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Combination therapy of Ulinastatin with Thrombomodulin alleviates endotoxin
(LPS) - induced liver and kidney injury via inhibiting apoptosis, oxidative stress
and HMGB1/TLR4/NF-kB pathway
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ABSTRACT ARTICLE HISTORY

Sepsis is a type of systemic inflammation response syndrome that leads to organ function disorders. Received 8 November 2021

Currently, there is no specific medicine for sepsis in clinical practice. Lipopolysaccharide (LPS) isan ~ Revised 27 December 2021

important endotoxin that causes sepsis. Here, we report an effective two-drug combination therapy ~ Accepted 27 December 2021
to treat LPS-induced liver and kidney injury in endotoxic rats. Ulinastatin (UTI) and Thrombomodulin KEYWORDS

(TM) are biological macromolecules extracted from urine. In our study, combination therapy Ulinastatin;

significantly improved LPS-induced liver and kidney pathological structure and functional injury, Thrombomodulin;

and significantly improved the survival rate of endotoxic rats. Results of TUNEL staining and Western lipopolysaccharide; organ
blot showed that UTI combined with TM inhibited the excessive apoptosis of liver and kidney cells injury; apoptosis; anti-
caused by LPS. The drug combination also promoted the proliferation of liver and kidney cells, inflammatory; oxidative

reduced the levels of pro-inflammatory factors interleukin (IL)-6, IL-13, tumor or necrosis factor stress
(TNF)-a and nitric oxide, and down-regulated the expression of High Mobility Group Box 1 (HMGB1),

Toll-like receptor (TLR) 4 and Nuclear Factor (NF)-kB phosphorylation to inhibit inflammation. In
addition, the combination of UTI and TM also promoted the production of a variety of antioxidant
enzymes in the tissues and inhibited the production of lipid peroxidation malondialdehyde (MDA)

to enhance antioxidant defenses. Our experiments also proved that UTI combined with TM did not

reduce the anticoagulant effect of TM. These results suggested that UTI combined with TM can

improve endotoxin-induced liver and kidney damage and mortality by inhibiting liver and kidney

cell apoptosis, promoting proliferation, and inhibiting inflammation and oxidative injury.
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1. Introduction

Sepsis is a disease with a systemic inflammatory
state with a known or suspected infection [1],
accompanied by a high mortality rate. Endotoxic
shock is the most serious form of sepsis. Society of
Critical Care Medicine and European society of
intensive medicine newly defined sepsis as the
unbalanced response of the body to infection that
leads to life-threatening organ function disorders
[2,3]. The old definition of sepsis is a systemic
inflammatory response syndrome caused by infec-
tion, which emphasizes infection, while the new
definition of sepsis focuses on the body’s response
to infection and imbalance with organ dysfunc-
tion. This definition suggests that more attention
should be paid to the complex pathophysiological
response caused by infection during treatment.
The liver and kidney are organs vulnerable to
damage from sepsis [4,5]. Acute liver and kidney
injury may occur at any stage of sepsis. Sepstic
patients have severe liver, and kidney injuries are

often extremely critical.
An important pathogenesis of sepsis is the

inflammatory response disorder of bacterial endo-
toxins, such as lipopolysaccharide (LPS). LPS sti-
mulates innate immune cells to release the pro-
inflammatory factor High Mobility Group Box 1
(HMGB1) [6]. HMGBI1 further promotes the
release of early inflammatory factors, such as
tumor necrosis factor (TNF)-a and interleukin
(IL)-6. When HMGB1 binds to its receptor Toll-
like receptor (TLR) 4, it triggers and activates the
downstream signaling molecule Nuclear Factor
(NF)-kB through the transmembrane signaling
pathway [7] to play an inflammatory regulatory
role. In the development of sepsis, oxidative stress
is like another killer that accompanies inflamma-
tion, and both are involved in the process of cell
damage. Oxidative stress activates a series of tran-
scription factors, which in turn induces the expres-
sion of a variety of genes, including a variety of
pro-inflammatory cytokines. Physiological apopto-
sis contributes to the maintenance of the structural
and functional stability of tissues and organs.
However, pathological harmful factors lead to
abnormal apoptosis and excessive apoptosis of
cells, which is also related to organ damage caused

by sepsis. Based on these situations, it is reasonable
to propose that simultaneous regulation of inflam-
mation, oxidative stress, and apoptosis, rather than
a specific therapy for one of these systems, will be
more effective in controlling organ injury.

Ulinastatin (UTI) is an important endogenous
broad-spectrum protease inhibitor extracted from
human urine. Protease inhibitors can counter-
regulate the expression of proteases during inflam-
mation to inhibit the progression of inflammation
[8], UTI is considered to have essential anti-
inflammatory effect. UTI is used clinically for the
treatment of acute circulatory failure, acute pan-
creatitis and other diseases. More importantly,
UTI has been determined to have a protective
effect on many organs. UTI inhibits liver injury
in septic mice by inhibiting inflammation and
oxidation [9], UTI protects acute lung injury in
septic rats by inhibiting JAK-STAT3 pathway [10].

Thrombomodulin (TM) is derived from fresh
human urine too, and its recombinant product
recombinant TM (rhTM) has been approved for
diffuse intravascular coagulation (DIC) treatment,
but a small number of studies have shown that TM
also has a protective effect on sepsis-mediated
organ injury, thTM and its D1 reduce the level
of histone H3, thereby alleviating the acute kidney
injury [11]. In the field of liver injury caused by
sepsis, the administration of recombinant TM can
also improve liver dysfunction and elevate the
survival rate of septic mice [12]. In
a retrospective study, recombinant human soluble
TM can decrease the mortality of patients with
sepsis [13]. These all indicate that TM can be
used in the treatment of sepsis and has a broad
research prospect in organ injury.

At present, there are no specific drugs for the
treatment of sepsis, and the method of combined
treatment of fluid resuscitation and antibiotics is
mostly used in clinic, while in animal research, the
efficacy of a single drug is mostly studied [14-16].
There are few reports on the research of combined
treatment. Existing research has shown that for the
treatment of sepsis, drug combination therapy may
have a better effect than single drug therapy [17].
The latest research also emphasized that combina-
tion therapy should be used instead of targeting



single pathways or single organs [18], so it is
necessary to develop a new combination therapy.
Based on the fact that both UTI and TM have been
found to have potential therapeutic effects on sep-
sis, the combination of UTI and TM may be
a good drug combination choice. This combina-
tion therapy has not been reported on LPS-
mediated liver and kidney injury. Whether this
protective effect will be strengthened after the
combination therapy, and the potential mechan-
ism of action is worthy of in-depth exploration.

This study aims to investigate the effect of UTI
combined with TM on endotoxin-induced liver
and kidney injury, and whether the combination
therapy exerts its function on liver and kidney
injury via inhibiting cell apoptosis, promoting
cell proliferation, reducing certain inflammatory
mediators,  inhibiting ~HMGB1/TLR4/NF-kB
Signal transduction, inhibiting the occurrence of
oxidative stress.

2. Materials and methods
2.1. Animals and treatments

Male wistar rats at the age of 7-9 weeks weighing
200-220 g were obtained from the Experimental
Animal Center of Yangzhou University. The rats
were held in specific pathogen-free conditions at
the Animal Experiment Center of China
Pharmaceutical University for at least 1 week
prior to commencing studies. They were housed
in a 12 h light-dark cycle-controlled room, and set
at room temperature at 23-25°C and humidity
(40-70%), and fed with standard laboratory diet
and water. All healthy rats were randomly divided
into five groups (n = 12). These groups were
established as follows: Rats from Sham group
received normal saline injection; rats from LPS
group received 10 mg/kg LPS (Escherichia coli,
055: B5, L-2880, Source #0000110640, Batch
#0000114326, Sigma, MO, USA) injection [19];
rats from the UTI group received LPS and UTI
(50,000 U/kg, No. 200325, Adeal, Yangzhou,
Jiangsu, China) injections; rats from TM group
received LPS and TM (2000 U/kg, ADO10,
No. 21042701, Adeal, Yangzhou, Jiangsu, China)
injections; rats from UTI + TM (UTI 50000 U/kg
+ TM 2000 U/kg) group received LPS, UTI and
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TM injections. Throughout the experiment, 1
h after LPS injection, UTI, TM or UTI+TM were
injected. LPS, UTI and TM were injected into the
rat body via tail vein. LPS, UTI and TM were
dissolved with sterile saline before the experiment.
In addition, 60 rats were grouped as described
above for later survival analysis (n = 12). The
protocol was approved by the Animal Research
Committee of China Pharmaceutical University
(Approval No.: 2021-10-005).

2.2, Blood, liver and kidney tissue preparation

At 6, 12, 24 hours after the injection of drugs,
5 mL of blood was collected from the orbital vein
of 60 rats and centrifuged at 3000 g for 15 minutes
[20]. The supernatants were collected and stored at
—-80°C for further use. Rats were euthanized
24 hours after drugs injection to harvest liver and
kidney for subsequent experiments.

2.3. Biochemical analysis

The characteristic functional indicators of liver
and kidney in each group were tested, and serum
was taken at a 24 h time point. Blood urea nitro-
gen (BUN) Kit (CO13-2-1 Jiancheng, Nanjing,
China), creatinine (Cr) Determination Kit (C011-
2-1, Jiancheng, Nanjing, China), Aspartate amino-
transferase (AST) Assay Kit (C010-2-1 Jiancheng,
Nanjing, China), and Alanine aminotransferase
(ALT) Assay Kit (C009-2-1, Nanjing Jiangcheng,
Nanjing, China) were used to assess the activity of
serum BUN, Cr, AST and ALT of each group
[21,22].

2.4. Hematoxylin and eosin (HE) staining and
histopathologic analysis

Slices of the liver and kidney were fixed for 48 h
in 10% neutral buffered formalin, then dehy-
drated in graded concentrations of ethanol and
embedded in paraffin. Samples were sectioned at
5 pum thick for HE staining [23]. The liver and
kidney injuries were observed under an optical
microscope with x 200 magnification (Nikon,
Japan) and then photographed. Pathologists per-
form independent quantification scores for each
specimen in a blind style. Semi-quantitative
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analysis of hepatocyte inflammatory cell infiltra-
tion, edema, and the necrosis in liver tissue and
renal tubular dilation, mesangial cells hyperpla-
sia in the glomerulus or renal tubular inflamma-
tion [24]. Liver injury scores. 0 points: no
damage; 1 point: mild, a small amount of
inflammatory cell infiltration, and a small
amount of punctate necrosis; 2 points:
Moderate, hepatocytes are arranged disorderly,
there are some focal traits necrosis and inflam-
matory cell infiltration; 3 points: Severe, hepato-
cytes are arranged disorderly, the cell boundary
is not clear, and a large number of focal necrosis
and bridging necrosis and inflammatory cell
infiltration are seen. Renal injury scores. 0
points: no pathological changes in the renal
tubules; 1 point: mild, diseased renal tubule
range <25%; 2 points: moderate, the pathological
changes of the renal tubules are between 26%
and 50%; 3 points: severe, the scope of the renal
tubules of the disease is >50%. Each tissue is
randomly observed and scored in five visual
fields that do not overlap with each other.

2.5. Survival

After drug injection, the survival rate of rats in the
Sham group, the LPS group, the UTI group, the
TM group and the UTI + TM group were
recorded, and the whole statistics lasted for
7 days [25].

2.6. Terminal-deoxynucleotidyl transferase
mediated nick end labeling (TUNEL) assay

Kidney and liver tissues embedded in paraffin
were sliced at 5 um thick for TUNEL assay. The
TUNEL method (KGA7071, Keygen, Nanjing,
China) was used to detect cell apoptosis in liver
tissues according to the manufacturer’s instruc-
tions. Finally, 2-(4-Amidinophenyl)-6-indolecar-
bamidine dihydrochloride (DAPI) (KGA215,
Keygen, Nanjing, China) was used for mounting
[26], and positive cells in the field of view were
observed under an optical microscope with x 400
magnification (Nikon, Japan).

2.7. Enzyme-linked immunosorbent assay
(ELISA)

To monitor the degree of inflammatory response of
each group, serum collected at 6 h after drug injec-
tion was used. Serum levels of IL-6, IL-1p, TNF-a
and nitric oxide (NO) were measured using ELISA
kits (MEILIAN, Shanghai, China) according to the
manufacturer’s protocol. The reaction plates were
read within 15 minutes in an ELISA plate reader
(Thermo Fisher,Vantaa, Finland) at 450 nm [27].
IL-6, IL-1B, TNF-a and NO concentrations were
calculated relative to the appropriate standard
curve, and IL-6, IL-1p and TNF-a expressed as pg/
ml, NO expressed as nmol/ml.

2.8. Immunohistochemical analysis of
proliferation of cell nuclear antigen (PCNA)

The procedure for paraffin sectioning of the liver and
kidney was as described above. Paraffin sections
were washed for antigen retrieval and treated with
enzymatic inactivation. Then, they were blocked
with 1% BSA50, incubated with the primary anti-
body overnight at 4 C. Goat anti-rabbit polymer
(ab92552, ABCAM) was added and incubated for
20 minutes. Diaminobenzidine (DAB) solution
(DAB-1031, Xinmai, Fuzhou, China) was added for
color development. Hematoxylin was continually
added until complete dehydration and mounting,
and finally complete dehydration and mounting
[28]. The percentage of 400 x PCNA positive cells
was analyzed in 5 random fields in each section.

2.9. Western blot

Western blot was used to detect the expression of
protein. Membranes were blocked with 5% TBST
diluted nonfat powdered milk at room tempera-
ture for 1 hour incubated with primary antibody
(HMGBI1, sc-56,698, santa cruz; TLR4S, sc-
293,072 santa cruz; Phosphorylation of NF
(P-NF)-kB p65, sc-166,748 santa cruz; Cleaved
caspase3, #9961, Cell Signaling Technology; NF-
kB p65 #8242, Cell Signaling Technology; bcl-2,
WL01556, Wanlei; Bax WL01637 Wanlei;
GAPDH WLO01114; p-actin WL01372 Wanlei.) at
4 C for 14 h. B-actin and GAPDH were used as the



standard proteins. The secondary antibody was
diluted with blocking solution and incubated
membranes for 90 mins at room temperature
[29]. Image ] was used to analyze the gray value
of the protein band.

2.10. Determination of antioxidant enzymes
levels in liver and kidney

Superoxide dismutase (SOD), Glutathione perox-
idase (GSH-PX), catalase (CAT) and Glutathione
Reductase (GR) are the most important antioxi-
dant enzymes that reflect the antioxidant capacity
of organs. The liver and kidney tissues were made
into homogenate, and the supernatant was taken
after centrifuged at 2500 x g at 4°C for 15 minutes.
According to the manufacturer’s instructions, the
corresponding commercial kits  (Jiancheng,
Nanjing, China) were used to quantify the levels
of GSH-PX (A005-1-1), CAT (A007-1-1), SOD
(A001-2-2) and GR (A062-1-1) in liver and kidney
tissues [30,31].

2.11. Measurement of lipid peroxidation in liver
and kidney

The lipid peroxidation in the liver and kidney
homogenate of experimental group rats was deter-
mined by assaying malondialdehyde (MDA) level,
and the preparation of homogenate of liver and
kidney tissues was as described in 2.10. According
to the manufacturer’s instructions [31], the corre-
sponding commercial kit (A003-1-1, Jiancheng,
Nanjing, China) was used to quantify the levels
of MDA in liver and kidney tissues.

2.12. Rat plasma collection and processing

After fasting overnight, blood was taken from the
arteries of rats, and plasma was prepared. All
plasma samples were tested within 2 h at room
temperature to ensure stability. TM or UTI dis-
solved in physiological saline solution were mixed
with rat plasma in a volume ratio of 1:99. The
mixture was conducted to explore the effects of
TM or UTI + TM on rat plasma coagulation
indicators. At the same time, a blank control
group was set. The blank control group was
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prepared by mixing physiological saline with rat
plasma at a volume ratio of 1:99.

2.13. Coagulation index detection

The thrombin time (TT, Sun Biotechnology,
Shanghai, China), prothrombin time (PT, interna-
tional sensitivity index (ISI): 0.9; normal plasma
international normalized ratio: 0.8-1.24, Sun
Biotechnology, Shanghai, China) and activated
partial thromboplastin  time (APTT, Sun
Biotechnology, Shanghai, China) detection Kkits
were used to test these indicators using a semi-
automatic coagulation factor analyzer
(Zhongqingshidi, Taizhou, China) [32]. We calcu-
late the international normalized ratio (INR) of
each group of plasma according to the measured
pt value, INR = (PT test/PT normal)™". The instru-
ment parameters were set, and stirring beads were
added to each channel of the test cup and the
drug-containing plasma to be tested (TT: 100 pL,
PT: 50 pL, APTT: 50 pL and APTT reagent 50 pL)
into the test cup, placed in the 37 C pre-warming
zone for 3 minutes. The test cup was transferred to
the test zone, and detection reagents were added
(TT: TT solution 100 pL, PT: PT solution 100 uL,
APTT: CaCl, solution 50 uL). Then, the results
could be recorded after measuring various coagu-
lation indexes.

2.14. Statistical analysis

All experiments were operated for three times, and all
data were presented as mean + standard deviation
(SD). SPSS version 23.0 (IBM SPSS Statistics) and
GraphPad Prism 8.0 (GraphPad Software) were used
to analyze and graph all data. One-way analysis of
variance (ANOVA) followed by post hoc Tukey test
was used to assess the significance of statistical differ-
ences between groups. Survival rate data was analyzed
by the Kaplan-Meier curve, and the log-rank statis-
tical test was applied to compare the curves. A P-value
<0.05 was considered statistically significant.

3. Results

Our study explored the effects of UTI combined
TM on LPS-mediated liver and kidney injury and
its underlying mechanism, and found that
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Figure 1. Changes of serum Alanine aminotransferase (ALT), Aspartate aminotransferase (AST), Blood urea nitrogen (BUN) and
Creatinine (Cr) levels in rats. (a) serum ALT; (b) serum AST; (c)serum BUN; (d) serum Cr. *P < 0.05 vs. The UTI group. #P < 0.05 vs. The
TM group, AP < 0.05 vs. The Sham group, %P < 0.05 vs. The LPS group.

combination therapy protected the liver and kid-
ney injury mediated by LPS. The protective effect
may be related to the inhibition of cell apoptosis,
promotion of liver and kidney cell proliferation,
reduction of certain inflammatory mediators, inhi-
bition of HMGB1/TLR4/NF-kB signal transduc-
tion, and inhibition of oxidative stress. It has
a better effect on drug combination than drug
alone. And UTI did not affect the anticoagulant
effect of TM when used in combination.

3.1. The effect of UTI combined with TM on the
characteristic indexes of liver and kidney
function in rats

ALT and AST are two vital biomarkers of liver
injury. Results of the serum test showed that

after the injection of LPS, compared with Sham
group, ALT and AST levels of the model group
increased sharply, which confirmed that the liver
function of the model group was hit and damaged.
24 h after using TM and UTI, the serum ALT and
AST values of rats decreased. In the UTI + TM
group, ALT (Figure 1(a)) and AST (Figure 1(b))
values were further reduced, indicating that UTI
combined with TM effectively restored liver func-
tion injury. The same trend was also observed in
renal function indicators. Compared with the
Sham group, the serum renal biomarkers BUN
and Cr levels of the LPS group increased signifi-
cantly, while the BUN and Cr values decreased in
the TM group and the UTI group. The BUN
(Figure 1(c)) and Cr (Figure 1(d)) values of drug
combination group further —downregulated,
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Figure 2. Histological changes in liver and kidney tissues of Lipopolysaccharide (LPS) induced endotoxic rats.

Representative pictures of HE staining of liver tissues in each group, the yellow arrows point to the inflammatory cells, the green
circle point to Hepatocyte piece-meal necrosis and the disappearance of the nucleus; (b) Representative pictures of Hematoxylin and
Eosin (HE) staining of kidney tissues in each group, the yellow arrows point to the inflammatory cell infiltration in the
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indicating that UTI combined with TM also effec-
tively restored the renal function injury in endo-
toxic rats.

3.2. UTI combined with TM reduced liver and
kidney pathology injury

HE stained liver sections showed that the model
group injected with LPS caused obvious liver
injury, in which the liver tissue cells were irregu-
larly arranged, accompanied by piece-meal necro-
sis, the disappearance of the nucleus and
inflammatory cell infiltration. The liver in Sham
group did not suffer any injuries. In the TM group
and the UTI group, these changes were alleviated,
and the cells were clear, and inflammatory cell
infiltrations were observed. However, in the UTI
+ TM group, the liver injury was further reduced,
the liver cells were clear, regularly arranged, there
was no obvious edema, and the necrosis was
reduced (Figure 2(a)). Kidney HE stained section,
it can be observed that after injection of LPS, there
are dilation of renal tubule lumen and exudation
of protein mucus, mesangial cells hyperplasia in
the glomerulus, and the cyst cavity disappears,
a large number of inflammatory cell infiltration
can be seen in the renal interstitium. The dilata-
tion of the renal tubules in the UTI group and the
TM group has been reduced, and the exudation of
protein mucus still existed. The pathological
damage in drug combination group improved
turther, and a small amount of vacuolar degen-
neration was observed (Figure 2(b)).

We also scored histological damage on HE
stained sections. The higher the score displayed
in the histogram, the more severe the tissue
damage. A score of 0 in the Sham group means
that there is no damage to the liver and kidney
tissues. The liver and kidney scores of the LPS
group are all greater than 2.5, which means that
the tissue damage is severe, liver and kidney his-
tology scores of the UTI group, the TM group and

the drug combination group were all reduced, but
the drug combination group had the lowest score
(Figure 2(c)) (Figure 2(d)), which indicated that
the combination of drugs has a stronger effect on
the recovery of damaged tissues than UTI or TM
treatment alone.

3.3. UTI combined with TM improved the
survival rate of LPS-induced rats

The survival period of rats was monitored every
24 hours for 7 days. The rats in the Sham group
showed no abnormal behavior and no death was
observed. However, after injection of LPS, rats
developed diarrhea, lethargy and ruffled pelage.
The number of surviving rats in the LPS group
decreased linearly with time, which was signifi-
cantly lower than in the Sham group (P < 0.05).
UTI and TM were administered separately to
improve the survival rate of endotoxic rats.
When UTI and TM were used in combination,
the survival rate of rats had a further improvement
trend (Figure 2(e)). Compared with the single-
drug group, UTI + TM treatment increased the
average survival rate by 33.3% (n = 12).

3.4. UTI combined with TM inhibited apoptosis
of liver and kidney

In order to clarify the protective mechanism of
UTI combined with TM on liver and kidney injury
in endotoxic rats, TUNEL staining was used to
observe the apoptotic cells in liver (Figure 3(a))
and kidney (Figure 3(b)) slides. Compared with
Sham group, positive cells in the LPS group were
significantly increased, apoptosis was more likely
to occur, while either UTI or TM treatment
reduced the positive cells. In the UTI + TM
group, the number of apoptotic cells further
decreased. We also performed statistical analysis
on the positive rates of liver (Figure 3(c)) and
kidney (Figure 3(d)) cells in TUNEL staining.

tubulointerstitium, the blue arrows point to exudation of protein mucus, the light blue arrows point to dilation of renal tubule , the
green arrow points to vacuolar degeneration; (c) Score of liver tissues injury in the five groups; (D) Score of kidney tissues injury in
the five groups. Score is proportional to the severity of tissues injury. (E) The effect of Ulinastatin (UTI) combination with

Thrombomodulin (TM) on the number of the survival rats. n

12 in survival rate evaluation. *P <0.05 vs. the UTI group,

#P < 0.05 vs. the TM group, AP < 0.05 vs. the Sham group, %P < 0.05 vs. the LPS group.
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Figure 3. Apoptosis in liver and kidney tissues were examined by TUNEL staining.

Nuclei were counterstained with DAPI (blue), and DNA fragmentation was measured by TUNEL (+) (green); the red arrows point to
the apoptosis cells. (a) Representative images of TUNEL preformed on liver slices in five groups; (b) Representative images of TUNEL
preformed on kidney slices in five groups; (c) Quantification of TUNEL-positive liver cells in sections of each groups; (d) Quantification
of TUNEL-positive kidney cells in sections of each groups. AP < 0.05 vs. the Sham group, <P < 0.05 vs. the LPS group.

Whether in liver or kidney tissue, the apoptosis
rate of the LPS group increased significantly,
while after the administration of UTI and TM,
the apoptosis rate appeared to decrease, and the
apoptosis rate of the combination group further
decreased. In addition, besides the results of
TUNEL UTI and TM
reduced the apoptotic protein Bax and Cleaved
caspase-3. When UTI and TM were used in
combination, this downward trend was further
accentuated; otherwise, LPS will up-regulate the
expression of Bax and cleave caspase-3. The

analysis, treatment

decrease in the anti-apoptotic protein bcl-2 in
the LPS group was reversed by the combination
of UTI and TM (liver: Figure 4(a-d); kidney:
Figure 4(e-h)). These data indicated that the
combination of UTI and TM can protect the
liver and kidney by reducing the expression of

pro-apoptotic proteins, thereby reducing cell
apoptosis.

3.5. Immunohistochemistry of PCNA

To investigate the effects of TM and UTI on the
proliferation of hepatocytes and kidney cells, we
performed immunohistochemical analysis on
PCNA (liver: Figure 5(a)) (kidney: Figure 5(b)).
We counted the number of hepatocytes in ran-
domly taken photomicrographs. Compared with
the Sham group, the ratio of positive hepato-
cytes/total hepatocytes decreased significantly
after injection of LPS. Compared with the LPS
group, in the UTI group, the positive rate
increased by 3.71%, in the TM group by 4.21%,
the positive rate in the UTI + TM group further
increased by 7.39%. During the regeneration
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Figure 4. Measure the expression levels of apoptosis-related proteins in liver and kidney tissues by Western blot.

(A) Protein levels of Bax, bcl-2 and Cleaved-caspase3 in liver tissues; (B) Densitometric analyses of Bax protein in liver tissues; (C)
Densitometric analyses of bcl-2 protein in liver tissues; (D) Densitometric analyses of Cleaved-caspase3 protein in liver tissues; (E)
Protein levels of Bax, bcl-2 and Cleaved-caspase3 in kidney tissues; (F) Densitometric analyses of Bax protein in kidney tissues; (G)
Densitometric analyses of bcl-2 protein in kidney tissues; (H) Densitometric analyses of Cleaved-caspase3 protein in kidney tissues.
GAPDH was used as the control to confirm equal protein loading. *P < 0.05 vs. the UTI group. #P < 0.05 vs. the TM group, AP < 0.05
vs. the Sham group, %P < 0.05 vs. the LPS group.
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Figure 5. Evaluation of cell proliferation in liver and kidney tissues.

Immunohistochemistry was used to detect proliferation of cell nuclear antigen (PCNA)-positive cells in liver and kidney tissues. The
yellow arrows point to PCNA-positive cells. (A) Representative images of PCNA of liver tissues; (B) Representative images of PCNA of
kidney tissues; (C) Statistics of the positive rate of PCNA in the liver tissues; (D) Statistics of the positive rate of PCNA in the kidney
tissues; *P < 0.05 vs. the UTI group, AP < 0.05 vs. the Sham group, P < 0.05 vs. the LPS group.
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process, the proportion of positive hepatocytes of
the UTI + TM group was greater than that of the
TM group and the UTI group (Figure 5(c)). We
also analyzed the PCNA of the kidney. During the
whole process, the changes of PCNA in the kidney
of each group of rats were consistent with the
expression of PCNA in the liver. Compared with
the Sham group, the ratio of positive kidney cells/
total kidney cells decreased. Compared with the
LPS group, in the UTI group, the ratio increased
by 2.68%, in the UTI group by 4.60%, and further
increased by 6.36% in the UTI + TM group
(Figure 5(d)).

3.6. UTI combined with TM reduced LPS-induced
secretion of IL-6, IL-1B, TNF-a and NO in the
serum of rats

LPS leads to the secretion of pro-inflammatory
cytokines (including IL-6, IL-1p and TNF-a) in
serum, and we assessed the effect of the combina-
tion of UTI and TM on the release of inflamma-
tory factor IL-6, IL-1B, TNF-a and NO, the
systematic immune status of rat after LPS injec-
tion. ELISA analysis results showed that LPS could
significantly induce the increase in IL-6, IL-1p,
TNF-a and NO in serum, compared with the
Sham group. Both UTI and TM treatment alone
reduced the serum content of IL-6, IL-1p, TNF-a
and NO, and UTI combined with TM further
reduced the levels of IL-6 (Figure 6(a)), IL-1P
(Figure 6(b)), TNF-a (Figure 6(c)) and NO
(Figure 6(d)) induced by LPS.

3.7 UTI combined with TM inhibited TLR4-
mediated NF-kB pathway

TLR4 has been identified as a receptor for LPS,
and TLR4-related signal transduction pathways
may mediate liver and kidney injury in endotoxic
rats. In this study, in order to explore the potential
mechanism of UTI combined with TM in protect-
ing liver and kidney injury in endotoxic rats, the
expression of HMGB1, TLR4 and the phosphory-
lation of NF-kB in liver and kidney tissues were
evaluated. As shown in Figure 6 (liver:Figure 6
(e-h)) (kidney: Figure 6(i-1)), compared with rela-
tive to the expression of the endogenous control -
actin, HMGBI, TLR4, and P-NF-kB proteins all

increased significantly in liver and kidney tissues
in the LPS group. The administration of UTI and
TM remarkably inhibited the protein expression of
HMGBI1, TLR4 and P-NF-«kB. As expected, the
protein expression of HMGB1, TLR4 and P-NF-
kB further decreased in endotoxic rats adminis-
tered TM and UTI in combination. UTI combined
with TM also significantly reduced the protein
expression of downstream NF-kB.

3.8. UTI combined with TM inhibits oxidative
stress in injured liver and kidney after LPS
challenge

The effect on the oxidative stress parameters of the
liver and kidney is shown in Figure 7. The admin-
istration of LPS significantly reduced the content
of antioxidants enzymes SOD, CAT, GSH-PX and
GR in liver (Figure 7(a-d)) and kidney (Figure 7
(f-k)) tissues, and increased the content of lipid
peroxidation MDA in liver (Figure 7(e)) and kid-
ney (Figure 7(j)) tissues. UTI, TM, and UTI com-
bined with TM all reversed the decrease in
antioxidant enzymes SOD, CAT, GSH-PX and
GR content caused by LPS, and reduced the con-
tent of MDA (liver: Figure 7(a-e); kidney: Figure 7
(f-j)). More importantly, the combination therapy
showed a more pronounced inhibitory effect on
oxidative stress than the single drug, indicating
that drug combination therapy alleviated the oxi-
dative stress of liver and kidney in endotoxic rats.

3.9. Influence of UTI on the anticoagulant
function of TM

As shown in Table 1, as expected, in the range of
0-200 U/mL, TT, PT INR and APTT upregulated
with the increase of TM concentration, and all had
a good linear correlation (r* > 0.98). TT was extre-
mely sensitive to TM. Compared with the blank
control group, 200 U/mL TM significantly pro-
longed TT by about 3.23 times (P < 0.05).
However, the increase of UTI concentration in
the range of 0-200 U/mL did not extend the TT,
PT, INR and APTT of rat plasma (P < 0.05, there
was no statistical difference in anticoagulant
effect). Based on the above results, 100 U/mL of
TM was selected for subsequent experiments with
UTI (100 U/mL) to investigate whether UTI would



BIOENGINEERED 2963

150
a
= 15 =
[3 * 3
2 100 z 2
@ £ 2
= 4
E 50 E
3 E
@ 3
0
é\q,@ \g‘b S
S
& d
150 150
< 1004 # 2 100
‘E * E * *
E e g .
£ 501 £ 50
§ g
n »
0- 0
S &L & & Q& &
@ L NANN PN
&V S\\x é"@ NN s\\_
e f
GBI 2
o
F
P-NF-x B P65 [ mm wm s m ] g
NF-x B P65 ¢
B-actin 2
LIPS - + + + + g
UIT - = + = ¢+
M = = =h % uk

TLR4/GAPDH ratio
P-P65/GAPDH ratio

\Y
S

1 d
1.5
o
oo [ )
E a
iy ——]
B-octin TR A | 2"
[©]
I
0.0~
1
1.54 a
2 2 I
® o
E ;1.0— T #
o [=]
o o
< < .
o o
S 5 0.5
o« o
Pl g
- o
0.0~
PRSP A RIPCEIRNEP P\
o &L o 5 T&E

Figure 6. Effect of UTI combination with TM on serum cytokines and nitric oxide in rats and HMGB1/Toll-like receptor (TLR)4/Nuclear
factor (NF)-kB pathway-related proteins in liver and kidney tissues.
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reduce the anticoagulant effect of TM when com-
bined. Importantly, when UTI was used in combi-
nation with TM, TT, PT, INR and APTT were not
shortened compared with the TM group, which
indicated that UTI does not affect the anticoagu-
lant effect of TM when they are used in combina-
tion (Table 1).

4. Discussion

Sepsis is a systemic inflammatory response syn-
drome, and endotoxin shock is one of its most
serious manifestations [33]. At the same time,
sepsis affects various systems and organs of the
body. It causes damage to cells and tissues and
affects metabolism, which further leads to the fail-
ure of various vital organs [34,35]. Therefore, pro-
tecting organs from damage and repairing organ
injury is particularly important. The effects of the
existing treatment strategies for organ injury are
not satisfactory. In consequence, new treatments
or drugs are urgently needed. UTI and TM are
glycoproteins extracted from human urine. Several
studies have reported that these two drugs have
significant anti-inflammatory effects and a certain
protective effect on liver and kidney injury.
Therefore, we further tested the protective effect
of UTI combined with TM on endotoxic rats.
LPS is a component in the outer wall of gram-
negative bacteria [36]. Injecting LPS into animals
can produce endotoxin shock pathological
changes, and endotoxic shock is one of the
most  serious  manifestations of  sepsis.
Therefore, LPS-induced endotoxic model is
widely used to discover drugs and treatment
tools for sepsis caused by Gram-negative bacter-
ial infections [37]. It can activate mononuclear
macrophages and endothelial cells through the
cell signal transduction system in the body,
synthesize and release a variety of inflammatory
mediators [38], which in turn cause a series of
reactions to the body. Pro-inflammatory cyto-
kines such as IL-6 and TNF-a are involved in

the initiation and regulation of the inflammatory
response [39]. It has been confirmed that a large
amount of TNF-a and IL-6 are produced in
macrophages exposed to LPS [40]. In our
research, serum pro-inflammatory factors TNF-
a and IL-6 were significantly increased in rats
injected with LPS. However, UTI combined with
TM significantly inhibited the levels of TNF-a
and IL-6 in serum, indicating that its protective
effect on endotoxic rats may be related to its
anti-inflammatory properties.
HMGB1/TLR4/NF-xB is an important
inflammatory signal pathway in LPS-induced
inflammation [41]. Some reports have shown
that HMGB1/TLR4 common syndrome pathway
genes are expressed in the liver and kidney
[42,43]. HMGBI1 is a highly conserved non-
histone DNA binding protein, which is widely
distributed among various organs, such as lung,
brain, liver, heart, and kidney. HMGBI1 can be
released from necrotic cells through active
secretion and passive release, inducing inflam-
mation. HMGBI is also one of the endogenous
ligands of TLR4, which is also widely expressed
in the liver and kidney. LPS induces tissues to
release HMGBI1, which mediates autophagy or
triggers the initiation of inflammation through
the TLR4 signaling pathway, triggering a series
of cascade reactions. It mainly includes two
pathways, including the myeloid differentiation
factor 88 (MYD88) dependent pathway and
TRIF dependent pathway [44]. Activation of
MYD88 activates downstream IKK-a/IKK-B,
leading to the phosphorylation and degradation
of IkB-a, and finally NF-kB is activated [45].
Phosphorylation of NF-kB leads to the release
of pro-inflammatory cytokines, including TNE-
a, IL-13 and IL-6. Therefore, inhibiting
HMGBI1-TLR4 signaling pathway may effec-
tively improve organ injury mediated by endo-
toxin. Our research has confirmed that UTI and
TM could significantly inhibit LPS-induced
liver and kidney injury through the HMGB1/

(a) Changes in five groups of interleukin (IL)-6; (b) Changes in five groups of interleukin (IL)-1f; (c) Changes in five groups of tumor
necrosis factor (TNF)-a; (D) Changes in five groups of serum nitric oxide (NO). (e) Protein levels of HMGB1, TLR4 and NF-kB in liver
tissues; (f) Densitometric analyses of HMGB1 protein in liver tissues; (g) Densitometric analyses of TLR4 protein in liver tissues; (h)
Densitometric analyses of P- NF-kB protein in liver tissues (i) Protein levels of HMGB1, TLR4 and NF-kB in kidney tissues; (j)
Densitometric analyses of HMGB1 protein in kidney tissues; (k) Densitometric analyses of TLR4 protein in kidney tissues; (I)
Densitometric analyses of P- NF-kB protein in kidney tissues. B-actin was used as the control to confirm equal protein loading.
*P < 0.05 vs. the UTI group. #P < 0.05 vs. the TM group, AP < 0.05 vs. the Sham group, %P < 0.05 vs. the LPS group.
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Figure 7. UTI combined with TM inhibits oxidative stress in injured liver and kidney after LPS challenge.

(a) Activities of superoxide dismutase (SOD) content in liver tissues in five groups; (b) Activities of catalase (CAT) content in liver
tissues in five groups; (c) Activities of Glutathione peroxidase (GSH-PX) content in liver tissues in five groups; (d) Activities of
Glutathione GR content in liver tissues in five groups; (e) Activities of malondialdehyde (MDA) content in liver tissues in five groups;
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Table 1. Effects of UTI and TM on coagulation indicators of rat plasma.

Indicator ¢/(U/mL) TT/s PT/s INR APTT/s
Control 0 41,52 + 0.66 18.10 £ 0.29 1 37.75 + 0.58
uTl 50 42.11 £ 0.65 18.27 £ 0.35 1.008 + 0.01 38.65 + 0.79
100 4133 £ 1.25 18.85 + 0.46 1.037 £ 0.01 38.18 + 0.94
150 42.17 £ 0.66 18.83 £ 0.65 1.036 + 0.03 39.35 + 0.77
™ 50 81.57 + 1.14* 22.03 + 0.52* 1.194 + 0.04* 51.32 £ 0.97*%
100 114.23 + 1.97* 24.02 + 0.59* 1.295 + 0.04* 69.33 + 1.07*
150 147.10 + 2.18* 29.18 + 0.62* 1.537 + 0.01* 79.45 + 1.31*
UTI+TM 100UTI+100T™M 119.21 + 3.31*" 24.20 + 0.82*" 1.298 + 0.03*" 70.78 + 0.87*"

*P < 0.05 vs. 0 pg/mL group; n: no significant vs. 100TM; UTI: ulinastatin;

international normalized ratio; APTT: activated partial thrombin time

TLR4/NF-xB pathway. When UTI and TM were
used in combination, this effect was more sig-
nificant, and it also upregulated the survival
rate of rats attacked by LPS.

Oxidative stress generally occurs with inflamma-
tion. Oxidative stress activates a series of transcrip-
tion factors, and then induces the expression of
various genes, including a variety of pro-
inflammatory cytokines. After oxidative stress causes
organ damage, the body’s antioxidant defense system
can inhibit the production of free radicals, further
scavenging free radicals, and induce antioxidant
enzymes to play a protective role. SOD, GSH-PX,
and CAT are all important antioxidant enzymes,
which can effectively scavenge free radicals, inhibit
the formation of lipid peroxidation reactants, and
protect the body [46]. MDA is the end product of
free radicals involved in the lipid peroxidation reac-
tion. Its abnormal expression can damage the mem-
brane system, aggravate the degree of tissue damage,
and cause cell degeneration or even necrosis. A large
number of studies have described the oxidative stress
of patients with sepsis and the existence of antiox-
idant depletion [47]. Our research has also verified
this point. In LPS-mediated sepsis rats, the contents
of antioxidant enzymes SOD, CAT and GR all have
abnormally decreased, and MDA has increased,
indicating that oxidative stress damage occurred
during sepsis. After combined therapy treatment, it
can reduce the content of MDA and increase the
content of SOD, GSH-PX, GR and CAT. These

TM: thrombomodulin; TT: thrombin time; PT: prothrombin time; INR:

findings suggest that the regulation of free radicals
in lipid peroxidation reactions and antioxidase by
combination therapy was involved in its beneficial
action against LPS-induced liver and kidney injury.

It is worth noting that LPS promotes apoptosis
of the liver and kidney cells and aggravates tissue
injury [48]. The results of Western blot confirmed
the protein concentration of Cleaved caspase-3
and Bax increased, and the concentration of anti-
apoptotic protein bcl-2 decreased. In serum, ALT
and AST, as indicators of liver characteristics, as
well as BUN and Cr, as indicators of kidney char-
acteristics, were increased. It showed that the
action of endotoxins led to apoptosis of liver cells
and kidney cells. With the administration of UTI
and TM, the concentration of Cleaved caspase-3
and Bax decreased, the concentration of bcl-2
increased, and the values of ALT, AST, BUN and
Cr began to decrease. All these indicated that liver
and kidney injuries were alleviated, which were
further alleviated when UTI combined with TM.
Furthermore, the TUNEL results confirmed the
consistent results. The number of positive cells in
liver and kidney tissues decreased after UTI com-
bined with TM, which reversed the increase in the
number of positive cells caused by LPS. We also
observed the changes in the number of PCNA-
positive cells in the liver and kidney tissues. The
changes in PCNA were usually closely related to
tissue regeneration [49]. After LPS injection, the
PCNA of rat liver and kidney tissues decreased

(f) Activities of SOD content in kidney tissues in five groups; (g) Activities of CAT content in kidney tissues in five groups; (h) Activities
of GSH-PX content in kidney tissues in five groups; (i) Activities GR content in kidney tissues in five groups; (J) Activities of MDA
content in kidney tissues in five groups. *P < 0.05 vs. the UTI group. #P < 0.05 vs. the TM group, AP < 0.05 vs. the Sham group,

%P < 0.05 vs. the LPS group.



significantly. LPS exposure would affect these pro-
liferating cells and cause a decrease in their num-
ber due to cell death. After the administration,
PCNA began to increase, and the combination
group’s level was higher than LPS group.
Interestingly, we observed that at the concentra-
tion we set, the single-drug groups increased in
proliferation but not significantly compared to the
LPS group. This indicates that combination ther-
apy does promote cell proliferation more than
a single administration.

The blood coagulation system plays an impor-
tant role in the pathogenesis of sepsis. It is
mutually reinforcing with inflammation, and
together constitutes a key factor in the occurrence
and development of sepsis [50]. Endotoxin acti-
vates the exogenous coagulation pathway by indu-
cing the release of tissue factor of macrophages
and endothelial cells. The coagulation factor XII
activated by endotoxin can also further activate the
endogenous coagulation pathway, which ulti-
mately leads to disseminated intravascular coagu-
lation (DIC) [51,52]. Therefore, we envision that
in the treatment of DIC induced by sepsis, TM can
not only effectively treat sepsis but may inhibit the
symptoms of DIC by activating the anticoagula-
tion system. Our experiments proved that com-
pared to using TM alone, UTI combined with
TM did not reduce the anticoagulant effect of
TM. We concluded that the combined use of
UTI and TM was effective in the treatment of
sepsis, and UTI did not affect the anti-DIC effect
of TM. Therefore, the combination of UTI and
TM is a good strategy when selecting drugs in
the special population of sepsis-mediated DIC.

At present, the exploration of combination ther-
apy to protect against sepsis-mediated organ injury
has never stopped. Previous studies have shown
that the combination of sodium ferulate and oxy-
matrine could protect lung and liver injury in
septic mice by reducing systemic inflammation
and  reducing  oxidative = damage  [53].
Clindamycin combined with ceftriaxone improved
the survival rate of septic mice and prevented
organ injury through immunomodulatory effects
[54], and melatonin combined with irisin amelio-
rated LPS-induced cardiac dysfunction via inhibit-
ing the Mst1-JNK pathways [55]. Coenzyme Q10
combined with aescin inhibited NLRP-3
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inflammasome by regulating mitochondrial stabi-
lity, thereby preventing LPS-induced acute lung
injury in septic rats [56]. In addition to the com-
bination of different drugs, the combined use of
stem cells and drugs has also been proven to have
a certain effect on the treatment of sepsis.
Menstrual-derived mesenchymal stem cells com-
bined with antibiotics could improve the sepsis-
mediated liver damage and increase the survival
rate of sepsis by reducing the pro-inflammatory
and anti-inflammatory cytokines to regulate the
inflammatory response [57]. The combination of
gases for treatment is also an interesting research
direction. The combined therapy of molecular
hydrogen and hyperoxia has been proved to have
a therapeutic effect on sepsis. The combination
therapy of H, and hyperoxia enhanced the thera-
peutic effect through antioxidant and anti-
inflammatory mechanisms, and has a protective
effect on lung, liver and kidney injury in mice
[58]. These studies have shown that the mechan-
ism of the protective effect of combination therapy
on organ injury in sepsis is diverse, mainly by
inhibiting inflammation and oxidative stress, and
regulating the immune system to play an organ
protective effect. Our research further confirmed
the importance of inhibiting inflammation and
oxidative stress in the treatment of sepsis. For the
first time, we proposed and verified the protective
effect of promoting cell proliferation on promot-
ing liver and kidney, and for the first time, it was
confirmed that UTI and TM exert anti-
inflammatory effects by inhibiting the activation
of the HMGBI1/TLR4/NF-xB pathway. Existing
studies have also given us new ideas whether the
combined effect of UTI and TM is to inhibit
NLRP-3 inflammasome or inhibit the Mstl-JNK
pathway by regulating mitochondrial stability, and
the mechanism through regulation of the body’s
immune system deserves further investigation.
Our research explored the feasibility of UTI com-
bined with TM for the first time, and found that the
combination therapy has a protective effect on the
liver and kidney at the same time, and also found that
this protective effect is partly achieved by promoting
cell proliferation. In terms of anti-inflammatory
mechanism, it has been further discovered that the
combination of drugs has a regulatory effect on
HMGB1/TLR4/NF-xB pathway. It was also found
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that the combination of UTI and TM would not affect
the anticoagulant effect of TM. It is undeniable that
the study still has limitations. First, our experiments
did not conduct further studies into the damage and
repair of other important organs, such as the heart
and lungs. In addition, we have confirmed that UTI
combined with TM does have better efficacy than
single drugs, but there is no further research on the
combination of UTI and TM to achieve the same
therapeutic effect to reduce the dose of single drugs.
These are all worthy of further exploration.

5. Conclusion

Our research showed that UTI and TM combination
therapy protected the liver and kidney of LPS-treated
rats. These protective effects can be attributed to UTI
and TM inhibiting apoptosis, promoting the prolif-
eration of liver and kidney cells, reducing certain
inflammatory mediators such as TNF-a, IL-6, inhibit-
ing HMGBI1/TLR4/NF-kB signaling, and inhibiting
the occurrence of oxidative stress. The protective
effect of endotoxic liver and kidney injury and inflam-
mation provided new insights into the treatment of
liver and kidney injuries caused by endotoxin.
Therefore, considering these results, the combination
of TM and UTI may be a promising strategy for the
treatment of endotoxin-mediated organ injury.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Declare

We save our manuscript on the preprint server ‘research
square’ (DOI:10.21203/rs.3.rs-817,705/v1) (https://www.
researchsquare.com/article/rs-817705/v1). The preprint does
not mean that the article has been published. It has not been
published in any form of journal. Its copyright still belongs to
the authors. We agree to transfer the copyright of the article
to Bioengineered.

Funding

The author(s) reported that there is no funding associated
with the work featured in this article.

ORCID

Xiong Zhang
Feng Yu

http://orcid.org/0000-0002-1084-523X
http://orcid.org/0000-0002-7021-8588

References

1]
2]
(3]

(10]

(11]

(12]

(13]

Vandewalle J, Libert C. Glucocorticoids in sepsis: to be
or not to be. Front Immunol. 2020;11:1318.

Vincent JL, Mira JP, Antonelli M. Sepsis: older and
newer concepts. Lancet Respir Med. 2016;4:237-240.
Singer M, Deutschman CS, Seymour CW, et al. The
third international consensus definitions for sepsis and
septic shock (Sepsis-3). Jama. 2016;315(8):801-810.
Yan J, Li S, Li S. The role of the liver in sepsis. Int Rev
Immunol. 2014;33(6):498-510.

Alobaidi R, Basu RK, Goldstein SL, et al. Sepsis-
associated acute kidney injury. Semin Nephrol.
2015;35(1):2-11.

Zhu CS, Wang W, Qiang X, et al. Endogenous regula-
tion and  pharmacological = modulation  of
sepsis-induced HMGBI release and action: an updated
review. Cells. 2021;10(9):2220. [Published 2021 Aug
27].

Yang H, Wang H, Andersson U. Targeting inflamma-
tion driven by HMGBI1. Front Immunol. 2020a;11:484.
Kessenbrock K, Dau T, Jenne DE. Tailor-made inflam-
mation: how neutrophil serine proteases modulate the
inflammatory response. J Mol Med (Berl). 2011;89
(1):23-28.

Song Y, Miao S, Li Y, et al. Ulinastatin attenuates liver
injury and inflammation in a cecal ligation and punc-
ture induced sepsis mouse model. J Cell Biochem.
2019;120(1):417-424.

Wu J, Yan X, Jin G. Ulinastatin protects rats from
sepsis-induced acute lung injury by suppressing the
JAK-STAT3 pathway [published online ahead of
print, 2018 Sep 22]. J Cell Biochem. 2018.
DO1I:10.1002/jcb.27550

Akatsuka M, Masuda Y, Tatsumi H, et al. Recombinant
human soluble thrombomodulin is associated with
attenuation of sepsis-induced renal impairment by
inhibition of extracellular histone release. PloS one.
2020;15(1):€0228093.

Nagato M, Okamoto K, Abe Y, et al. Recombinant
human soluble thrombomodulin decreases the plasma
high-mobility group box-1 protein levels, whereas
improving the acute liver injury and survival rates in
experimental endotoxemia. Crit Care Med. 2009;37
(7):2181-2186.

Yoshihiro S, Sakuraya M, Hayakawa M, et al
Recombinant human-soluble thrombomodulin contri-
butes to reduced mortality in sepsis patients with
severe respiratory failure: a retrospective observational
study using a multicenter dataset. Shock. 2019;51
(2):174-179.


https://www.researchsquare.com/article/rs-817705/v1
https://www.researchsquare.com/article/rs-817705/v1
https://doi.org/10.1002/jcb.27550

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

Xiao Z, Kong B, Fang J, et al. Ferrostatin-1 alleviates
lipopolysaccharide-induced ~ cardiac  dysfunction.
Bioengineered. 2021;12(2):9367-9376.

Wang M, Guo S, Zhang Y, et al. Remifentanil attenu-
ates sepsis-induced intestinal injury by inducing autop-
hagy [published online ahead of print, 2021 Oct 28].
Bioengineered. 2021. DOI:10.1080/
21655979.2021.1997562.

Wei B, Chen Y, Zhou W, et al. Interleukin IL-5 alle-
viates sepsis-induced acute lung injury by regulating
the immune response in rats. Bioengineered. 2021;12
(1):2132-2139.

Xiang XS, Li N, Zhao YZ, et al. Combination therapy
with thymosin alphal and dexamethasone helps mice
survive sepsis. Inflammation. 2014;37(2):402-416.
Kingren MS, Starr ME, Saito H. Divergent sepsis
pathophysiology in older adults. Antioxid Redox
Signal. 2021;35(16):1358-1375.

Shen HH, Lam KK, Cheng PY, et al. Alpha-lipoic acid
prevents endotoxic shock and multiple organ dysfunc-
tion syndrome induced by endotoxemia in rats. Shock.
2015;43(4):405-411.

Zhou Y, Wang C, Kou J, et al. Chrysanthemi Flos
extract alleviated acetaminophen-induced rat liver
injury via inhibiting oxidative stress and apoptosis
based on network pharmacology analysis. Pharm Biol.
2021;59(1):1378-1387.

Ma D, Li C, Jiang P, et al. Inhibition of ferroptosis
attenuates acute kidney injury in rats with severe acute
pancreatitis. Dig Dis Sci. 2021;66(2):483-492.

Piao C, Zhang Q, Xu J, et al. Optimal intervention time
of ADSCs for hepatic ischemia-reperfusion combined
with partial resection injury in rats. Life Sci.
2021;285:119986.

Shuai W, Kong B, Fu H, et al. MD1 deficiency pro-
motes inflammatory atrial remodelling induced by
high-fat diets. Can J Cardiol. 2019;35(2):208-216.

Sen V, Giizel A, Sen HS, et al. Preventive effects of
dexmedetomidine on the liver in a rat model of
acid-induced acute lung injury. Biomed Res Int.
2014;2014:621827.

ZhouY, Li P, Goodwin AJ, et al. Exosomes from endothe-
lial progenitor cells improve the outcome of a murine
model of sepsis. Mol Ther. 2018;26(5):1375-1384.
Zhang X, Du P, Luo K, et al. Hypoxia-inducible
factor-lalpha protects the liver against
ischemia-reperfusion injury by regulating the A2B ade-
nosine receptor. Bioengineered. 2021;12(1):3737-3752.
Chen X, Ge HZ, Lei SS, et al. Dendrobium officinalis
six nostrum ameliorates urate under-excretion and
protects renal dysfunction in lipid emulsion-induced
hyperuricemic  rats. Biomed Pharmacother.
2020;132:110765.

Zhou C, Zhou L, Liu J, et al. Kidney extracellular
matrix hydrogel enhances therapeutic potential of
adipose-derived mesenchymal stem cells for renal

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

BIOENGINEERED e 2969

ischemia  reperfusion Acta  Biomater.
2020;115:250-263.

Kelek SE, Afsar E, Akcay G, et al. Effect of chronic
L-carnitine supplementation on carnitine levels, oxida-
tive stress and apoptotic markers in peripheral organs
of adult Wistar rats. Food Chem Toxicol.
2019;134:110851.

Zhong W, Qian K, Xiong J, et al. Curcumin alleviates
lipopolysaccharide induced sepsis and liver failure by
suppression of oxidative stress-related inflammation
via PI3K/AKT and NF-kB related signaling. Biomed
Pharmacother. 2016;83:302-313.

Yu Y, Wu Y, Yan HZ, et al. Rosmarinic acid amelio-
rates acetaminophen-induced acute liver injury in mice
via RACK1/TNF-a mediated antioxidant effect. Pharm
Biol. 2021;59(1):1286-1293.

Li C, Hu M, Jiang S, et al. Evaluation procoagulant
activity and mechanism of astragalin. Molecules.
2020;25(1):177.

Fukada T, Kato H, Ozaki M, et al. Impact of the
timing of  morphine administration on
lipopolysaccharide-mediated lethal endotoxic shock
in mice. Shock. 2016;45(5):564-569.

Venet F, Monneret G. Advances in the understanding
and treatment of sepsis-induced immunosuppression.
Nature Reviews Nephrology. 2018;14(2):121-137.
Tsantarliotou MP, Lavrentiadou SN, Psalla DA, et al.
Suppression of plasminogen activator inhibitor-1
(PAI-1) activity by crocin ameliorates
lipopolysaccharide-induced thrombosis in rats. Food
Chem Toxicol. 2019;125:190-197.

Cavaillon JM. Exotoxins and endotoxins: inducers of
inflammatory cytokines. Toxicon. 2018;149:45-53.
Zhang X, Xiong H, Li H, et al. Protective effect of
taraxasterol against LPS-induced endotoxic shock by
modulating  inflammatory responses in  mice.
Immunopharmacol Immunotoxicol. 2014;36(1):11-16.
Pléciennikowska A, Hromada-Judycka A, Borzecka K,
et al. Co-operation of TLR4 and raft proteins in
LPS-induced pro-inflammatory signaling. Cell Mol
Life Sci. 2015;72(3):557-581.

Firinu D, Garcia-Larsen V, Manconi PE, et al. SAPHO
syndrome: current developments and approaches to
clinical treatment. Curr Rheumatol Rep. 2016;18(6):35.
Lee SB, Lee WS, Shin JS, et al. Xanthotoxin suppresses
LPS-induced expression of iNOS, COX-2, TNF-a, and
IL-6 via AP-1, NF-kB, and JAK-STAT inactivation in
RAW 264.7 macrophages. Int Immunopharmacol.
2017;49:21-29.

Shang J, Liu W, Yin C, et al. Cucurbitacin
E ameliorates lipopolysaccharide-evoked injury,
inflammation and MUCS5AC expression in bronchial
epithelial cells by restraining the HMGB1-TLR4-NF-«xB
signaling. Mol Immunol. 2019;114:571-577.

Liu X, Huang K, Zhang R], et al. Isochlorogenic acid
A attenuates the progression of liver fibrosis through

injury.


https://doi.org/10.1080/21655979.2021.1997562
https://doi.org/10.1080/21655979.2021.1997562

2970

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

X. ZHANG ET AL.

regulating HMGB1/TLR4/NF-«xB signaling pathway.
Front Pharmacol. 2020;11:582.

Mohamed ME, Abduldaium YS, NS.
Ameliorative effect of linalool in cisplatin-induced
nephrotoxicity: the role of HMGB1/TLR4/NF-kB and
Nrf2/HO1 pathways. Biomolecules. 2020;10(11):1488.
Wang J, He GZ, Wang YK, et al. TLR4-HMGBI-,
MyD88- and TRIF-dependent signaling in mouse
intestinal  ischemia/reperfusion  injury.  World
] Gastroenterol. 2015;21:8314-8325.

Zhang Z, Liu Q, Liu M, et al. Upregulation of
HMGBI1-TLR4 inflammatory pathway in focal cortical
dysplasia type II. ] Neuroinflammation. 2018;15(1):27.
Wu J, Yan X, Jin G. Ulinastatin protects rats from
sepsis-induced acute lung injury by suppressing the
JAK-STAT3 pathway. ] Cell Biochem. 2018.
DOI:10.1002/jcb.27550

Heyman SN, Rosen S, Rosenberger C. A role for oxi-
dative stress. Contrib Nephrol. 2011;174:138-148.
Zhang Y, Jia H, Jin Y, et al. Glycine attenuates
LPS-induced apoptosis and inflammatory cell infiltration
in mouse liver. ] Nutr. 2020;150(5):1116-1125.

Lee GS, Yang HG, Kim JH, et al. Pine (Pinus densi-
flora) needle extract could promote the expression of
PCNA and Ki-67 after partial hepatectomy in rat. Acta
Cir Bras. 2019;34(6):€201900606.

Levi M, van der Poll T. Inflammation and coagulation.
Crit Care Med. 2010;38:526-34.

Park HS, Gu J, You HJ, et al. Factor XII-mediated
contact activation related to poor prognosis in

Younis

(52]

(53]

(54]

(55]

(56]

(57]

(58]

disseminated intravascular coagulation. Thromb Res.
2016;138:103-107.

Latour JG. Modulation of disseminated intravascular coa-
gulation (DIC) by steroidal and non-steroidal
anti-inflammatory drugs. Agents Actions.
1983;13:487-495.

Xu M, Wang W, Pei X, et al. Protective effects of the
combination of sodium ferulate and oxymatrine on
cecal ligation and puncture-induced sepsis in mice.
Exp Ther Med. 2014;7(5):1297-1304.

Patel AM, Periasamy H, Mokale SN. Immunomodulatory
dose of clindamycin in combination with ceftriaxone
improves survival and prevents organ damage in murine
polymicrobial sepsis. Naunyn Schmiedebergs Arch
Pharmacol. 2020;393(9):1671-1679.

Ouyang H, Li Q, Zhong J, et al. Combination of mela-
tonin and irisin ameliorates lipopolysaccharide-induced
cardiac dysfunction through suppressing the Mst1-JNK
pathways. J Cell Physiol. 2020;235(10):6647-6659.

Ali FEM, Ahmed SF, Eltrawy AH, et al. Pretreatment
with coenzyme Q10 combined with aescin protects
against sepsis-induced acute lung injury. Cells Tissues
Organs. 2021;210(3):195-217.

Alcayaga-Miranda F, Cuenca ], Martin A, et al
Combination therapy of menstrual derived mesenchy-
mal stem cells and antibiotics ameliorates survival in
sepsis. Stem Cell Res Ther. 2015;6(1):199.

Xie K, Fu W, Xing W, et al. Combination therapy with
molecular hydrogen and hyperoxia in a murine model
of polymicrobial sepsis. Shock. 2012;38(6):656-663.


https://doi.org/10.1002/jcb.27550

	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1.  Animals and treatments
	2.2.  Blood, liver and kidney tissue preparation
	2.3.  Biochemical analysis
	2.4.  Hematoxylin and eosin (HE) staining and histopathologic analysis
	2.5.  Survival
	2.6.  Terminal-deoxynucleotidyl transferase mediated nick end labeling (TUNEL) assay
	2.7.  Enzyme-linked immunosorbent assay (ELISA)
	2.8.  Immunohistochemical analysis of proliferation of cell nuclear antigen (PCNA)
	2.9.  Western blot
	2.10.  Determination of antioxidant enzymes levels in liver and kidney
	2.11.  Measurement of lipid peroxidation in liver and kidney
	2.12.  Rat plasma collection and processing
	2.13.  Coagulation index detection
	2.14.  Statistical analysis

	3.  Results
	3.1.  The effect of UTI combined with TM on the characteristic indexes of liver and kidney function in rats
	3.2.  UTI combined with TM reduced liver and kidney pathology injury
	3.3.  UTI combined with TM improved the survival rate of LPS-induced rats
	3.4.  UTI combined with TM inhibited apoptosis of liver and kidney
	3.5.  Immunohistochemistry of PCNA
	3.6.  UTI combined with TM reduced LPS-induced secretion of IL-6, IL-1β, TNF-α and NO in the serum of rats
	3.7  UTI combined with TM inhibited TLR4-mediated NF-κB pathway
	3.8.  UTI combined with TM inhibits oxidative stress in injured liver and kidney after LPS challenge
	3.9.  Influence of UTI on the anticoagulant function of TM

	4.  Discussion
	5.  Conclusion
	Disclosure statement
	Declare
	Funding
	References

