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Abstract

This study was explored the renoprotective effect of Tongxinluo (a
Traditional Chinese Medicine) on diabetic kidney disease and its underlying
mechanism. The results revealed significant (p<0.05) up-regulation of the
expression of Bcl-2 and down-regulation of NF-xB p-p65, ASC, NLRP3,
caspase-1, cleaved GSDMD, IL-1f3, caspase-3, Bax and the ratio of Bcl-2 and
Bax in immortalized proximal tubular HK-2 cells cultured by hyperglycemia
combined with hyperlipidemia. In db/db mice, Tongxinluo treatment substan
-tially decreased the 24 hours albuminuria excretion rate and the urine
albumin-creatinine ratios and renal morphologic abnormalities. Similarly, the
levels of NF-«B p-p65, NLRP3, caspase-1, cleaved GSDMD, IL-1§, caspase-3,
and the ratio of Bcl-2 and Bax were down-regulated by Tongxinluo treatment
in the kidney samples of db/db mice (p<0.05). Taken together, according to
the anti-pyroptosis and anti-apoptosis effect of Tongxinluo, it shows the
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potential to be effective for the treatment of diabetic kidney disease.

Introduction

Diabetic kidney disease is a leading cause of advanced
kidney disease and a typical complication of diabetes
(Anders et al, 2018). Although the development of
clinical therapy and the pathogenesis for diabetic
kidney disease have made significant progress, the
progression of it still cannot be controlled. Therefore,
the discovery of a novel and effective treatment for
diabetic kidney disease patients is required.

Typically, the diabetic kidney disease is a progressive
microvascular complication arising from diabetes that is
mainly concentrated on the glomerulus. Tubulopathy is
the prime promoter and critical therapeutic target of the
diabetic kidney disease (Gilbert, 2017). Tubulopathy is
not secondary to the glomerulus, instead, it’s early and
original features change (Zeni et al., 2017). Moreover,
the rate of renal decline was found to be more
correlated with the degree of tubular damage and

interstitial fibrosis (Zeni et al. 2017), thereby indicating
that the renal tubular injury in the context of diabetes is
hard to be ignored.

Diabetic kidney disease seems to be more complicated,
as different patterns of programmed cell death may
involve in the renal tubular epithelial injury (Wang et
al., 2020; Qiu et al., 2016; Qin et al., 2019). Programmed
cell death represents a primary approach coordinated
by organisms to eliminate tubular damaged cell. The
developmental programming and stress-induced
signals promote this programmed cell death process,
further facilitating membrane-bound and cytosolic
proteins, which induce cell death by complex cascades
of post-translational modifications and transcriptional
alternations (Bedoui et al.,, 2020). Programmed cell
death can be divided into apoptotic and nonapoptotic
programmed cell death. Nonapoptotic programmed
cell death, such as pyroptosis, necroptosis, and
ferroptosis, have been revealed recently in addition to
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apoptosis (Robinson et al., 2019).

Tongxinluo is a traditional Chinese medicine containing

12 types of herbs and insects (Zhang., 2019). It exhibits
valuable therapeutic potentials for heart disease (Wu et
al.,, 2006), cerebral disease (Yuan et al., 2007), and
kidney injury (Zhong et al., 2011). It facilitates the
myocardial microvascular endothelial barrier's function
by stimulating ischemia preconditioning, thereby pre-
venting myocardial ischemia/reperfusion injury (Qi et
al., 2015). Tongxinluo participates in inflammation
inhibition and lipid metabolism regulation (Zhang et
al., 2009; Chen et al., 2018; Chen et al., 2009) to stabilize
atherosclerotic plaque (Qi et al., 2018). Tongxinluo was
found to improve renal constructure and capability in
diabetic kidney disease by modulating the epithelial-to-
mesenchymal transition and protecting podocytes from
damage (Wu et al.,, 2016; Wang et al., 2014). However,
further research is still required to investigate the
effects of Tongxinluo on the kidney are related to the
regulation of distinct patterns of programmed cell
death in diabetic kidney disease.

Materials and Methods
Formulation and administration

Tongxinluo provided by Shijiazhuang Yiling Pharma-

ceutical Co., Ltd. (China) was grounded into ultrafine
powder with a diameter of fewer than 10 micrometers.
For the in vivo study, 0.5% sodium carboxymethyl-
cellulose was used to dissolve the Tongxinluo ultrafine
powder, and the resulting solution was given to db/db
mice daily at a dose of 0.75 g/kg via intragastrical admi-
nistration following the published procedure (Wang et
al., 2014). Metformin (Glucophage, Merck Serono)
dissolved in 0.5% sodium carboxymethylcellulose was
used as the positive control and given to mice daily at a
dose of 250 mg/kg via intragastrical administration
calculated based on the maximum clinical equivalent
dose (Foretz et al., 2014). For the in vitro study, serum-
free Dulbecco’s modified Eagle’s medium/nutrient
mixture F-12 (DMEM/F12) basal medium was used to
dissolve the Tongxinluo ultrafine powder. And then,
sonication was conducted on the solution for 1 hour,
followed by centrifugation at 3,500 rpm for 10 min. The
solution was then filtrated by a micropore filter (0.22
pm) twice. Simultaneously, the residue was heated at 60
°C until dryness to determine the actual volume of the
Tongxinluo ultrafine powder. The final concentration of
solution was adjusted to 2000 pg/mL, and the final
solution was stocked at —20 °C until use (Wang et al.,
2014).

Animal experiment

All animal protocols were established following the

Box 1: Assessment of cell viability (MTS Assay)
Principle

The MTS tetrazolium compound (Owen’s reagent) is
bioreduced by cells into a colored formazan product that is
soluble in tissue culture medium. This conversion is
presumably accomplished by NADPH or NADH produced by
dehydrogenase enzymes in metabolically active cells. The
quantity of formazan product as measured by absorbance at
490 nm is directly proportional to the number of living cells in
culture

Requirements

MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (CAS#:
138169-43-4, Promega, G358B); HK-2 cells (ATCC, LGC
Standards); 96-well plates; Incubator with 5% CO, at 37°C;
Sunrise RC microplate reader (TECAN, Switzerland); DMEM/
F12 (5 mmol/L glucose); DMEM/F12 (5 mmol/L glucose
combined with 20 mmol/L mannitol); DMEM/F12 (25 mmol/
L glucose); DMEM/F12 (25 mmol/L glucose combined with
500 umol/L palmitic acid); DMEM/F12 (25 mmol/L glucose,
500 pmol/ L palmitic acid, and 400 pg/mL Tongxinluo)

Procedure

Step 1: The HK-2 cells were cultured in serum-free DMEM/
F12 (5 mmol/L glucose) and based on a density of 6x104
whichincubated in 96-well plates for 24 hours.

Step 2: After 24 hours, when removing the media, do it
carefully in order to avoid variation in data.

Step 3: Treat the cells with a) DMEM/F12 (5 mmol/L glucose
combined with 20 mmol/L mannitol, normal control); b)
DMEM/F12 (25 mmol/L glucose, HG group); c) DMEM/F12
(25 mmol/L glucose combined with 500 pmol/L palmitic acid,
HGHP group); d) DMEM/F12 (25 mmol/L glucose, 500
pmol/L  palmitic acid, and 400 pg/mL Tongxinluo,
Tongxinluo group) . The total volume in each well should be
100 pL.

Step 4: Cells are plated in six copies to minimize the variation
in results, and incubated the cells for indicated time points (12,
24, 48, and 72 hours).

Step 5: When the incubation time point is reached, add 20uL
per well of MTS.

Step 6: Incubate the plate at 37°C for 1.5 hours in a humidified,
5% CO; atmosphere.

Step 7: Record the absorbance at 490 nm using a Sunrise RC
microplate reader.

Precautions

To measure the amount of soluble formazan produced by
cellular reduction of MTS, proceed immediately to Step 7.
Alternatively, to measure the absorbance at a later time, add
25uL of 10% SDS to each well to stop the reaction. Store SDS-
treated plates protected from light in a humidified chamber at
room temperature for up to 18 hours. Proceed to Step 7.
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NIH Guide for the Care and Use of Laboratory Animals
and consented by the Animal Care and Use Committee
of Shijiazhuang, China. Six-week-old male db/db mice
with C57BL/Ks background and control C57BL/Ks
mice were obtained from the Model Animal Research
Center at Nanjing University, China. The mice were
implemented as diabetic kidney disease models for the
current study (Sembach et al., 2020). After two weeks of
adaptation, mice were divided randomly into three
groups: vehicle; Tongxinluo (0.75 mg/kg/day);
metformin (250 mg/kg/day). Fifteen mice were used
for each group. The Tongxinluo dose was determined
according to our prior research and the literature report
(Wang et al.,, 2014). Tongxinluo, metformin, or vehicle
was started to be administrated to the 8-week-old db/
db mice through intragastric administration, and the
treatments were maintained for 12 weeks. All mice
were kept in a standardized animal facility based on a
light/dark cycle of 12 hours vs. 12 hours. Bodyweight,
water intake, and blood glucose levels were measured
every week. 24-hour urine was collected every 4 weeks
and then examined for microalbumin excretion.
Random blood glucose levels were determined using a
commercial glucose meter (Roche Diagnostics GmbH,
Germany). Mice were euthanized under anesthesia, and
renal tissue samples were fixed in 4%
paraformaldehyde overnight or stocked at —80°C until
analysis. At least 11 mice from each group were
biologically evaluated.

Cell culture

HK-2 cells (ATCC, LGC Standards) obtained from the
Procell Life Science and Technology Co., Ltd. were
grown in DMEM/F12 supplemented with 100 U/mL
penicillin, 10% heat-inactivated fetal bovine serum, and
100 pg/mL streptomycin (GIBCO, Invitrogen Corp,
USA) under a humidified atmosphere consisting of 5%
COz and 95% Oz at 37°C. HK-2 cells were grown to
subconfluence and rendered in serum-free medium
with 5 mmol/L glucose for 24 hours prior to further
treatments and then incubated with fresh 10% heat-
inactivated serum medium respectively containing: a)
glucose (5 mmol/L) and mannitol (20 mmol/L) as the
normal control group (NC group); b) glucose (25
mmol/L) as the high glucose group (HG group); c)
glucose (25 mmol/L) and palmitic acid (PA, 500 pmol/
L) as the high glucose combined with a high palmitic
acid group (HGHP group); d) glucose (25 mmol/L), PA
(500 pmol/L), and Tongxinluo (400 ng/mL) together as
the Tongxinluo treatment group (Tongxinluo group).
The HK-2 cells of the abovementioned four groups
were cultured for an additional 24 hours.

Histological and immunohistochemical staining

The renal tissue samples fixed in formalin were
embedded in paraffin and divided into 3 mm thick
sections. The hematoxylin-eosin (H&E) and periodic
acid-Schiff (PAS) stainings were further performed on

the sections, followed by image acquirement utilizing a
light microscope. The paraffin-embedded tissues were
deparaffinized for immunohistochemistry. The
rehydrated sections were retrieved by microwave-
based antigen quenched in 1% H»O, solution for 15
min. Furthermore, the sections were blocked using 5%
rabbit serum blocking solution for 1 hour and stained
for 12 hours with antibodies against collagen I (ab21286,
Abcam), collagen IV (ab256353, Abcam), caspase-1
(22915-1-AP, proteintech) or IL-1p (ab-205924, Abcam)
(dilution 1:200), respectively. Additionally, peroxidase-
conjugated secondary antibodies and diaminobenzidine
were applied to incubate with the sections, followed by
counterstaining with hematoxylin and image acquire-
ment by light microscope (x400).

Terminal deoxynucleotidyl transferase-mediated dAUTP
-biotin nick end labeling assay (TUNEL) and immuno-
fluorescent double staining

The renal tissue samples were fixed in 4%
paraformaldehyde dissolved in PBS for 12 hours and
embedded in paraffin blocks. And then, the tissues
were divided into 3 um thick sections. The TUNEL and
immunofluorescence stainings were further performed
on the sections. After the deparaffinization and dehy-
dration of the tissue section, fragmentation of intra-
cellular DNA in the kidney section was evaluated by
TUNEL assay using the Fluorescein (FITC) TUNEL cell
apoptosis detection kit (Servicebio, China). The nuclei
stained by DAPI showed blue color under the excitation
of ultraviolet light. The FITC fluorescein was applied to
label the TUNEL kit. The DNA fragmentation cells
were labeled with green color. The AQP1 antibody
(GB11310-1, Servicebio) was labeled with red color.

Western blot

The protein lysis was performed on the HK-2 cells and
renal tissues according to the manufacturer's instruc-
tions. The BCA protein standard assay kit (Beyotime,
China) was utilized to determine the protein concentra-
tions. The proteins were extracted from supernatants by
StrataClean Resin (Agilent Technologies, USA) follow-
ed by separation using Bis-Tris Gel (Genscript, China)
and transferred onto PVDF mem-branes (Millipore,
USA) utilizing a Semi-Dry transfer system. Quick-
Block™ Blocking Buffer (Beyotime, China) was applied
to block the PVDF membranes for 15 min at room
temperature, and primary antibodies were used to
incubate with these membranes overnight at 4°C. After
that, membranes were then rinsed with TBST and
further incubated with secondary Alexa Fluor® anti-
bodies for an additional 1.5 hour at room temperature.
Odyssey CLx Image Studio (Odyssey, USA) was
implemented to detect the signals. The relative protein
expression levels normalized to B-actin were expressed
as the intensity values. Anti-NF-xB p-p65 (3033, Cell
Signaling Technology), anti-NLRP3 (D4D8T, Cell
Signaling Technology), anti-human ASC (ab155970,
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Abcam), anti-human cleaved gasdermin D (E7H9G,
Cell Signaling Technology), anti-mouse cleav-ed
gasdermin D (E3E3P, Cell Signaling Technology), anti-
caspase-1 (22915-1-AP, proteintech), anti-human IL-1p
(ab-33774, Abcam), anti-mouse IL-1p (ab-200478,
Abcam), anti-p-actin (8H10D10, Cell Signaling Techno-
logy), anti-tubulin (8H10D10, ab-7291, Abcam), anti-
caspase-3 (ab184787, Abcam), anti-Bcl-2 (ab59348,
Abcam), anti-Bax (ab32503, Abcam), anti-RIP3 (ab62344,
Abcam), anti-MLKL (ab184718, Abcam), anti-GPX-4
(ab125066, Abcam), and anti-FACL4 (ACSL4)
(ab155282, Abcam) antibodies were applied as the pri-
mary antibodies in this study. Anti-mouse IgG
(ab216772, Abcam) and anti-rabbit IgG (ab216777,
Abcam) were used as secondary Alexa Fluor® anti-
bodies (Pyo et al, 2019, video).

Statistical analysis

Using SPSS 26.0 statistical software, first analyze the
normality of each group of data, and use the method of
one-way analysis of variance (One-Way ANOVA) for
the data that meets the normal distribution, and then
perform the homogeneity of variance test on the data.
The least significant difference method is used for
pairwise comparison, and the Dunnett's T3 test method
is used for pairwise comparison of uneven variance. If
the data does not conform to the normal distribution,
non-parametric test is used for statistical analysis. All
analyses were performed using GraphPad Prism 8
(GraphPad software, USA).

Results
Proteinuria and renal damage in db/db mice

The results displayed in Figure 1A indicated that Tong-
xinluo reduced the urinary microalbumin excretion
according to the 24-hour albuminuria excretion rate as a
typical indicator of diabetic kidney disease. Further-
more, the urine albumin-creatinine ratios (UACR) were
determined to measure urine protein excretion and
assess the development of diabetic kidney disease. The
results shown in Figure 1B further suggested that mice
exhibited noticeably more generous levels of UACR
relative to normal C57BL/Ks mice. It was noted that
after four weeks of Tongxinluo administration; the
levels of UACR were decreased, showing more
substantial results than the positive control metformin.
Concurrently, H&E and PAS staining results also
demonstrated that mice exhibited elevated vacuolation
of renal tubular epithelium and slight mesangial
expansion (Figure 2A). Immunostaining of collagen I
and IV highlighted the development of diabetic
tubulointerstitial fibrosis at week 20 of disease (Figure
2B). Tongxinluo treatment alleviated the increase in
mice. Further analysis demonstrated that cell DNA
fragmentation was elevated in the kidneys of mice
relative to that in control mice, while these enhance-
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Figure 1: Effect of intervention with Tongxinluo (TXL) on albu-
minuria and renal function in the animal model of diabetic
kidney diseases. Dynamic changes in urinary albumin excre-
tion of mice in 24 hours every 4 weeks (n=11) (A) ; Dynamic
changes in urine protein creatinine ratio (UACR) from the start
of Tongxinluo and metformin intervention to the end of the
experiment (n=11) (B); Random plasma glucose levels of the
intervention mice as indicated were measured every 4 weeks
(n=11) (C)

ments were significantly attenuated by Tongxinluo
administration. This improvement was more noticeable
relative to metformin treatment (Figure 3).

Effect on random blood glucose level

It was found that the random plasma glucose level of
db/db mice was significantly higher than that of
C57BL/Ks mice (Figure 1C). Both Tongxinluo and
metformin interventions showed a mild decrease in
glycemia in db/db mice. However, no significant
difference was observed in the level of RPG between
the treatment groups and the vehicle mice.

Protection of HK-2 cells from HGHP damage and the
activation of pyroptosis and apoptosis

MTS assessment was utilized to examine the
cytotoxicity after treating HK-2 cells with high-glucose
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Figure 2: Tongxinluo (TXL) improves renal morphologic abnormalities and reduces interstitial collagen deposition in the kidney of
db/db mice. HE and PAS staining of kidney tissue from the investigated mice (x400) (A). Scale bar, 50 yum; Relative col I and col
IV expression levels in renal cortex from mice measured by immunohistochemical staining (x400). Scale bar, 50 pm (B)

(HG), high-glucose combined with high-palmitic acid
(HGHP), and Tongxinluo intervention. HGHP damage
significantly reduced the cell viability relative to the
control cells (Figure 4A). On the other hand, HG
treatment increased cell viability but did not show a
statistical difference compared to the control cells
(Figure 4A). Moreover, Tongxinluo treatment exhibited
maximum improvement in cell viability at the
concentration of 400 g/mL after 24 hours incubation
(Figure 4B and 4C). We also found that the protein
levels of NF-xB p-p65, NLRP3, ASC, caspase-1, cleaved
GSDMD, and IL-1p were substantially down-regulated
in the Tongxinluo group relative to the HGHP group
(Figure 5A to 5K). NLRP3 inflammasome consisting of
NLRP3, ASC, and caspase-1 results in cell lysis, death,
and the release of mature IL-1p and IL-18, which
induces pyroptosis. The activation of NF-xB is the
priming step. The gasdermin family member gasdermin
D (GSDMD) plays a significant role in pyroptosis,
which can be divided into an N-terminal and a C-
terminal fragment catalyzed by caspase-1. The released
N-terminal GSDMD fragments are relocated to the cell
membrane's inner leaflet, where transmembrane pores
are established, thereby building up a gap between the
cytoplasm and the extracellular space. Caspase-3 is

considered as one of the important executioners in the
activation of apoptosis. HGHP increased the expression
of pro-caspase-3, cleaved caspase-3 and Bax and
decreased the expression of Bcl-2 and the Bcl-2/Bax
ratio, whereas Tongxinluo treatment rescued these
changes (Figure 6). However, HGHP increased the
expression of necroptosis and ferroptosis-related pro-
teins (MLKL, RIP3, GPX-4, and FACL-4), while these
differences were not statistically significant (Figure 7).

Suppression of the activation of pyroptosis and
apoptosis in the kidney of mice

Based on the exploration of the influence of Tongxinluo
on pyroptosis and apoptosis in diabetic kidneys, we
noticed that the pyroptosis was activated in the kidneys
of untreated mice by up-regulating NF-xB p-p65,
NLRP3, pro-caspase-1, cleaved caspase-1 and IL-1p,
which were significantly suppressed by Tongxinluo
treatment (Figure 8A to 8F). We detected comparable
results in immunohistochemical staining. The immuno-
histochemical staining results shown in Figure 8G
exhibited apparently caspase-1 and IL-1P in the renal
tissues of untreated mice relative to that in C57BL/Ks
mice, which was attenuated after Tongxinluo treatment.
Moreover, the apoptosis was activated in the kidneys of
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Figure 3: TUNEL-positive tubular epithelial cells in different
group. ap<0.05 compared with C57BL/Ks control and >p<0.05
compared with undertreated db/db mice (model group)
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Figure 4: Tongxinluo (TXL) protects HK-2 cells from high-
glucose combined with high-palmitic acid (HGHP) injury.
Effects of high-glucose (HG) and high-glucose combined with
high-palmitic acid (HGHP) on the cell viabilities of HK-2 cells
(A); Effects of different concentrations of Tongxinluo on the
cell viabilities of HK-2 cells cultured in HGHP 24 hours (B);
Effects of different treatment time of 400 pg/mL Tongxinluo on
the cell viabilities of HK-2 cells cultured in HGHP (C) . NC
means normal control

mice by upregulated levels of caspase-3 and Bax and
decreased the Bcl-2/Bax ratio, which were reversed by
Tongxinluo treatment (Figure 9).

Discussion

In the current work, we found that Tongxinluo protec-
ted renal function by improving renal morphologic
abnormalities, reducing urinary albumin excretion in
the diabetic kidney disease model of db/db mouse.

To validate the rodent model of diabetic kidney
disease, 12 weeks long-term feeding in mice was
reproduced according to the previous study (Tesch et
al., 2011). The albuminuria excretion rate were more
than 10 times in db/db mice than that of C57BL/Ks
mice before the administration. After 12 weeks of
treatment, the renal histological abnormalities, inclu-
ding vacuolation of renal tubular epithelium and slight
mesangial expansion, were improved noticed in db/db
mice. And no apparent inflammatory infiltrates and
tubular necrosis were observed. Tongxinluo also
attenuated the levels of collagen I and IV in the db/db
mice's kidneys. These results indicated that this
mouse model were more in line with the early stage
of diabetic kidney disease.

It was found that Tongxinluo prevented renal injury in
diabetic kidney disease by decreasing the levels of AER
and UACR and improving renal morphologic abnor-
malities. In comparison with metformin, Tongxinluo
showed a better protective effect. Although it is
valuable for the use of metformin in the treatment of
diabetic kidney disease, we found that metformin had
no significant effect on lowering RPG in this study.
Similarly, metformin did not alter fasting glucose level
and body weight gain (Mitchell et al., 2017). Further-
more, they speculated that this might be related to the
mouse model (BKS db), which has more pronounced
insulin resistance compared to other db/db mouse
models, causing decreased lipogenesis (Davis et al.,
2010). A prior study demonstrating that metformin is
mainly effective in the liver and does not apparently
promote peripheral insulin sensitivity (Natali and
Ferrannini, 2006). We also found the renal tubular
epithelium cells in mice showed substantial fragmen-
tation of their DNA by TUNEL assay which was
inhibited after Tongxinluo treatment.

The tubular injury caused by hyperglycemia is associa-
ted with various mechanisms, such as increased expre-
ssion of the extracellular matrix, production of advan-
ced glycation products, and activity of the Wnt/p-
catenin pathway and protein kinase C (Kanwar et al,,
2011). A high level of glucose has been widely
implemented to trigger stress in most experimental
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Figure 5: Effect of Tongxinluo (TXL) on pyroptosis in HK-2 cells exposed to high-glucose (HG) and high-glucose combined with
high-palmitic acid (HGHP). (A~E) Representative band of NF-kB p-p65, NLRP3, ASC, Caspase-1, cleaved GSDMD and IL-1p by
Western blot in vitro (n=3 per group). (F~K) Semiquantitative analysis of average optical density of NF-xB p-p65, NLRP3, ASC,
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Figure 6: Effect of Tongxinluo (TXL) on apoptosis in the HK-2 cells exposed to high-glucose (HG) and high-glucose combined
with high-palmitic acid (HGHP). Representative band of caspase-3, Bcl-2 and Bax by Western blot in vitro (n=3 per group) (A, B);
Semiquantitative analysis of average optical density of caspase-3, Bcl-2 and Bax (C~E); Relative ratio of Bcl-2 to Bax (F). The values
represent means + SEM. ap<0.05: the significant difference with respect to normal control (NC) group; *p<0.05: the significant
difference with respect to HGHP group

studies of diabetic kidney disease. In contrast, clinical
data have demonstrated that some patients with poor
glycemic control do not develop nephropathy. On the
contrary, renal complications

occasionally occur even if glucose control is accompli-

shed. Considering that glucose and lipid metabolism is
inseparable, and in addition to high glucose injury,
lipotoxicity is generally seemed like one of the primary
diabetic kidney disease’s pathogenic factors, resulting
in oxidative stress damage and enhancing inflamma-
tion. It was evident by early-stage studies that extensive
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free fatty acids and lipid accumulation are responsible
for the dysfunction of mitochondria and induces
apoptosis in kidney disorders (Hua et al., 2015). In vitro,
we compared the cell viability of HK-2 cultured by HG
and HGHP. The results showed that HG alone
stimulated cell proliferation, although there was no
statistical difference compared to the NC group. The
significantly decreased cell viability observed in the
HGHP group was prevented by Tongxinluo treatment.

According to the in vivo result of TUNEL and the in
vitro effect of HGHP on cell viability, we speculated
that PCD in renal tubular epithelial cells could be indu-
ced under hyperglycemia combined with hyperlipi-
demia.

Pyroptosis induced by NLRP3 inflammasome partici-
pates in the pathogenesis of various renal disorders,
such as diabetic kidney disease (Moreno et al., 2018).
Moreover, it is also suggested that pyroptosis is

strongly related to renal tubular epithelial-mesenchy-
mal transition, promoted by TGF-p1 signaling enhance-
ment (Wang et al., 2013). Another study found that ASC
-knockout mice were protected against proteinuria and
diabetic kidney disease development (Hutton et al.,
2016). Our data showed that the levels of pyroptosis-
related proteins, including NF-xB p-p65, NLRP3, ASC,
caspase-1, cleaved GSDMD and IL-1P were increased in
the HGHP group that was reduced after treating with
Tongxinluo. Similar to pyroptosis, necroptosis also
belongs to inflammatory types of PCD that require the
membrane damaging GSDMD and MLKL (Frank and
Vince, 2018). Although necroptois-related proteins
MLKL and RIP3 were upregulated in the HG and
HGHP groups, there was no statistical difference
compared to the NC group. Now-a-days, ferroptosis is
considered to be a primary cause of cell death related to
a variety of disorders, including cancers, diabetes,
neurodegenerative disorders, as well as renal failure
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Figure 8: Effects of Tongxinluo (TXL) and metformin on pyroptosis in the kidney of db/db mice. Representative band of NF-xB p-
p65, NLRP3, caspase-1, cleaved GSDMD and IL-1p by Western blot in the kidneys in the different groups of mice (n=3 per group)
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Figure 9: Effects of Tongxinluo (TXL) and metformin on apoptosis
Bax, Bcl-2 by Western blot in the kidneys in the different groups of mice (n=3 per group) (A); Semiquantitative analysis of average

optical density of caspase-3, Bax and Bcl-2 (B~D). Relative ratio of

in the kidney of db/db mice. Representative band of caspase-3,

Bcl-2 to Bax (E). ap<0.05: the significant difference with respect

to C57BL/Ks control; bp<0.05: the significant difference with respect to undertreated db/db mice (model group)

(Stockwell et al., 2017). A study showed that ferroptosis
was activated in the streptozotocin-induced DBA/2]
diabetic mice and HG cultured HK-2 cells (Li et al.,
2021). ACSL4 (FACL4), the biomarker of ferroptosis,
was not upregulated, and the expression of GPX-4 was
not obviously altered in the HGHP group. Further-
more, the expression of the pyroptosis-related protein,
including NF-xB p-p65and ASC, in the HG group was
increased and the expression of NLRP3 was decreased.
At the same time, no statistical difference was observed
between the HG group and the NC group. Perhaps
lipotoxicity in diabetic kidney disease should be paid
more attention than glucotoxicity.

The apoptosis of renal tubular epithelial cells in the
hypoxic milieu in diabetic kidney disease is a signifi-

cant factor that causes renal functional and pathological
changes (Leonard et al., 2003; Kim et al., 2011). Our data
showed that the caspase-3 activation by HGHP could
be reversed by Tongxinluo treatment. Moreover, we
observed that Tongxinluo inhibited the Bax (pro-
apoptotic effectors) expression, enhanced the Bcl-2 (anti
-apoptotic proteins) expression and increased the Bcl-
2/Bax ratio in HK-2 under HGHP. Our data in vitro
validated that Tongxinluo inhibited the activation of
apoptosis and pyroptosis in HK-2 cells induced by
HGHP.

We further detected the expression of apoptosis and
pyroptosis related proteins of mice kidney. The expre-
ssion of NF-xB p-p65, all components of the NLRP3

inflammasome, caspase-3 and Bax was enhanced and
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the ratio of Bcl-2/Bax was decreased in the kidney of
untreated db/db mice. Tongxinluo treatment reversed
the expression of these proteins.

Conclusion

The study shows that a) hyperglycemia combined with
hyperlipidemia may be responsible for renal tubular
injury; b) Tongxinluo reduces urinary albumin excre-
tion in db/db mice; c) the nephroprotective efficacy of
Tongxinluo may be partially attributed to the apoptosis
inhibition and pyroptosis inhibition of the renal tubular
cells.
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