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Independent and interactive roles of hirudin and HMGBI1 interference
in protecting renal function by regulating autophagy, apoptosis,
and Kidney injury in chronic kidney disease
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Chronic kidney disease (CKD) is a progressive disorder characterized by renal fibrosis, inflammation, and dysregulat-
ed autophagy and apoptosis. High-mobility group box 1 (HMGBI) plays a crucial role in regulating autophagy in
CKD. Hirudin, a potent thrombin inhibitor, has demonstrated antifibrotic and anti-inflammatory properties, but its
effects on autophagy and apoptosis in CKD remain unclear. In this study, a rat model of renal interstitial fibrosis (RIF)
and an HK-2 cell culture model were established to assess the effects of varying doses of hirudin and HMGBI inter-
ference. Molecular and histological analyses, including RTqPCR, Western blot, TUNEL staining, hematoxylin-eosin
(H&E) staining, immunofluorescence, and immunohistochemistry (IHC), were performed to assess renal injury, fibro-
sis, apoptosis, and autophagy-related markers. Hirudin treatment significantly reduced the expression of LC3, ATG12,
ATGS, 0-SMA, COL1A1, caspase-3, and caspase-9 while increasing P62 levels (p<0.05). It also lowered the renal
coefficient (p<0.001) and apoptosis levels. The optimal effective concentration of hirudin in vitro was determined to
be 4.8 ATU/mL (p<0.001). HMGBI interference suppressed autophagy and apoptosis, as indicated by decreased LC3-
I/LC3-1, ATG12, ATGS, caspase-3, and caspase-9 levels, increased P62 expression (p<0.001), and reduced apoptosis.
However, simultaneous HMGBI interference in hirudin-treated cells weakened the therapeutic effects of hirudin, lead-
ing to increased autophagy and apoptosis markers, decreased P62 levels, and a higher renal coefficient. These findings
indicate that hirudin exerts protective effects in CKD by modulating autophagy and apoptosis, potentially through
HMGBI regulation. These findings highlight the therapeutic potential of targeting these mechanisms in renal dysfunc-
tion and underscore the necessity for further research to support clinical applications.
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Introduction

Chronic kidney disease (CKD) refers to kidney damage or
decline in renal function caused by various causes that last for 3
months or more, and can develop into end-stage kidney disease.'
CKD, is a global health problem, with a prevalence of 10% to 14%
in many countries worldwide, and it is on the rise,? posing a serious
threat to the quality of life and survival of patients. The develop-
ment mechanism of CKD encompasses intricate biological pro-
cesses, including glomerular hypertension, renin-angiotensin-
aldosterone system signaling, podocyte equilibrium, dyslipidemia,
renal tubulointerstitial fibrosis, as well as inflammatory response,’
which may be influenced by genetic, environmental, and lifestyle
factors, resulting in a gradual deterioration of renal function.*
Present data indicates that autophagy plays a role in CKD progres-
sion, and autophagy loss causes immune inflammation, resulting in
further impaired renal function.® Autophagy is a cyclic process in
which cells degrade and reconstruct impaired organelles and pro-
teins, a crucial function in preserving cellular equilibrium and
organ operation.® Nonetheless, the precise mechanism of
autophagy malfunctions in CKD remains uncertain, necessitating
further investigation to uncover novel potential treatment objec-
tives. The degree of renal tubulointerstitial disease is the primary
indicator for assessing the deterioration of kidney function and
predicting the prognosis.” As the extent of renal interstitial fibrosis
(RIF) is closely linked to the level of kidney injury, and initial RIF
can be wholly reversed, researching potent anti-fibrotic medica-
tions to revert early lesions holds significant importance for the
prediction of kidney disease.® Lately, Chinese medicine
researchers have conducted a lot of exploratory studies on the pre-
vention and treatment of renal tubulointerstitial fibrosis, and have
shown good clinical efficacy, but there are some problems.
Traditional Chinese medicine, especially the drugs for enhancing
blood flow and eliminating blood stagnation, has been extensively
utilized in medical studies on the on preventing and treating renal
tubulointerstitial fibrosis.’!> However, the efficacy and mechanism
of different types and dosages of medications for enhancing blood
flow and eliminating blood stagnation remain unclear. Hirudin, the
primary active ingredient of Chinese medicine Hirudo nipponica
Whitman, has been proved to be an effective thrombin specific
inhibitor in clinical and experimental studies,'? and has anti-coag-
ulation, anti-thrombosis, anti-inflammation, anti-fibrosis and other
effects.'* Research indicates that hirudin can notably downregulate
the level of fibrin gene, inhibit the number of cytokines secreted by
mesangial cells, and delay RIF progression.! Lately, hirudin has
been employed to treat glomerulosclerosis, diabetic nephropathy,
hypertensive nephropathy, and additional CKDs.!>!7 This provides
a preliminary experimental foundation for using hirudin in CKD
treatment. However, the exact mechanism of hirudin’s role in treat-
ing CKD and its interaction with other signaling pathways still
need to be further explored. High mobility group protein 1
(HMGBYI) is a nuclear protein that performs a crucial function in
cell injury and inflammatory responses.!® Research has demon-
strated that HMGBI is implicated in the onset and progression of
various kidney conditions, such as ischemia-reperfusion injury,
CKD and renal fibrosis, diabetic nephropathy, and granulomatous
nephritis.!” Studies have shown that there is a complex interaction
between HMGB1 and autophagy and inflammatory response.?
Tang et al.®' discovered that HMGBI in a reducible state induces
autophagy, whereas HMGBI in an oxidized state stimulates cancer
cell apoptosis. Therefore, this study aimed to examine the effects
of the hirudin and HMGBI1 on autophagy and CKD, as well as to
identify new treatment objectives and strategies for the treatment
of CKD, which is expected to bring innovative breakthroughs for
the treatment and management of CKD.

OPEN aACCESS

Materials and Methods

Animal model construction and grouping

Specific pathogen free (SPF)-grade male SD rats were
obtained from Ensiweier company (Chongqing, China). The rats
were randomly assigned into the following groups: sham group,
model group (unilateral ureteral obstruction, UUO), low-dosage
hirudin group (UUO+hirudin-L), medium-dosage hirudin group
(UUO+hirudin-M), high-dosage hirudin group (UUO+hirudin-H),
Negative Control (NC) group, sh NC group, sh HMGB1 group,
Hirudin+sh NC group, and Hirudin+sh HMGBI1 group, with 9 rats
in each group. The UUO model was used to induce RIF. All rats
received anesthesia with 2% pentobarbital sodium (P3761, BSZH
Scientific, Beijing, China) after modeling. A longitudinal cut was
performed expose the left kidney and locate the left ureter. The
upper and lower segments of the ureter were tied near the renal
pelvis and about a third from the top, individually. Rats in the low,
medium, and high dose groups were treated with 0.7 g/kg.d,
1.4 g/kg.d, 2.8 g/kg.d hirudin by gavage. Rats in the sham and
model groups were given normal saline by gavage. The AAV-
shRNA-HMGBI1 plasmids were constructed by Biomedicine
Company (Chongqing, China). The NC group, sh NC group, sh
HMGBI group, Hirudin+sh NC group, and Hirudin+sh HMGB1
group were established. The plasmid was administered into the
renal artery three weeks in advance. The body weight of the rats
was recorded weekly. At 21 days post-modeling, the animals in
each group were euthanized under anesthesia with pentobarbital
sodium. The kidneys were dissected, weighed after cleaning, and
some parts were processed for paraffin sections and treated with
4% paraformaldehyde at room temperature for 6 h, while the
remaining samples were stored at -80°C.

Cell culture and grouping

HK-2 cells were obtained from the American Type Culture
Collection (ATCC) and subsequently passaged and maintained in
Dulbecco’s modified eagle medium/nutrient mixture F-12
(DMEM/F12) medium (L310KJ, Basalmedia Biotechnology,
Shanghai, China) containing 10% fetal bovine serum (FBS)
(ACO3L055, Li Ji Biological, Shanghai, China) and 1% penicillin-
streptomycin (C0009, Beyotime, Shanghai, China) at cell culture
incubator. After resuscitation, the cells were expanded and cultured
in serum-free DMEM/F12 medium under a tri-gas condition (5%
CO,, 1% O,, 94% N,) at 37°C for 24 h, followed by a switch to
complete culture medium for 12 h to establish a hypoxia-reoxy-
genation model in an incubator with 5% CO,, 21% O,, and 74%
N,. The cells were then divided into groups according to different
concentrations of hirudin: 0.3 ATU/mL, 0.6 ATU/mL, 1.2
ATU/mL, 2.4 ATU/mL, 4.8 ATU/mL, and 9.6 ATU/mL.?> After 72
h of reoxygenation, hirudin at different concentrations was intro-
duced to respective group, and the cells were further incubated for
48 h for subsequent sample collection and testing.

The cells were randomly assigned to the following groups:
control (CTL) group (as a negative control), Hirudin group, sh NC
group, sh HMGB1 group, Hirudin+sh NC group, and Hirudin+sh
HMGBI1 group. The shRNA plasmids were constructed by
Biomedicine Company (Chongqing, China). For the sh NC and sh
HMGBI1 groups, after expansion and passage, HK-2 cells were
transfected with empty shRNA plasmids and shRNA plasmids con-
taining HMGBI1 using transfection reagent MAX (10668-012,
Biomedicine, Chongqing, China) to construct the model. The CTL
group cells were incubated normally in medium without hirudin.
Within the Hirudin group, the cells were exposed to 4.8 ATU/mL
hirudin following 72 h of reoxygenation. In the Hirudin+sh NC
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and Hirudin+sh HMGB1 groups, following 72 h of reoxygenation,
the cultured cells were exposed to 4.8 ATU/mL hirudin for 48 h
before transfection with plasmids. Following another 24 h of cul-
ture, samples were gathered for testing.

Cell counting Kkit-8

Cells from each group were placed into a 96-well plate and
incubated for 12 h, after which 10 puL of CCK-8 solution (C0038,
Beyotime, Shanghai, China) was added to each well. The plate was
then placed in incubator for 4 h. Subsequently, the optical density
(OD) at 450 nm was measured using a microplate spectrophotome-
ter (CMax Plus, Molecular Devices, San Jose, CA, USA). Cell via-
bility (100%) = (OD experimental group - OD blank group) / (OD
control group - OD blank group) x 100%.

Experimental group: OD of cells with overexpressed or inter-
fered plasmids and CCK-8 solution. Blank group: OD of wells
containing culture medium and CCK-8 solution sans cells. Control
group: OD of wells containing empty-loaded cells and CCK-8
solution.

RNA extraction and RTqPCR

Total RNA extraction was performed using TRIzol reagent
(Thermo Fisher Scientific, Inc., Waltham, MA, USA).?
Subsequently, reverse transcription was performed utilizing the
Goldenstar™ RT6 cDNA Synthesis Kit Ver.2 (TSK302M, Tsingke
Biotechnology Co., Ltd., Beijing, China) with the conditions: 25°C
for 10 min, 55°C for 30 min, and 85°C for 5 min. The relative level
of mRNA was detected utilizing the 2xT5 Fast qPCR Mix (SYBR
Green I) assay kit (TSE002, Tsingke Biotechnology Co., Ltd.,
China) under the following reaction conditions: 95°C for 30 s,
95°C for 5 s, 60°C for 30 s, for 40 cycles. Human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) served as the internal con-
trol, and the relative level was determined employing the 2-44¢t
method. The sequences of the primers used are reported in Table 1.

Western blot analysis

Radioimmunoprecipitation assay (RIPA) lysis buffer compris-
ing phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor
cocktail (P0013B, Beyotime) was added to the cells or ground kid-
ney tissue to extract total protein. Five-hundred pg of total protein
from each specimen was blended with 5x SDS loading buffer at a
proportion of 4:1, resulting in a final concentration of 3.3 pg/uL,
and subsequently warmed at 100°C for 6 min to denature the pro-
teins. The proteins were separated via 10% sodium dodecyl sul-
fate-polyacrylamide gel flectrophoresis (SDS-PAGE) for 90 min
and then shifted to a Polyvinylidene Fluoride (PVDF) membrane.
These membranes were then blocked with 5% skim milk at 25°C
for 1 h and then soaked with primary antibodies at 4°C overnight.
The following day, after incubating with HRP goat anti-rabbit IgG
(H+L) (AS014, ABclonal Technology, Wuhan, China) for 1 h at
room temperature, the ECL exposure mixture (34580, Thermo
Fisher Scientific, Inc.) was uniformly applied to the PDVF. Finally,
the bands were detected by a nucleic acid and protein gel imaging
system (Bio-Rad Laboratories, Hercules, CA, USA). The band
strength was determined using ImageJ program (version 1.48b,
National Institutes of Health, Bethesda, MD, USA). Primary anti-
bodies against LC3 (A12319, 1:1000), ATG12 (A15609, 1:1000),
ATGS5 (A0203, 1:1000), P62 (A19700, 1:20000), and GAPDH
(A19056, 1:50000) were purchased from ABclonal.

TUNEL assay for apoptosis detection

After dewaxing and rehydrating paraffin-embedded sections of
mouse kidney, the sections were rinsed with PBS and incubated
with a proper quantity of Proteinase K working mix. Then, 3%
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H,0, (prepared in PBS) was added to the tissue, followed by Tunel
staining according to the instructions of as per the guidelines of the
3,3’-diaminobenzidine (DAB) (SA-HRP) Tunel Cell Apoptosis
Detection Kit (G1507, Servicebio, Wuhan, China). The cell nuclei
were dyed with hematoxylin (G1004, Servicebio), dehydrated, and
mounted with neutral resin (10004160, Sinopharm, Beijing,
China). For fixed HK-2 cell slides, an appropriate amount of 0.3%
Triton X-100 permeabilization solution was applied to the slides
and incubated at ambient conditions for 5 min. Tunel staining was
carried out using a one-step TUNEL assay kit (CY3 red fluores-
cence) following the manufacturer’s directions, followed by nucle-
ar dyeing with DAPI (C1005, Beyotime) and mounting with anti-
fluorescence quenching reagent (P0126, Beyotime). Photographs
of the segments were taken utilizing an Mshot inverted microscope
(MF53, Mingtai Optical Technology Co., Ltd., Guangzhou,
China).

Hematoxylin and eosin (H&E) staining

The kidney tissue was rinsed with PBS, fixed in 4%
paraformaldehyde, then immersed in 75%, 85%, 95%, and 100%
ethanol for 2 h each, cleared with xylene for 20 min, and embedded
in paraffin. 2.5 pm thick sections were heated in an oven at 55°C
then deparaffinized, rehydrated in graded ethanol, rinsed three
times with double distilled water, and stained with hematoxylin
(G1004, Servicebio) for 3 min; the excess staining was rinsed with
tap water and the sections were then stained with eosin (G1002,
Servicebio). The tissues were subsequently dehydrated with 95%
ethanol for 2 min and finally dehydrated with absolute ethanol for
2 min. Following xylene transparency for 5 min, the slides were
sealed with neutral resin (10004160, Sinopharm, China), and pho-
tographed using Mshot MF53 microscope from Micro-shot
Technology Co., Ltd. (Guangzhou, China).

Table 1. Primer sequence.

Primer Sequence (5’ to 3°)

r-LC3-F CCAGGATTCAGCACCAGATGT
r-LC3-R CCTTGGCTACCTGGACTGTT
r-ATG12-F AAGCAAGATGGCAGAAGACC
r-ATG12-R TCGATGAGTGCTTGGACAGT
r-ATGS5-F GTGATCCCGGTAGACCCAAC
-ATG5-R GCCAAACTTCTTGCTCCCGA
r-P62-F GAGGCACCCCGTAAAGTCAT
-P62-R GATTCAACCGCCATGTGCTT
r-GAPDH-F TGGTGCTGAGTATGTCGTGG
r-GAPDH-R GGCGGAGATGATGACCCTTT
h-LC3-F TTGGTCAAGATCATCCGGCG
h-LC3-R CCTCGTCTTTCTCCTGCTCG
h-ATG12-F AGCGAACACGAACCATCCAA
h-ATG12-R GGTCTGGGGAAGGAGCAAAG
h-ATG5-F TGCAGTGGCTGAGTGAACAT
h-ATG5-R TCTGTTGGCTGTGGGATGAT
h-P62-F AGATTCGCCGCTTCAGCTT
h-P62-R AACCAAGTCCCCGTCCTCAT
h-GAPDH-F TCAAGGCTGAGAACGGGAAG
h-GAPDH-R TCGCCCCACTTGATTTTGGA

LC3, microtubule-associated protein 1A/1Bight chain 3; ATG12, autophagy-related
protein 12; ATGS, autophagy-related protein 5; p62, sequestosome-1.
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Immunofluorescence analysis

Paraffin sections of renal tissues were dewaxed and rehydrat-
ed, and then rinsed 3 times with double-distilled water.
Subsequently, the sections were immersed in citrate buffer (pH
6.0) or Tris-EDTA buffer (pH 9.0) for antigen retrieval. Microwave
or pressure cooker heating was used for treatment (for citrate
buffer: microwave heating at high power for 3 min, followed by
standing for 5 min, and repeating once; pressure cooker heating for
3.5 min). After the retrieval, the sections were rinsed 3 times with
PBS buffer for 1 min each time. Meanwhile, the fixed cell slides
were taken out and rinsed 3 times with PBS. Both the sections and
cell slides were added with 5% goat serum (C0265, Beyotime) and
incubated at room temperature for 30 min for blocking.
Subsequently, antibodies against a-smooth muscle actin (a-SMA,
A2235, ABclonal), caspase-3 (A11319, Aibote, China), or caspase-
9 (A0281, ABclonal) (dilution ratio 1:200) were added respective-
ly, and incubated overnight at 4°C. As a negative control, a group
of sections or cell slides was set up without the primary antibody,
and only non-immune IgG of the corresponding species (dilution
ratio 1:200) was added to exclude background signals from non-
specific binding. After that, Cy3-labeled goat anti-rabbit IgG
(H+L) secondary antibody (AS007, ABclonal) (dilution ratio
1:200) was added and incubated in the dark at 25°C for 1.5 h.
Then, DAPI (C1005, Beyotime) staining solution was added and
incubated in the dark for 5 min. Subsequently, the sections were
rinsed 3 times with PBS to remove the excess DAPI staining solu-
tion. Finally, the sections were mounted with an anti-fluorescence
quenching agent (P0126, Beyotime), and observed and pho-
tographed using an inverted fluorescence microscope (ICX41;
Sunny Optical Technology (Group) Co., Ltd., China).

Positive evaluation methods include: using ImagelJ software to
quantitatively analyze the fluorescence signals, measuring the
mean fluorescence intensity or the integrated density of the region
of interest; counting the number of DAPI-labeled cell nuclei and
Cy3-labeled positive cells in each field of view, and calculating the
proportion of positive cells (number of positive cells / total number
of cells x 100); if applicable, performing co-localization analysis
and calculating the co-localization coefficient (such as the Pearson
correlation coefficient) of different fluorescence signals. The
specificity of the experimental results was verified by comparing
the fluorescence intensity or the proportion of positive cells
between the experimental group and the negative-control group.

Immunohistochemistry (IHC)

Paraffin sections of renal tissues were dewaxed and rehydrat-
ed, rinsed 3 times with double-distilled water, and then immersed
in citrate buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0) for antigen
retrieval. Microwave or pressure cooker heating was used for treat-
ment, as reported above, then the sections were rinsed 3 times with
PBS buffer for 1 min each time. The sections were treated with 3%
hydrogen peroxide at room temperature for 15 min to block the
activity of endogenous peroxidase, and then rinsed 3 times with
PBS. Subsequently, 5% goat serum (C0265, Beyotime) was added
and incubated at room temperature for 60 min to block non-specit-
ic binding sites. Then, antibodies against caspase-3 (A11319,
ABclonal), caspase-9 (A0281, ABclonal), or type I collagen (col-
lagen I, A1352, ABclonal) (dilution ratio 1:200) were added and
incubated overnight at 4°C. As a negative control, a group of sec-
tions was set up without the primary antibody, and only non-
immune IgG of the corresponding species (dilution ratio 1:200)
was added to exclude background signals from non-specific bind-
ing. After that, HRP-labelled goat anti-rabbit IgG (H+L) secondary
antibody (A0208, Beyotime) (dilution ratio 1:50) was added and
incubated at room temperature for 1.5 h. DAB chromogen solution
(ZLI-9019, ZSGB - BIO, Beijing) was added and incubated in the
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dark for 1 min, and then rinsed with tap water for 5 min. The sec-
tions were stained with hematoxylin (G1004, Servicebio) for
1 min, differentiated in 1% hydrochloric acid-ethanol solution for
2 s, and then rinsed with tap water for 10 min. The sections were
dehydrated twice in 95% ethanol for 2 min each time, then
immersed twice in Xylene for 5 min each time, and finally mounted
with a mounting medium.

Positive evaluation methods include: scoring the staining
intensity according to the depth of DAB staining (0, no staining;
1, weak positive; 2, moderate positive; 3, strong positive); random-
ly selecting 5-10 fields of view under the microscope, counting the
number of positive cells and the total number of cells, and calcu-
lating the proportion of positive cells (number of positive cells /
total number of cells x 100); performing a comprehensive score by
combining the staining intensity and the proportion of positive
cells (H-score = staining intensity x proportion of positive cells).
The specificity of the experimental results was verified by compar-
ing the staining intensity or the proportion of positive cells
between the experimental group and the negative control group.

Statistical analysis

The statistical analysis in this study utilized a Student’s ¢ test.
The results are presented the mean +SD. A significance level of
p<0.05 denoted significant difference, with * indicating p<0.05.
GraphPad Prism 8.0 (GraphPad Company, San Diego, CA, USA)
was utilized for conducting one-way analysis of variance and
Tukey’s multiple comparisons test, with a significance threshold of
p<0.05.

Results

Efficacy validation of hirudin

The efficacy of hirudin was verified through in vivo experi-
ments. The levels of genes and proteins associated with autophagy
in renal tissues were identified utilizing RTqQPCR and WB experi-
ments (Figure 1 A,B). Compared to the sham group, the UUO
group exhibited a significant increase in the expression of LC3,
ATG12, and ATGS, accompanied by a notable decrease in P62
expression (p<0.001). Furthermore, in comparison with the UUO
group, the UUO+low, medium, and high-dose hirudin groups
showed a decrease in the expression of LC3, ATG12, and ATGS
with increasing concentration of hirudin, with the highest reduc-
tion observed in the high-dosage hirudin group. Conversely, P62
expression demonstrated an opposite trend (p<0.0001). The renal
coefficient significantly increased in the UUO group (0.96%) com-
pared to the sham group (0.71%) (p<0.0001), whereas it notably
decreased in the UUO+low, medium, and high dose hirudin groups
(0.86%, 0.81%, 0.76%) compared to the UUO group (p<0.0001)
(Figure 1C). TUNEL staining indicated a notable elevation in
apoptotic cells in the UUO group in comparison with the sham
group, while the quantity of apoptotic cells in the UUO+low, medi-
um, and high dose hirudin groups was markedly diminished in
contrast to the UUO group (Figure 1D). Additionally, immunoflu-
orescence and IHC results revealed that the levels of a-SMA,
COL1AL1, caspase-3, and caspase-9 in the UUO group were signif-
icantly higher than those in the sham group. Compared to the UUO
group, the levels of a-SMA, COL1A1, caspase-3, and caspase-9 in
the UUO+ow, medium, and high-dose hirudin groups decreased
with increasing concentration, with the highest reduction observed
in the high dose hirudin group (Figure 2A). The above findings
imply that hirudin may exert certain efficacy in CKD by regulating
the process of cellular autophagy and reducing cell apoptosis. The
results of HE staining showed that the renal tubules in the NC
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group were dilated, indicating significant kidney injury. In the
Hirudin group, there was slight dilation of the renal tubules,
reduced interstitial fibrosis, and decreased infiltration of inflam-
matory cells. Compared to the UUO group, the degree of renal
tubule dilation in the UUO+ low, medium, and high-dose Hirudin
groups decreased with increasing concentration, along with
reduced interstitial fibrosis and infiltration of inflammatory cells
(Figure 2B).

Cell hirudin concentration screening

HK-2 cells were exposed to diverse hirudin concentrations to
identify the most effective concentration. Results from the CCK-8
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assay revealed that compared to 0.3 ATU/mL of hirudin, the viabil-
ity of HK-2 cells increased with rising hirudin concentration, peak-
ing at 4.8 ATU/mL, and decreased when the concentration reached
9.6 ATU/mL (p<0.001) (Figure 3A). Therefore, 4.8 ATU/mL was
determined to be the optimal effective concentration of hirudin.

In vitro study on the effect of hirudin and HMGB1
on CKD

The results from RTqPCR and WB experiments revealed that
compared to the CTL group, hirudin significantly reduced the
expression of LC3, LC3-1I/LC3-I ratio, ATG12, and ATGS in HK-
2 cells, while increasing the expression of P62 (p<0.0001)
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Figure 1. Effect of hirudin on autophagy and apoptosis in UUO rats. A) Expression of LC3, ATG12, ATGS and P62 mRNA in UUO rat
kidney tissue was observed by RTqPCR. B) Western blot analysis of ATG12, ATGS and P62 protein expression in UUO rat kidney tissue.
C) UUO rat renal co-efficiency. D) TUNEL detected apoptosis in renal tissues.
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(Figure 3 B,C). In comparison to the sh NC group, HMGBI inter-
ference notably decreased the levels of LC3, LC3-II/LC3-I,
ATGI12, and ATGS, while increasing P62 expression (p<0.0001).
However, in CKD cells treated with both HMGB]1 interference and
hirudin togather, autophagy and apoptosis markers increased i.e
LC3, ATG12, and ATGS, while P62 levels decreased, , compared
to the Hirudin group (p<0.0001). TUNEL results indicated that the
red fluorescence in the Hirudin group was significantly lower than
that in the CTL group, and the red fluorescence in the sh HMGB1
group was notably lower than that in the sh NC group, suggesting
that both hirudin and HMGBI1 interference could inhibit cell apop-
tosis. Furthermore, compared to the Hirudin group, cell apoptosis
was significantly increased in the Hirudintsh HMGBI1 group
(Figure 3D). Immunofluorescence results (Figure 3E) demonstrat-
ed that compared to the CTL group, the protein levels of caspase-
3 and caspase-9 were reduced in the Hirudin group. The levels of
caspase-3 and caspase-9 in the sh HMGBI1 group were notably
lower than those in the sh NC group. In contrast, compared to the
Hirudin group, the Hirudin+sh HMGBI1 group exhibited a notable
increase in the levels of caspase-3 and caspase-9. These findings
suggest that hirudin and HMGBI can regulate the process of cel-
lular autophagy, reduce cell apoptosis, and that interference with
HMGBI1 diminishes the therapeutic efficacy of hirudin.

Article

An in vivo study of hirudin and HMGBI1 in CKD rats

The results from RTqPCR and WB experiments showed that
compared to the NC group, hirudin significantly reduced the levels
of LC3, LC3-II/LC3-I ratio, ATG12, and ATGS in rats, while
increasing the expression of P62 (p<0.0001). Compared to the sh
NC group, interference with HMGBI significantly reduced the
levels of rat LC3, LC3-1I/LC3-1, ATG12, and ATGS5, while increas-
ing P62 expression (p<0.0001). Moreover, compared to the
Hirudin group, simultaneous interference with HMGB1 expression
significantly increased the levels of LC3, LC3-II/LC3-1, ATG12,
and ATGS, while decreasing P62 expression (p<0.0001) (Figure 4
A,B). Furthermore, we compared the renal coefficient and found
that compared to the NC group, hirudin significantly reduced the
renal coefficient in rats (p<0.0001), while the renal coefficient in
the sh HMGB1 group was significantly lower than that in the sh
NC group (p=0.0005). The renal coefficient in the Hirudin+sh
HMGBI1 group was significantly higher than that in the Hirudin
group (p=0.0054) (Figure 4C) TUNEL results indicated that the
red fluorescence in the Hirudin group was significantly lower than
that in the NC group, and the red fluorescence in the sh HMGB1
group was significantly lower than that in the sh NC group, sug-
gesting that hirudin and interference with HMGBI1 can inhibit cell

UUO+Hirudin

A Sham uuo

a-SMA

COL1A1! %

¥

caspase3 ” .

caspase9 |
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UUO+Hirudin

Hirudin (M)

Figure 2. Effect of hirudin on renal fibrosis and apoptosis in UUO rats was investigated by immunofluorescence, immunohistochemistry,
and H&E. A) Immunofluorescence was used to detect the level of a-SMA and immunohistochemistry was used to detect the levels of
COL1AL1, caspase-3, and caspase-9; scale bar: 50 um. B) H&E staining for detection of RIF.
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apoptosis. Compared to the Hirudin group, cell apoptosis in the
Hirudintsh HMGB1 group was significantly increased (Figure
4D). Immunofluorescence and IHC results showed that the level of
0-SMA, COL1A1, caspase-3, and caspase-9 in the hirudin group
was significantly lower than that in the NC group, and the level of
0-SMA, COL1Al, caspase-3, and caspase-9 in the sh HMGBI1
group was significantly lower than that in the sh NC group, indi-
cating that hirudin and interference with HMGB1 can alleviate
RIF. Compared to the Hirudin group, the level of o-SMA,
COL1A1, caspase-3, and caspase-9 in the Hirudin+tsh HMGBI1
group was significantly increased (Figure 5A). HE staining results
also showed an increased degree of renal tubular atrophy in the NC
group, indicating the presence of significant renal injury. In the
hirudin group, the degree of renal tubular dilatation, interstitial
fibrosis and inflammatory cell infiltration was reduced. sh NC
group showed no significant changes compared with NC group. sh
HMGBI1 group showed significantly less renal tubular atrophy
than sh NC group, and the degree of interstitial fibrosis and inflam-
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matory cell infiltration was reduced. The degree of renal tubular
dilatation was significantly higher in the hirudin + sh HMGBI1
group than in the hirudin group (Figure 5B).

Discussion

CKD, as a global health challenge, is increasingly prominent in
terms of its high prevalence and severe harmfulness.?* The patho-
genesis of CKD is complex, with multiple factors jointly involved
in the occurrence and development of the disease. In the early
stage of CKD, tubular injury and interstitial fibrosis are the main
pathological features, and the up-regulation of the expressions of
a-SMA and COL1AL1 are important markers of renal fibrosis.?>
Moreover, the imbalance between apoptosis and autophagy is also
considered a key mechanism in the progression of CKD.? Existing
studies have shown that abnormal autophagy can lead to podocyte
loss, tubular cell injury, glomerulosclerosis, and other problems,
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protein ATG12
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Hirudin+sh NC Hirudin+sh HMGB1

sh HMGB1 Hirudin+sh NC Hirudin+sh HMGB1

Figure 3. In vitro screening of the optimal effective concentration of hirudin and exploring the influence of hirudin and HMGB1 on CKD.
A) The viability of HK-2 cells treated with different concentrations of hirudin detected by CCK-8. B) The expressions of LC3, ATG12,
ATGS and P62 mRNA in HK-2 cells was dected by RTqPCR. C) Western blot analysis of LC3-1I/ LC3-1, ATG12, ATG5 and P62 protein
levels in HK-2 cells. D) HK-2 cell apoptosis detection by TUNEL,; scale bar: 50 pm. E) Immunofluorescence is showing the levels of cas-

pase-3 and caspase-9.
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thus accelerating the deterioration of CKD.3° Moreover, the imbal-
ance between apoptosis and autophagy is also considered a key
mechanism in the progression of CKD

This study focused on the potential of hirudin, the main active
component of the traditional Chinese medicine Hirudo, in the treat-
ment of CKD. Previous studies have demonstrated that hirudin can
reduce fibrin deposition in the glomeruli, inhibit mesangial cell
proliferation, alleviate glomerulosclerosis, and enhance renal func-
tion.*? Additionally, hirudin exhibits remarkable anti-inflammatory
and anti-fibrotic functions.® The research by Deng et al.3* indicat-
ed that hirudin could effectively inhibit the pro-inflammatory path-
way, reduce the production of inflammatory factors, and suppress
the development of renal fibrosis by decreasing the expressions of
TGF-PB1 and fibronectin 1 in renal tissues as well as the deposition
of type IV collagen. Based on this, we hypothesized that the regu-
latory effect of hirudin on autophagy might be a key mechanism
underlying its treatment of CKD.

In this study, we utilized a rat model of RIF constructed by
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UUO. We found that autophagy was abnormally activated in the
RIF state, manifested as a significant up-regulation of autophagy-
related genes and proteins such as LC3, ATG12, and ATGS, and a
significant down-regulation of P62 expression. Meanwhile, the
kidney coefficient in the model group increased significantly,
apoptosis increased, and the levels of a-SMA, COL1A1, caspase-
3, and caspase-9 were significantly elevated. These are all markers
of aggravated RIF and apoptosis.’>-** However, when treated with
hirudin, the above-mentioned indicators were significantly
improved. This indicates that hirudin can regulate abnormal
autophagy levels, inhibit RIF and apoptosis, and thus exert a pro-
tective effect on renal function. Our research results are consistent
with those of Yu ef al.?* After interfering with TGF-f in NRK-52E
cells, autophagy was inhibited, and hirudin could reverse
autophagic function and reduce the production of autophagy-relat-
ed proteins such as P62, LC3, and Beclin-1.22 The results of HE
staining also showed that hirudin could reduce the degree of renal
fibrosis in UUO rats, further supporting the hypothesis that hirudin
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Figure 4. The effect of hirudin and HMGB1 in CKD rats was investigated in vivo. A) The expression of LC3, ATG12, ATGS5 and P62
mRNAs in UUO rat kidney tissues verified by RTqPCR. B) Western blot analysis of LC3-1I/ LC3-l, ATG12, ATGS and P62 protein levels
in UUO rat kidney tissue. C) Renal coefficient of UUO rat renal tissue. D) Apoptosis of kidney tissue in UUO rats was detected by
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may protect renal function by regulating the autophagy process.
Notably, the kidney coefficient of the hirudin-treated group was
significantly lower than that of the model group, and the results of
TUNEL staining showed that apoptosis in the hirudin-treated
group was significantly reduced, further confirming the protective
effect of hirudin on CKD. In addition, we experimented to screen
the optimal concentration of hirudin for cells and determined that
4.8 ATU/mL was the optimal effective concentration of hirudin for
HK-2 cells. The results of this study suggest that the autophagy
activation induced by RIF may not be an effective protective
response to renal injury, but may, to some extent, exacerbate renal
lesions. Hirudin can correct this abnormally activated autophagy
state and make the expression of autophagy-related proteins tend
to be normal, which is consistent with the view in previous studies
that moderate regulation of autophagy has a protective effect on
the kidneys.**° Excessive autophagy activation may lead to exces-
sive degradation of intracellular substances, and impaired
organelle function, and thus affect the normal physiological func-
tions of cells.41-43
By inhibiting excessive autophagy, hirudin maintains the stability
of the intracellular environment and reduces the damage to renal
cells, providing an important basis for explaining its role in the
treatment of CKD.

Multiple clinical studies have confirmed that HMGBI is close-
ly associated with the onset, progression, and prognosis of CKD.*-
47 As a signaling molecule in the immune system, HMGBI1 is wide-
ly regarded as a promoter of autophagy. Its release can trigger an
inflammatory response and activate the TGF-B1/Smad2/3 signal-
ing pathway, consequently leading to continuous damage to renal
structure and function and accelerating the development of CKD.*
Intracellularly, cytoplasmic HMGBI1 is mainly involved in pro-
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cesses such as autophagy, mitochondrial function regulation, and
programmed cell death.*” The study by Martinez et al.>*® demon-
strated that HMGBI can directly regulate autophagy in leukemia
cells by modulating the conversion of LC3 and can also indirectly
promote autophagy by enhancing the functions of Beclin-
1/PI3KC3 and Atg5-Atgl2-Atgl6. For example, a study found that
HMGBI can induce autophagy in bladder cancer cells, manifested
as an increase in LC3-II and a decrease in P62.! In this study, we
delved into the effects of hirudin and HMGBI1 regulation on
autophagy in CKD. The results showed that interfering with
HMGBI significantly reduced the expressions of LC3, ATG12,
ATGS, LC3-II/LC3-I, caspase-3, and caspase-9, increased the level
of P62, and decreased apoptosis. This result is similar to the find-
ings of Mou et al3' in human melanocytes, where knocking out
HMGBI inhibited the expression of the autophagy marker LC3,
enhanced the expression of P62, and inhibited both autophagy and
apoptosis.’! Moreover, when the expression of HMGB1 was inter-
fered with, the therapeutic effect of hirudin declined. The expres-
sion levels of LC3, ATG12, ATGS, LC3-II/LC3-1, caspase-3, and
caspase-9 increased, the expression of P62 decreased, and apopto-
sis increased. This result indicates that the therapeutic effect of
hirudin is closely related to HMGBI. Interfering with HMGB1
weakens the regulatory effects of hirudin on autophagy, apoptosis,
and RIF, suggesting that hirudin may exert its therapeutic effect on
CKD by influencing HMGBI1-related pathways. However, this
study has certain limitations. In terms of mechanism research,
although the associations among hirudin, HMGBI1, autophagy, and
apoptosis have been clarified, the specific molecular signaling
pathways have not been fully elucidated. Additionally, this study
was only based on animal models and cell experiments and lacks
verification from large - scale clinical studies. Meanwhile, the

sh HMGB1 Hirudin+sh NC Hirudin+sh HMGB1

Hirudin+sh HMGB1
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Figure 5. The effect of hirudin and HMGBI1 in CKD rats was investigated by immunofluorescence, immunohistochemistry, and H&E.
A) Immunofluorescence detection of the level of a-SMA and IHC detection of the level of COL1A1, caspase-3, and caspase-9. B) H&E

staining for detection of RIF.
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impact of CKD caused by different etiologies on the therapeutic
effect of hirudin was not considered in experiments. CKD trig-
gered by different causes may have different pathophysiological
mechanisms, which may lead to differences in the therapeutic
effects of hirudin and should be paid attention to in future research.
Therefore, this study not only confirms the efficacy of hirudin and
its regulatory role in cellular autophagy but also reveals the poten-
tial impact of hirudin on HMGBI and its significance in the treat-
ment of CKD. These findings are of great significance for the
development of novel therapies for CKD, providing new insights
and strategies for clinical treatment. However, there are still some
limitations in the study, such as the validation of hirudin’s effects
only in animal models, and more research support is needed for
clinical application. Future research directions could include fur-
ther exploration of the interaction and mechanism between hirudin
and HMGBI, conducting more clinical trials to validate its effec-
tiveness, and delving into the specific pathways of hirudin in CKD
treatment, providing more innovative breakthroughs for the man-
agement of CKD.303!
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