ≥16.7 mmol/L [24]. 24-hour urine speci-
mens were collected three weeks later, and urine albumin
≥30 mg/day confirmed the successful establishment of the
DNmodel [23]. Following successful model establishment,
rats were orally administered 100 mmol/L But daily for 12
weeks (Supplementary Fig. 1) [18].

Grouping
Rats (n = 60) were randomly assigned to groups

using the random number table method (n = 10/group):
the normal control (NC), DN, DN+But, DN+But+shNC,
DN+But+shGPR41, and DN+But+shGPR43 groups. Rats
in the NC group received peanut oil injection, while those
in other groups were injected with STZ at 60 mg/kg.
All groups except NC and DN groups were adminis-
tered 100 mmol/L But. Rats in the DN+But+shNC,
DN+But+shGPR41, and DN+But+shGPR43 groups were
also injected with the corresponding lentivirus solution.
Following But administration, rats were anesthetized with
1% Pelltobarbitalum Natricum (150 mg/kg) and euthanized
by cervical dislocation.

Diabetic Symptoms
Blood glucose levels, 24-hour food and water intake,

and 24-hour urine volume of the rats were monitored at 0,
3, 5, 7, 9, and 11 weeks after DN induction. Additionally,
the body weight of the rats was measured weekly for 12
weeks following DN induction. Serum insulin levels were

assessed 12 weeks post-DN induction using enzyme-linked
immunosorbent assay (ELISA), as described in a subse-
quent section.

Renal Histopathology
Rats were euthanized immediately after 12 weeks of

But administration (using the previously described method
of euthanasia). Kidneys from the rats were fixed in 10%
formalin (F301880, Aladdin, Shanghai, China) and decal-
cified using 5% nitric acid (438073, Sigma-Aldrich, Saint
Louis, MO, USA). After dehydration in 50%–95% ethanol
(E111991, Aladdin, Shanghai, China) and clarification with
xylene (X112054, Aladdin, Shanghai, China), the kidneys
were embedded in paraffin, and 4 µm-thick renal sections
were prepared. Subsequently, the sections were deparaf-
finized and treated with ethanol.

Hematoxylin & Eosin (H&E) Staining
For H&E staining, sections were stained with hema-

toxylin (1 mL, H8070, Solarbio, Beijing, China) for 8 min-
utes. Subsequently, the sections were differentiated in a 5%
acetic acid solution (A291611, Aladdin, Shanghai, China)
and rinsed in running water. This was followed by treat-
ment with 0.5% Ammonium Hydroxide (A299569, Al-
addin, Shanghai, China) and an additional rinse. Finally,
the sections were stained with 0.5% eosin (E292725, Al-
addin, Shanghai, China) for 3 minutes.

Periodic Acid-Schiff (PAS) Staining
To assess glomerulosclerosis via PAS staining, corre-

sponding kits (PAS, G1280, Solarbio, Beijing, China) were
utilized. Briefly, sections were stained with PAS oxidizer
for 10 minutes and then rinsed. Subsequently, Schiff stain-
ing solution was added for a 10-minute staining of the sec-
tions, followed by a 3-minute counterstaining with hema-
toxylin.

Masson Staining
Masson staining kits (G1340, Solarbio, Beijing,

China) were utilized to detect collagen deposition and in-
terstitial lesions. In brief, sections were stained with hema-
toxylin for 5 minutes, followed by differentiation and blu-
ing induction. Subsequently, ponceau magenta was applied
to stain the sections for 5 minutes. After a 1-minute wash
with acetic acid solution and phosphomolybdic acid solu-
tion, respectively, the sections were dyed in aniline blue
solution for 2 minutes.

Images of the stained sections were captured under a
light microscope (WMS-1033, WUMO, Shanghai, China)
at ×400 magnification. To quantify the PAS-positive area
in glomeruli reflecting the mesangial index, 20 glomeruli
were randomly selected from each group in PAS-stained
sections and subjected to data analysis using ImageJ soft-
ware (version 1.46, National Institutes of Health, Bethesda,
MD, USA) [24].
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Western Blot Analysis
Total protein extraction and quantification in HK-2

cells and renal tissues were performed using Radioimmuno-
precipitation assay (RIPA) lysis buffer (P0013C, Beyotime,
Shanghai, China) and a Bicinchoninic Acid (BCA) Pro-
tein Assay Kit (7780S, CST, Danvers, MA, USA), re-
spectively. Following protein separation by sodium do-
decyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE, P0012A, Beyotime, Shanghai, China) and transfer
onto polyvinylidene difluoride (PVDF)membranes (88518,
Thermo Fisher, Waltham, MA, USA), the membranes were
blocked with 5% skimmilk for 2 hours at room temperature
(RT), and incubated with primary antibodies (overnight at
4 °C) from Abcam (Cambridge, UK): epithelial cadherin
(E-cadherin, ab231303, 97 kDa, 1:1000), alpha-smooth
muscle actin (α-SMA, ab108424, 32 kDa, 1:1000), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, in-
ternal control, ab22555, 36 kDa, 1:1000).

Subsequently, membranes were washed with Tris-
buffered saline with 0.1% Tween-20 (TBST, Solarbio, Bei-
jing, China) before incubation with secondary antibodies
(Goat Anti-Mouse IgG (AP124, 1:3000) or Goat Anti-
Rabbit IgG (AP132, 1:3000) from Sigma-Aldrich (Saint
Louis, MO, USA)) for 1 hour at room temperature. Pro-
tein bandswere detected using Chemiluminescent Substrate
(34577, Thermo Fisher, Waltham, MA, USA), and images
were captured with the Odyssey® M Imaging System (LI-
CORBiosciences, Lincoln, NE, USA). The results were an-
alyzed using ImageJ software (version 1.46, National Insti-
tutes of Health, Bethesda, MD, USA).

Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)

After total RNA extraction from HK-2 cells and kid-
ney tissues using an RNA extraction kit (R1200, Solar-
bio, Beijing, China) and quantification with a UV spec-
trophotometer (DR6000, HACH, Shanghai, China), com-
plementary DNA (cDNA) synthesis by reverse transcrip-
tion was performed using the Primescript™ RT reagent
Kit (RR037A, TaKaRa, Osaka, Japan). Subsequently,
cDNA was amplified in a StepOne Plus real-time PCR
system (4376600, Thermo Fisher, Waltham, MA, USA)
using SYBR Premix Ex Taq II (RR820A, Takara, Os-
aka, Japan). Messenger RNA (mRNA) levels of GPR41,
GPR43, NLRP3, TNF-α, IL-18, IL-6, and IL-1β were quan-
titated using the 2−∆∆Ct method with GAPDH as an inter-
nal reference [23]. The primers used for HK-2 cells and
renal tissues are listed in Supplementary File 1.

Enzyme-linked Immunosorbent Assay (ELISA)
24-hour urine samples from the rats were utilized to

detect urine albumin levels at 24 hours, 3, 5, 7, 9, and 11
weeks following DN induction using a rat albumin ELISA
kit (JL15579, Jianglaibio, Shanghai, China). Briefly, 50
µL standard/sample was added to appropriate wells, fol-

lowed by a 1-hour incubation with 100 µL of horseradish
peroxidase (HRP)-labelled antibody at 37 °C. Each well
was washed with 350 µL of washing buffer, followed by
15-minute incubation with 50 µL of substrates A and B at
37 °C. After the addition of 50 µL Stop Solution, the opti-
cal density (OD) was measured using a microplate reader
(1215D29, Thomas Scientific, Swedesboro, NJ, USA) at
450 nm.

Under anesthesia using 1%PelltobarbitalumNatricum
(45mg/kg, P3761, Sigma-Aldrich, Saint Louis, MO, USA),
blood samples were collected from rats via retroorbital
puncture and centrifuged (10,000 ×g, 4 °C, 10 minutes)
to obtain the supernatant. Serum insulin, creatinine, and
blood urea nitrogen (BUN) levels were determined using
ELISA kits (QY-R2097 and QY-R2120, QIYI, Shanghai,
China; FT-PD6164S, FANTAI, Shanghai, China). Samples
were added to wells, and each well was then incubated with
50 or 100 µL ELISA Reagent for 30 minutes or 1 hour at 37
°C, followed by washing. Subsequently, 50 µL of each De-
veloper A and B was added to each well and incubated for
15minutes in the dark at 37 °C. After adding 50 µL Stop So-
lution, absorbance was measured using a microplate reader
at 450 nm.

Following cervical dislocation, the kidneys of the
rats were immediately dissected, washed in ice-cold saline
(IN9000, Solarbio, Beijing, China), and weighed. The kid-
ney weight/body weight (KW/BW) was then calculated.
Determination of TNF-α, IL-18, and IL-1β contents in kid-
ney tissues was performed using ELISA kits (KRC3011,
KRC2341, Thermo Fisher, Waltham, MA, USA; IQR-
IL1b-1, RayBiotech, Atlanta, GA, USA). For TNF-α and
IL-18 contents, 100 µL standards, controls, or samples were
added to each well, followed by the addition of required
buffer, and incubation for 2 hours at room temperature. Af-
ter washing, each well was incubated with 100 µL Rt TNF-
α/IL-18 Biotin Conjugate solution (1 hour), 100 µL 1X
Streptavidin-HRP solution (30 minutes), and 100 µL Stabi-
lizedChromogen (30minutes) in the dark. The reactionwas
then stopped by adding 100 µL of Stop Solution, and theOD
value was obtained using a microplate reader at 450 nm.
For IL-1β content, 25 µL standards or samples were added
to each well and incubated overnight at 4 °C. A 1-hour in-
cubation with 25 µL Detection Antibody at room tempera-
ture, followed by the addition of 25 µL IQELISA Detection
Reagent, was performed in each well. Subsequently, 15 µL
Primer solution and 10 µL of PCR master mix were added,
and real-time PCR was conducted. The PCR reaction con-
ditions was set as follows: initial denaturation (95 °C, 2
minutes), followed by 35 cycles of denature (95 °C, 15 sec-
ond) and annealing, extension, and fluorescence detection
(60 °C, 25 second).

Immunohistochemistry
Immunohistochemistry staining was performed to

quantify NLRP3 expression in kidney tissues. Samples
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were deparaffinized and rehydrated, followed by treat-
ment with 3% hydrogen peroxide (H2O2, H414630, Al-
addin, Shanghai, China) for 30 minutes at 37 °C to
block endogenous peroxidase activity. After rinsing
in phosphate-buffered saline (PBS, C0221A, Beyotime,
Shanghai, China), antigen retrieval was achieved by in-
cubating the samples in sodium citrate buffer (pH = 6.0,
J61815.AK, Thermo Fisher, Waltham, MA, USA) for 10
minutes. Subsequently, tissue sections were blocked with
5% bovine serum albumin (A116563, Aladdin, Shanghai,
China) for 1 hour to minimize non-specific binding.

The primary antibody against NLRP3 (orb101128,
1:200, Biorbyt, Wuhan, China) was then applied and incu-
bated overnight at 4 °C. Subsequently, the sections were in-
cubatedwith HRP-conjugated secondary antibody (ab6721,
1:1000, Abcam, Cambridge, UK) for 30 minutes at room
temperature. Immunoreactivity was visualized by treat-
ing the sections with diaminobenzidine (DAB) solution
(D106469, Aladdin, Shanghai, China), followed by coun-
terstaining with hematoxylin and dehydration. The stained
sections were observed under a light microscope (WMS-
1033, WUMO, Shanghai, China) at ×400 magnification.

Statistical Analysis
Data analysis was conducted using GraphPad Prism

8.0 (GraphPad Software, San Diego, CA, USA), and results
are presented as mean ± standard deviations. Two-group
and multi-group comparisons were conducted using the in-
dependent sample t-test and One-way analysis of variance,
respectively, followed by a post hoc Tukey test for multiple
comparisons. A p-value< 0.05 was considered statistically
significant.

Results

SCFAs Reverses the Role of HG in Inhibiting
GPR41/GPR43 and Inducing NLRP3 Inflammasome
Activation in HK-2 Cells

To investigate the impact of SCFAs onGPR41/GPR43
and NLRP3 inflammasome activation in HG-stimulated
HK-2 cells in vitro, cells were pre-treated for 2 hours with
48 mmol/L acetate (Ac), 24 mmol/L propionate (Pr), or 8
mmol/L butyrate (But), followed by a 24-hour stimulation
with 30 mM HG. The results of qRT-PCR revealed that
GPR41 and GPR43 were down-regulated, while NLRP3,
TNF-α, IL-18, IL-6, and IL-1β were upregulated in HK-
2 cells after HG stimulation (Fig. 1A–G, p < 0.001).
However, the effect of HG was counteracted by Ac, Pr,
or But (Fig. 1A–G, p < 0.001). Thus, SCFAs activate
GPR41/GPR43, inhibiting NLRP3 inflammasome activa-
tion in HG-stimulated HK-2 cells. Notably, the effect of 8
mmol/L But was the most pronounced and was selected for
subsequent experiments.

Silencing of GPR41/GPR43 Reverses the Attenuating
Effect of But in HG-induced EMT in HK-2 Cells

Transfection with siGPR41 (#1, #2, #3) downregu-
lated GPR41 levels in HK-2 cells (Fig. 1H, p < 0.001).
Similarly, GPR43 expression in HK-2 cells was inhibited
by siGPR43 transfection (Fig. 1I, p < 0.01). siGPR41#3
and siGPR43#1 exhibited the best transfection efficiency
and were selected for subsequent experiments.

Compared to the NG group, levels of E-cadherin de-
creased while α-SMA levels were elevated in the HG group
(Fig. 1J,K, p < 0.01). Furthermore, But treatment re-
versed the effects of HG on E-cadherin and α-SMA ex-
pressions (Fig. 1J,K, p < 0.05). However, GPR41/GPR43
knockdown attenuated the reversal role of But; E-cadherin
expression was reduced, and α-SMA expression was in-
creased in the HG+But+siGRP41 and HG+But+siGRP43
group compared to the HG+But+siNC group (Fig. 1J,K, p
< 0.05). Consequently, GPR41/GPR43 silencing reversed
the attenuating effect of But on HG-induced EMT in HK-2
cells.

GPR41/GPR43 Silencing Reverses the Attenuating
Effect of But on HG-induced GPR41/GPR43
Inhibition and NLRP3 Inflammasome Activation in
HK-2 Cells

As shown in Fig. 2A–G, HG downregulated GPR41
and GPR43 while upregulating NLRP3, TNF-α, IL-18, IL-
6, and IL-1β in HK-2 cells (p < 0.001), which was coun-
teracted by But stimulation (p < 0.001). Knockdown of
GPR41/GPR43 mitigated the reversal effect of But (p <

0.001). Consequently, GPR41/GPR43 silencing reversed
the attenuating effect of But on HG-induced inflammation
in HK-2 cells.

GPR41/GPR43 Silencing Reverses the Effect of But
on Diabetic Symptoms and Renal Dysfunction in DN
Rats

To investigate how GPR41/GPR43 knockdown af-
fects the role of But in DN rats, the rats received a single
sterile intraperitoneal injection of 60 mg/kg STZ to induce
DN ratmodels. Oneweek prior tomodeling, some rats were
injected with a lentivirus solution silencing GPR41/GPR43
directly into the kidney. Others were administered daily
with 100 mmol/L But for 12 weeks following the model-
ing.

Compared to the NC group, the DN group exhib-
ited higher blood glucose levels at 11 weeks (Fig. 3A, p
< 0.001). However, But administration significantly re-
duced blood glucose levels in the DN group (Fig. 3A, p
< 0.001). This hypoglycemic effect of But was dimin-
ished by GPR41/GPR43 knockdown (Fig. 3A, p < 0.001).
Additionally, the DN group showed increased urine vol-
ume, food intake, and water intake at 11 weeks and in-
creased body weight at 12 weeks compared to the NC
group (Fig. 3B–E, p < 0.001). However, these parameters
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Fig. 1. SCFAs activate GPR41/GPR43 and inhibit NLRP3 inflammasome activation, and GPR41/GPR43 silencing reverses the
attenuating effect of But in EMT in HG-induced HK-2 cells. (A–G) HK-2 cells were pretreated with Ac, Pr, or But for 2 hours and
then stimulated with HG for 24 hours. The expression levels of GPR41, GPR43, NLRP3, TNF-α, IL-18, IL-6, and IL-1β in the HK-2
cells were determined using qRT-PCR, with GAPDH as a reference gene. (H,I) The transfection efficiency of HK-2 cells with siGPR41
(siGPR41#1, siGPR41#2, and siGPR41#3) and siGPR43 (siGPR43#1, siGPR43#2, and siGPR43#3) was assessed using qRT-PCR, with
GAPDH as a loading control. (J,K) HK-2 cells were transfected with either siNC, siGPR41, or siGPR43 and then treated with But for
2 hours, followed by stimulation with HG for 24 hours. The expressions of EMT-related proteins, including E-cadherin and α-SMA,
were analyzed using Western blot, with GAPDH as an internal standard. **p < 0.01, ***p < 0.001 vs. NG; ^p < 0.05, ^^^p < 0.001
vs. HG; ++p < 0.01, +++p < 0.001 vs. siNC; #p < 0.05, ###p < 0.001 vs. HG+But+siNC. n = 3. But, 8 mmol/L sodium butyrate;
EMT, epithelial-mesenchymal transition; HG, 30 mM high glucose; NG, 5.6 mM normal glucose; Ac, 48 mmol/L sodium acetate; Pr,
24 mmol/L sodium propionate; SCFA, Short-chain fatty acid; GPR41/43, G-protein-coupled receptor 41/43; NLRP3, NLR family pyrin
domain containing 3; TNF-α, tumor necrosis factor-α; IL-18/6/1β, interleukin-18/6/1β; qRT-PCR, quantitative real-time polymerase
chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; E-cadherin, epithelial cadherin; α-SMA, alpha-smooth muscle
actin; siGPR41/43, small interfering RNA against GPR41/43; siNC, small interfering RNA negative control.

were reduced following But administration (Fig. 3B–E, p
< 0.05). Nevertheless, the attenuating effect of But was
weakened by GPR41/GPR43 knockdown (Fig. 3B–E, p <

0.001). Conversely, serum insulin levels were lower in the

DN group than in the NC group (Fig. 3F, p< 0.001). How-
ever, But administration restored the serum insulin levels in
the DN group (Fig. 3F, p< 0.001), but this effect was offset
by GPR41/GPR43 knockdown (Fig. 3F, p < 0.001).
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Fig. 2. GPR41/GPR43 silencing reverses the attenuating effect of But in HG-induced GPR41/GPR43 inhibition and NLRP3 in-
flammasome activation in HK-2 cells. (A–G) Expression levels of GPR41, GPR43, NLRP3, TNF-α, IL-18, IL-6, and IL-1β in HK-2
cells transfected with either siNC, siGPR41, or siGPR43, treated with But for 2 hours, and then stimulated with HG for 24 hours were
determined using quantitative real-time polymerase chain reaction, with GAPDH as a reference gene. ***p < 0.001 vs. NG; ^^^p <

0.001 vs. HG; ###p < 0.001 vs. HG+But+siNC. n = 3. GPR41/43, G-protein-coupled receptor 41/43; But, 8 mmol/L sodium butyrate;
HG, 30 mM high glucose; NLRP3, NLR family pyrin domain containing 3; NG, 5.6 mM normal glucose; siNC, small interfering RNA
negative control; siGPR41, small interfering RNA against GPR41; TNF-α, tumor necrosis factor-α; IL-18/6/1β, interleukin-18/6/1β;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

The 24-hour urine albumin serves as an indicator of
renal function affected by hyperglycemia [23]. ELISA re-
sults revealed that the 24-hour urine albumin level was sig-
nificantly higher in the DN group than in the NC group at
11 weeks (Fig. 4A, p < 0.001). Treatment with But de-
creased the 24-hour urine albumin level in DN rats (Fig. 4A,
p < 0.001), which was counteracted by GPR41/GPR43 si-
lencing (Fig. 4A, p < 0.001). Furthermore, serum blood
urea nitrogen (BUN) and creatinine levels were measured.
BUN and creatinine levels were markedly higher in the DN
group compared to the NC group (Fig. 4B,C, p < 0.001),
indicating kidney injury. Following 12 weeks of But stim-
ulation, BUN and creatinine levels were reduced in the
DN+But group compared to the DN group (Fig. 4B,C, p <
0.001), but GPR41/GPR43 knockdown reversed this effect
(Fig. 4B,C, p < 0.001).

Additionally, KW/BW was significantly higher in the
DN group than in the NC group (Fig. 4D, p < 0.001), indi-
cating kidney hypertrophy. However, KW/BW almost re-

turned to normal levels after But stimulation in the DN+But
group (Fig. 4D, p< 0.001). GPR41/GPR43 silencing atten-
uated the effect of But, KW/BW level increased (Fig. 4D,
p < 0.001).

GPR41/GPR43 Silencing Reverses the Attenuating
Effect of But on Renal Morphology Deterioration
and EMT in DN Rats

Moreover, kidney tissues were stained with H&E,
PAS, and Masson staining methods. Compared to the NC
group, rats in the DN group exhibited renal histopathologi-
cal changes, including an increase in mesangial matrix de-
tected by H&E staining, increased mesangial matrix and
basement membrane thickening detected by PAS staining,
and collagen deposition and fibrosis detected by Masson
staining (Fig. 5A). The renal pathological alterations ob-
served in DN rats were improved by But treatment, while
the condition in the DN+But+shGPR41/shGPR43 group
was aggravated compared to the DN+But+shNC group
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Fig. 3. GPR41/GPR43 silencing reverses the attenuating effect of But in diabetic symptoms in DN rats. (A–F) Rats were injected
with a lentivirus solution to knockdown GPR41/GPR43, followed by an intraperitoneal injection of STZ, which was performed, and
subsequently treated with But for 12 weeks. (A–D) The blood glucose, 24-hour urine volume, 24-hour food intake, and 24-hour water
intake of the rats were measured at 0, 3, 5, 7, 9, and 11 weeks post-STZ injection. Blood glucose levels were measured using a blood
glucose monitor. (E) The rat body weight was recorded weekly from 0–12 weeks post-STZ injection. (F) Serum insulin levels of the rats
were analyzed by ELISA at 12 weeks post-STZ injection. ***p < 0.001 vs. NC; ∆p < 0.05, ∆∆∆p < 0.001 vs. DN; θθθp < 0.001 vs.
DN+But+shNC. n = 10. GPR41/43, G-protein-coupled receptor 41/43; But, 100 mmol/L sodium butyrate; DN, diabetic nephropathy;
shNC, short hairpin RNA negative control; shGPR41/43, short hairpin RNA against GPR41/43; STZ, 60 mg/kg streptozotocin; ELISA,
enzyme-linked immunosorbent assay; NC, normal control.
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Fig. 4. GPR41/GPR43 silencing reverses the attenuating impact of But in kidney dysfunction in DN rats. (A–D) Rats were injected
with lentivirus solution to knock down GPR41/GPR43, followed by intraperitoneal injection of STZ, and subsequently treated with
But for 12 weeks. (A) The 24-hour urine albumin level of the rats was measured using ELISA at 3, 5, 7, 9, and 11 weeks post-STZ
injection. (B,C) Serum creatinine and BUN levels of the rats were analyzed by ELISA at 12 weeks post-STZ injection. (D) The KW/BW
ratio of the rats was calculated at 12 weeks post-STZ injection. ***p < 0.001 vs. NC; ∆∆∆p < 0.001 vs. DN; θθθp < 0.001 vs.
DN+But+shNC. n = 10. GPR41/43, G-protein-coupled receptor 41/43; But, 100 mmol/L sodium butyrate; DN, diabetic nephropathy;
shNC, short hairpin RNA negative control; shGPR41/43, short hairpin RNA against GPR41/43; STZ, 60 mg/kg streptozotocin; ELISA,
enzyme-linked immunosorbent assay; BUN, blood urea nitrogen; KW/BW, kidney weight/body weight; NC, normal control.

(Fig. 5A). These findings suggest that GPR41/GPR43 si-
lencing reverses the attenuating role of But in deteriorating
kidney function and morphology in DN rats.

Furthermore, E-cadherin expression decreased, while
α-SMA level increased in rat renal tissues after DN induc-
tion (Fig. 5B–D, p < 0.001). However, in the renal tis-
sues of DN rats treated with But, E-cadherin expression in-
creased, and the α-SMA expression decreased compared
to those in DN rats without But treatment (Fig. 5B–D, p
< 0.001). Notably, GPR41/GPR43 knockdown partly re-
versed the effect of But on the expressions of E-cadherin
and α-SMA in DN rat renal tissues (Fig. 5B–D, p < 0.05).

GPR41/GPR43 Silencing Reverses the Attenuating
Effect of But on NLRP3 Inflammasome Activation in
Kidney Tissues from DN Rats

In the DN group, compared to the NC group, GPR41
andGPR43were downregulated, whileNLRP3, TNF-α, IL-
18, IL-6, and IL-1β were upregulated in kidney tissues from
the rats (Fig. 6A–G, p < 0.001). Butyrate stimulation in-
creased GPR41 and GPR43 levels and decreased NLRP3,
TNF-α, IL-18, IL-6, and IL-1β expressions in kidney tis-
sues from DN rats (Fig. 6A–G, p < 0.001), a response that
was reversed by GPR41/GPR43 knockdown (Fig. 6A–G,
p < 0.001). ELISA results revealed that TNF-α, IL-1β,
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Fig. 5. GPR41/GPR43 silencing reverses the attenuating effect of But in renal morphology deterioration and EMT in DN rats.
(A–D) Rats were injected with lentivirus solution to knock down GPR41/GPR43, followed by intraperitoneal injection of STZ, and
subsequently treated with But for 12 weeks. (A) The rat renal histopathology of rats was assessed using H&E, PAS, and Masson staining.
Scale bar = 50 µm, magnification: ×400. Red arrow indicated the increase in mesangial matrix, basement membrane thickening, and
collagen deposition and fibrosis. (B–D) The expressions of EMT-related proteins, including E-cadherin and α-SMA, in rat kidney
tissues were determined using Western blot, with GAPDH as an internal standard. ***p < 0.001 vs. NC; ∆∆∆p < 0.001 vs. DN; θp <

0.05, θθθp < 0.001 vs. DN+But+shNC. n = 3. GPR41/43, G-protein-coupled receptor 41/43; But, 100 mmol/L sodium butyrate; DN,
diabetic nephropathy; shNC, short hairpin RNA negative control; shGPR41/43, short hairpin RNA against GPR41/43; STZ, 60 mg/kg
streptozotocin; H&E, hematoxylin & eosin; PAS, periodic acid-Schiff; EMT, epithelial-mesenchymal transition; E-cadherin, epithelial
cadherin; α-SMA, alpha-smooth muscle actin; NC, normal control.

and IL-18 contents were markedly elevated in kidney tis-
sues from rats in the DN group relative to the NC group
(Fig. 6H–J, p< 0.001), which was suppressed by But treat-
ment (Fig. 6H–J, p < 0.001). GPR41/GPR43 silencing
reversed the effect of But (Fig. 6H–J, p < 0.001). Fur-
thermore, immunohistochemistry revealed stronger NLRP3
expression in the DN group compared to the NC group
(Fig. 6K,L, p < 0.001). NLRP3 levels in DN rats were

reduced after But stimulation, and GPR41/GPR43 knock-
down counteracted the effect of But (Fig. 6K,L, p< 0.001).
In summary, GPR41/GPR43 silencing reverses the attenu-
ating effect of But in NLRP3 inflammasome activation in
kidney tissues from DN rats.
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Fig. 6. GPR41/GPR43 silencing reverses the attenuating effect of But on NLRP3 inflammasome activation in kidney tissues from
DN rats. (A–G) Rats were injected with lentivirus solution to knock downGPR41/GPR43, followed by intraperitoneal injection of STZ,
and subsequently treated with But for 12 weeks. RT-qPCR was used to measure the expression levels of GPR41, GPR43, NLRP3, TNF-
α, IL-18, IL-6, and IL-1β in kidney tissues from the rats, with glyceraldehyde-3-phosphate dehydrogenase as a reference gene. (H–J)
Enzyme-linked immunosorbent assay was employed to determine the contents of TNF-α, IL-1β, and IL-18 in kidney tissues from the
rats. (K,L) Immunohistochemistry was conducted to evaluate the expression ofNLRP3 in kidney tissues from the rats. Scale bar = 50 µm,
magnification: ×400. ***p < 0.001 vs. NC; ∆∆∆p < 0.001 vs. DN; θθθp < 0.001 vs. DN+But+shNC. n = 3. GPR41/43, G-protein-
coupled receptor 41/43; But, 100 mmol/L sodium butyrate; NLRP3, NLR family pyrin domain containing 3; DN, diabetic nephropathy;
shNC, short hairpin RNA negative control; shGPR41/43, short hairpin RNA against GPR41/43; STZ, 60 mg/kg streptozotocin; TNF-α,
tumor necrosis factor-α; IL-18/6/1β, interleukin-18/6/1β; NC, normal control.
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Discussion

Inflammation is a vital contributor to the onset and
progression of DN [4]. The NLRP3 inflammasome, as a
key mediator of inflammation, contributes to inflammation
by activating pro-inflammatory cytokines such as IL-18 and
IL-1β. Numerous studies have highlighted the close asso-
ciation between NLRP3 and DN progression [9,25]. HG
activates the NLRP3 inflammasome in mesangial cells and
renal tubular epithelial cells in the renal cortex, leading to
renal tubular epithelial cell apoptosis and contributing to
DN progression [26]. Consistent with previous studies, our
study observed upregulation of NLRP3, TNF-α, IL-18, IL-
6, and IL-1β in HK-2 cells and in kidney tissues from rats
following the induction of DN by HG and STZ.

The role of intestinal microecology in various diseases
has garnered significant attention, primarily its association
with the onset and progression of DN [27,28]. This associ-
ation is mediated through the “gut-kidney axis”, represent-
ing the communication pathway between the kidney and
intestinal microbiota [12]. Intestinal flora and its metabo-
lites, such as SCFAs, play a crucial role in regulating the
“gut-kidney axis” [29]. SCFAs, including acetate, propi-
onate, and butyrate, are primarily produced by the fermen-
tation of undigested dietary fiber by intestinal flora [30].
Recent research has begun to elucidate the impact of SC-
FAs on kidney health. For example, acetate has been found
to protect the kidney, reduce inflammation, and alleviate re-
nal epithelial cell and immune cell damage in acute kidney
injury [31]. SCFAs have also been shown tomitigate DN by
inhibiting NF-κB signaling and oxidative stress via medi-
ation through GPR43 [18]. Additionally, SCFAs suppress
NLRP3 inflammasome activation and autophagy, promot-
ing intestinal barrier function and protecting against dam-
age induced by lipopolysaccharide [32].

In our study, Ac, Pr, and But reversed the effects of
HG and resisted the impact of STZ on upregulating NLRP3
and related pro-inflammatory cytokines in HK-2 cells and
kidney tissues from rats, respectively. Furthermore, the
protective effect of SCFAs on DN was evident through re-
ductions in serum creatinine, BUN, urine albumin levels,
and KW/BW ratio, as well as improvements in renal mor-
phology [23,33]. Butyrate notably attenuated STZ-induced
increases in these indices and abnormalities in rat kidney
tissues, aligning with its protective role against DN-related
renal injury and dysfunction in previous studies [18]. How-
ever, our study did not detect other indicators of urinaly-
sis (nitrite (NIT), glucose, specific gravity (SG), bilirubin
(BIL), ketone bodies (KET)), necessitating investigation to
elucidate any potential changes in these parameters.

Furthermore, renal fibrosis is a significant hallmark
of declining renal function and a fundamental pathologi-
cal change in DN patients [34]. EMT, and an accumula-
tion of ECM, are the primary drivers of renal fibrogene-
sis [23,35]. Collagen is a primary component of ECM in

kidney tissues [36]. SCFAs protect against renal interstitial
fibrosis, reducing the likelihood of DN development [37].
SCFAs also alleviate HG-induced fibrosis in renal tubular
epithelial cells [20]. Our study demonstrated that HG and
STZ downregulated the epithelial marker E-cadherin and
upregulated the mesenchymal cell-expressed molecule α-
SMA, a known fibrogenic protein [38], in HK-2 cells and
kidney tissues from rats, respectively. Additionally, the re-
nal histopathological changes detected by Masson staining
were consistent with renal fibrosis in rats. Consistent with
previous findings, these renal fibrosis abnormalities were
ameliorated by SCFAs in vitro and But in vivo.

Moreover, a previous study showed that NLRP3 in-
flammasome activation promotes the EMT process dur-
ing fibrosis [39]. SCFAs may signal via GPRs, such as
GPR41 and GPR43. SCFAs bind to GPR41/GPR43 to in-
hibit monocyte chemoattractant protein-1, which is upreg-
ulated by TNF-α in human renal cortical epithelial cells,
delaying renal inflammatory and fibrotic responses [22].
Based on our findings, But upregulatedGPR41 andGPR43
to mitigate HG-induced NLRP3 inflammasome activation-
mediated inflammation and fibrosis in HK-2 cells. More-
over, SCFAs, especially But, elevate GPR43 expression to
alleviate diabetic symptoms and reduce renal fibrosis and
inflammation in vivo, preventing and alleviating DN [18].
However, whether SCFAs affect DN-related renal injury
and dysfunction in vivo via GPR41/GPR43 remains un-
clear. Our study verified that the renal protection conferred
by But in rat DNmodels was also attributed to the activation
of GPR41/43.

In this study, we observed that But downregulated
NLRP3 inflammasome activation in HG-induced HK-2
cells and STZ-stimulated rat kidneys, and this effect was
reversed by silencing GPR41/43. Thus, But inhibited renal
NLRP3 inflammasome activation and fibrosis, attenuating
DN by activatingGPR41/GPR43. However, this study only
used one SCFAs (But) to intervene in DN rats, and did not
compare the effects and differences of other SCFAs (such
as acetate and propionate), nor did it explore the effects of
different doses and durations. Therefore, follow-up studies
will continue to explore in depth the relative efficacy and
optimal dosage of different SCFAs, as well as possible syn-
ergistic or antagonistic effects.

Conclusions

In conclusion, SCFAs inhibit NLRP3 inflammasome
activation to alleviate inflammation and EMT in DN
through the activation of GPR41/43. These findings may
have significant implications for preventing and treating
DN in clinical settings. Notably, this study represents the
first investigation into the GPR41-related mechanism of
SCFAs in DN.
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