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Impact Statement

Thioredoxin-interacting protein (TXNIP) involves
in cell proliferation, differentiation, and apoptosis,
which is an oxidative stress regulator. However,
the effect of TXNIP on DVT is uncertain. Our study
indicated that the inhibition of TXNIP reduced the
thrombosis weight and weight/length ratio, and
ameliorated the pathological change and inflam-
matory reaction. The underlying mechanism was
related to the inhibition of nod-like receptor protein 3
(NLRP3)/interleukin (IL)-1p. TXNIP may be a novel
therapeutic target for DVT.

Abstract

Increasing evidence indicates that deep venous thrombosis (DVT) is a common
peripheral vascular disease. This study aims to investigate the mechanisms of
thioredoxin-interacting protein (TXNIP) and nod-like receptor protein 3 (NLRP3)
infammasome in deep venous thrombosis (DVT). A total of 66 Sprague—Dawley
(SD) rats were employed to conduct DVT model. DVT rat was treated with silenced
TXNIP (si-TXNIP) lentivirus and MCC950 (a NLRP3 inhibitor). The thrombosis
weight and weight/length ratio, tissue factor, inflammatory factors, superoxide
dismutase (SOD), malondialdehyde (MDA), and glutathione peroxidase (GSH-Px)
were measured. Hematoxylin—eosin (H&E) staining was used to investigate the
pathological change. Western blotting was used to determine the protein expression
level. The expression level of thioredoxin (TRx) was suppressed, whereas TXNIP
and NLRP3 were elevated in DVT rat. Si-TXNIP or MCC950 could reduce the
thrombosis weight and weight/length ratio, ameliorate the pathological change,

and decrease inflammatory reaction. Mechanistically, si-TXNIP or MCC950 inhibited the expression levels of TXNIP, NLRP3,
and interleukin (IL)-1p while elevating the TRx level, thereby suppressing the DVT. Our study indicated that si-TXNIP or MCC950
injection rescued the injury of vein induced by DVT. The possible mechanisms connected with the inhibition of TXNIP and NLRP3.

TXNIP is a possible therapeutic target for DVT.
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Introduction

TXNIP involves in cell proliferation, differentiation, and
apoptosis, which is an oxidative stress regulator. TXNIP also

Deep vein thrombosis (DVT) is caused by abnormal coagula-
tion of venous blood, which leads to partial or total blockage of
blood vessels by coagulated blood. Venous thromboembolism
disease is manifested in two ways at different locations and
time periods, namely pulmonary embolism and deep venous
thrombosis.! Approximately two-thirds of patients diagnosed
with deep vein thrombosis and approximately one-third of
patients diagnosed with pulmonary embolism are observed
among all individuals affected by venous thromboembolism.?
It can be seen from the survey data that the incidence rate of
deep venous thrombosis is 1/1000 in the adults.3
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inhibits the anti-oxidant activity of endogenous anti-oxidant
thioredoxin (TRx) by binding to it. Previous study indicates
that both TRx and TXNIP are expressed in cytoplasm and
mitochondria.> TXNIP participates in oxidative stress and
inflammation.®”

Recently, studies have shown that the injury of venous
endothelial cells which is caused by oxidative stress is one of
the important factors in the formation of DVT. Reactive oxy-
gen-free radicals can lead to oxidative damage, aging, and
apoptosis of endothelial cells, start the procoagulant reac-
tion, and lead to thrombosis.® NLRP3 inflammasome is an

Experimental Biology and Medicine 2023; 248: 1588—1597


mailto:junjiejiang402@126.com

intracellular protein complex, including NLRP3, apoptosis-
associated speck-like protein (ASC), and cysteinyl aspartate-
specific protein precursor (pro-caspase-1). After activation,
NLRP3 inflammasome can release pro-inflammatory factors
IL-1B and IL-18. Recently, studies demonstrate that NLRP3
participates in the venous thrombosis response to hypoxia
and cerebral venous sinus thrombosis.? However, there is
no clear evidence about the effect of TXNIP/NLRP3 on DVT.
Herein, we examined the expression levels of TXNIP and
NLRP3 at different times after DVT. Furthermore, we evalu-
ated the inhibition of TXNIP and subsequent influence on
NLRP3 inflammasome. We found that the expression level of
TXNIP increased after DVT, which further activated NLRP3
inflammasome and promoted the formation of DVT.

Materials and methods
Animal modeling

Specific pathogen-free (SPF) grade male Sprague-Dawley
(SD) rats (6 weeks old, weighing 210 + 10g) were fed adap-
tively for oneweek. The feeding environment was 12 h alter-
nating day and night; the indoor temperature was controlled
at 18-22°C; the humidity was controlled at 50-60%. Rats
could freely access to food and water. Rats were purchased
from Jinan Peng Yue Experimental Animal Breeding Co. Ltd,
Certificate No.: SCXK (Lu) — 20180030. The animal use pro-
cess complied with the National Research Council’s Guide
for the Care and Use of Laboratory Animals, and approved
by the animal ethics committee of Yantaishan Hospital. The
DVT model was prepared by the inferior vena cava (IVC)
stenosis as previously described.!® After the rats were anes-
thetized with 1% (40mg/kg, intraperitoneal injection) pento-
barbital sodium, the rats were fixed in the supine position,
and the median abdominal incision was made for about
3cm. After the IVC was separated, a #4 suture was used to
tie down on the IVC and an associated 30-g needle, and then,
the needle was removed, to produce a stenosis of the IVC.
The abdominal wall was sutured layer by layer and disin-
fected. The control group was treated the same as the model
group, but without IVC stenosis.

Animal grouping

A total of 36 rats were first divided into two groups: con-
trol group (n=6) and DVT group (n=30). Next, another 30
rats were divided into five groups, including control (rats
received the same surgical procedure without IVC steno-
sis) group, DVT group, si-NC group, silenced TXNIP (si-
TXNIP) (1pg/pL, intravenous injection 100 uL, GenePharma,
Shanghai, China) group, and MCC950 (a NLRP3 inhibitor,
gavaged 20mg/kg body weight every day, MCE, USA)
group. TXNIP siRNA was administrated two days before
operation and oneday after operation. Rats were sacrificed
on day 3 after operation.

Enzyme-linked immunosorbent assay

The levels of D2D, TF, IL-18, and IL-1p were detected by
enzyme-linked immunosorbent assay (ELISA) kit accord-
ing to manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).
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Hematoxylin—eosin (H&E) staining and
Immunohistochemistry

The rats were anesthetized with 1% (40mg/kg, intraperito-
neal injection) pentobarbital sodium and fixed on the 37°C
constant temperature table on the back. Blood samples were
collected from the heart until the rats reached the point of
euthanasia. The IVC vessels were stripped, fixed with Bouin’s
solution, embedded in paraffin, and sliced about 4 um. After
dehydration and dewaxing with xylene and gradient alcohol,
hematoxylin staining for 5min, 1% hydrochloric acid (HCI)
ethanol differentiation for 20s, 1% ammonia back blue for
15s, 1% eosin staining for 2min, gradient alcohol dehydra-
tion, and sealing. The numbers of neutrophils, monocytes
in the vein wall, and thrombus were counted in five distinct
fields (X400) according to previous study.!! For IVC vessel,
tissues from rats were prepared for immunohistochemistry
(IHC), as described in previous study.!? The tissues were
incubated with anti-TXNIP (1:100) and anti-NLRP3 (1:200)
antibodies. An optical microscope (Leica, Germany) was used
to observe pathological changes and positive cells in IVC.

Analysis of oxidant stress

The levels of superoxide dismutase (SOD), malondialdehyde
(MDA), and glutathione peroxidase (GSH-Px) were detected
with responding kits according to manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Western blotting

The collected samples were added with protein buffer for
routine protein extraction, and the quantitative analysis was
carried out by diquinoline formic acid (BCA, Solarbio, Beijing,
China) method. Fifty-microgram protein samples were loaded
with 8% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and then transferred to polyvinylidene
fluoride (PVDE Millipore, USA) membrane. The membrane
was completely immersed in Tris HCI buffer (TBST) with 5%
skimmed milk powder and then incubated at room tempera-
ture for 1h. Primary antibodies anti-TXNIP (Bioss antibodies,
Beijing, China), anti-NLRP3 (Thermo Fisher Scientific, USA),
anti-TRx (Abcam, USA), pro-caspase-1 (ABclonal, Wuhan,
China), and pro-IL-1B (ABclonal, Wuhan, China) were incu-
bated overnight at 4°C, then added horseradish peroxidase
(HRP)-labeled goat antirabbit IgG secondary antibody (Bioss
antibodies, Beijing, China), and incubated at 37°C for 1h. After
incubation, the blots were washed with TBST for three times,
then added electrochemiluminescence (ECL) solution, and
exposed. The gray value of protein bands was analyzed by
Image ] software (NIH, USA). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as internal reference.

Statistical analysis

Data are presented as mean * SD. Statistical analyses
between two groups were evaluated based on Student’s
t-test. For experiments involving three or more groups,
data were evaluated using one-way analysis of variance
(ANOVA) with Tukey’s post hoc test with the GraphPad
Prism version 8.0 (GraphPad Software Inc., USA). P<0.05
was considered significant.
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Figure 1. Deep vein thrombosis was induced in rats: (A) Schematic images of normal blood vessel (control) and deep vein thrombosis (DVT); (B) thrombus weight;
(C) thrombus weight/length ratio (mg/mm); (D) the content of D2D in IVC; (E) the content of TF in IVC. IVC: inferior vena cava.

*P < 0.05 and **P < 0.01 compared with the control group.

Results

Changes of thrombus weight at different time
points

We first investigated the changes of thrombus weight at dif-
ferent time point. As presented in Figure 1, thrombus weight
was increased after DVT. On the third day, the thrombus
weight was the highest (P <0.05). However, there were no
significantly changes after threedays. In addition, we inves-
tigated the weight/length ratio, and the result indicated that
thrombosis was notably stronger in different times, with the
highest on day 3. The results of ELISA presented that the
levels of D2D and tissue factor (TF) increased after DVT. In
addition, the levels peaked on day 3. After day 3, the levels of

D2D and TF exhibited a downward trend; nevertheless, there
was no significantly difference between day 7 and day 14.

Pathological changes of deep vein after DVT

The IVC lumen was not significantly dilated in the control
group, and there was no substantial thrombosis in the lumen.
Normal venous lumen could be seen. The venous structure
and intima were intact, and no endothelial cell damage or
necrosis was found. There was no inflammatory cell infiltra-
tion around the vein wall (Figure 2(A)). In DVT group, there
were a lot of thrombosis, and the color was dark red. The
results showed that most of the sites of venous thrombosis
were red blood cell aggregation, loose vascular wall tissue,
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Figure 2. Pathological structure changes in IVC of rat at different time points after operation: (A) H&E staining presented the thrombosed in the vein wall is shown
(50 um). Number of neutrophils (B) and monocytes (C) in the vein wall and thrombus. IL-1p (D) and IL-18 (E) levels in serum were determined by ELISA. Block arrows
indicate vascular wall tissues become loose, edema, or thickening; green arrows indicate neutrophils; yellow arrows indicate monocytes. IVC: inferior vena cava;
ELISA: enzyme-linked immunosorbent assay; IL: interleukin.

*P <0.05 and **P < 0.01 compared with the control group.
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Figure 3. Expression of proteins in IVC at various time points: (A) Western blot assay for the TRx, TXNIP, and NLRP3 protein detection; relative TRx (B), TXNIP (C),
and NLRP3 (D) protein densities have been normalized against the control group. IVC: inferior vena cava; TXNIP: thioredoxin-interacting protein; TRx: thioredoxin.

**P < 0.01 compared with the control group.

edema, and thickening, and irregular vascular intima and
inflammatory cell infiltration can be seen around the vein
wall. However, the most serious pathological changes were on
day 3. After day 3, the inflammatory cell was reduced on days
7 and 14. The number of neutrophils reached a maximum at
oneday in the vein wall and thrombus. Monocytes were sig-
nificantly increased throughout 12 h to day 14 in thrombus. In
addition, the results of ELISA presented that the levels of IL-18
and IL-1B decreased on day 7 and day 14, but still higher than
those in the control group (P <0.05; Figure 2(B)).

Evidence for TXNIP participated in the DVT

We found that the expression level of TXNIP increased after
DVT (P <0.05). TXNIP expression level increased over time.
Furthermore, TXNIP expression level peaked on day 3. After
day 7, the expression level of TXNIP presented a downward
trend. Interestingly, the change of NLRP3 was consistent
with the trends of TXNIP. Importantly, the expression trend
of TRx was opposite to that of TXNIP and NLRP3 (Figure 3).

Downregulation of TXNIP inhibited the DVT
formation

To evaluate the effect of TXNIP on DVT formation, TXNIP
small interfering RNA (siRNA) was applied to downregulate

the expression level of TXINIP, and MCC950 was used to inhibit
the expression of NLRP3. After TXNIP siRNA or MCC950
treatment, the thrombus weight was decreased (P <0.05), and
the weight/length ratio was also decreased compared with
the DVT or small interfering RNA negative control (si-NC)
group. Furthermore, the levels of D2D and TF decreased after
TXNIP siRNA or MCC950 treatment (P < 0.05; Figure 4).

Downregulation of TXNIP ameliorated pathological
changes of IVC

As shown in Figure 5, in the si-TXNIP group or MCC950
group, the lumen of the IVC was slightly dilated, a small
amount of substantial thrombosis was formed in the lumen,
the vein wall tissue was loose, the vascular intima was irreg-
ular, and no inflammatory cell infiltration was found around
the IVC wall. The number of neutrophils and monocytes was
significantly increased in the vein wall and thrombus after
DVT. After si-TXNIP or MCC950 treatment, the number of
neutrophils and monocytes was decreased compared with
the DVT and si-NC groups (P <0.05). However, the number
of neutrophils and monocytes after treatment is still higher
than that in the control group. Furthermore, the levels of
IL-18 and IL-1p decreased in si-TXNIP and MCC950 groups
compared with DVT group (P <0.05).
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Figure 4. Deep vein thrombosis was induced in rats after different treatment: (A) Thrombus weight; (B) thrombus weight/length ratio (mg/mm); (C) the content of D2D

in IVC; (D) the content of TF in IVC. IVC: inferior vena cava.

**P <0.01 compared with the control group; #P < 0.01 compared with the DVT group; MP < 0.01 compared with the si-NC group; &P < 0.05 compared with the si-

TXNIP group.

Downregulation of TXNIP improved oxidative
stress injury

We detected the levels of SOD, MDA, and GSH-Px. As pre-
sented in Figure 6, the contents of SOD and GSH-Px decreased
in DVT group, while the levels increased in si-TXNIP and
MCC950 groups (P <0.05). In addition, the content of MDA
significantly increased in the DVT group, while the content
decreased in si-TXNIP and MCC950 groups (P <0.05; Figure
6). These results indicated that oxidative stress was involved
during the DVT.

Downregulation of TXNIP inhibited the protein
expression

We first investigated the expression levels TXNIP and NLRP3
in IVC by IHC. The results presented that the positive expres-
sion of TXNIP and NLRP3 increased in the DVT group. After
si-TXNIP and MCC950 treatment, the positive expression
of TXNIP and NLRP3 significantly decreased compared
with the DVT group (Figure 7). We further detected the pro-
tein expression by western blotting. As shown in Figure 8,

the expression level of TRx protein decreased, whereas the
expression levels of TXNIP, NLRP3, pro-caspase-1, and pro-
IL-1B significantly increased in the DVT group (P <0.05).
However, the expression level of TRx protein increased
whereas the expression levels of TXNIP, NLRP3, cleaved
caspase-1, and cleaved-IL-1f significantly decreased after
si-TXNIP or MCC950 treatment (P <0.05).

Discussion

The occurrence factors of deep venous thrombosis are com-
plex and diverse. At present, there are no accurate and
sensitive specific observation indicators for DVT clinical pre-
diction and diagnosis. TXNIP is a potential biomarker in car-
diovascular and ischemic diseases.!® An increasing number
of studies have indicated that TXNIP participated in the for-
mation of thrombosis.'#1> However, there is no clear evidence
presents the change of TXNIP in DVT. In our study, we first
investigated the changes of TXNIP and NLRP3 levels at dif-
ferent times after DVT. As presented in our study, thrombus
weight and weight/length ratio were increased over time.



1594  Experimental Biology and Medicine  Volume 248 ~ September 2023

-+ vein wall -* vein wall
B -o- thrombus C -o- thrombus
., 807 L, 1007
=1 D
= sk sk ‘;} - o) K%
g 60 : 80
% HALHANG g 60- *% sk
=
cs 40' “5
= 5
2 2
= 20- =
g **##/\/\& =
z " z
##/\/\
0 T 1 L} L L]
> N < S S
& S S
C/°'g ° . .,&+ @C’o
5
D 200- E
ek sk o o
2 150+ - ——= —_ . —
= b o= HELHM G
= % 100 AN —_
< 100 £
= =S : -
= 50+ g 5
0 1 1 1 1 1 0 1 | 1 I I
\
& E S & & & F
O RN <O S N S <

Figure 5. Pathological structure changes in IVC of rat in different groups: (A) H&E staining presented the thrombosed in the vein wall is shown (scale bar: 50 um).
Number of neutrophils (B) and monocytes (C) in the vein wall and thrombus. IL-1 (D) and IL-18 (E) levels in serum were determined by ELISA. Block arrows indicate
vascular wall tissues become loose, edema, or thickening; green arrows indicate neutrophils; yellow arrows indicate monocytes.

*P <0.05 and **P <0.01 compared with the control group; #P < 0.05 and ##P < 0.01 compared with the DVT group; AP <0.05 and P <0.01 compared with the si-NC
group; &P < 0.05 compared with the si-TXNIP group. IVC: inferior vena cava; H&E: hematoxylin—eosin; IL: interleukin; ELISA: enzyme-linked immunosorbent assay.
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Figure 7. Immunohistochemical staining of TXNIP and NLRP3 in the thrombosed IVC: (A) Representative IHC staining of TXNIP (scale bar: 50 um); (B) representative
IHC staining of NLRP3 (scale bar: 50 um). TXNIP: thioredoxin-interacting protein; IVC: inferior vena cava; IHC: immunohistochemistry.

*P <0.05 and **P < 0.01 compared with the control group; #P <0.05 and #*P < 0.01 compared with the DVT group; AP <0.05 and P < 0.01 compared with the si-NC
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Figure 8. Expression of proteins in IVC after TXNIP siRNA treatment: (A) Western blot assay for the TRx, TXNIP, NLRP3, pro-caspase-1, and pri-IL-1§ protein
detection; relative TRx (B), TXNIP (C), NLRP3 (D), pro-caspase-1 (E), and pri-IL-1B (F) protein densities have been normalized against the control group. TXNIP:
thioredoxin-interacting protein; IVC: inferior vena cava; TRx: thioredoxin; IL: interleukin.

*P <0.05 and **P <0.01 compared with the control group; #*P <0.05 and #P <0.01 compared with the DVT group; AP <0.05 and MP < 0.01 compared with the si-NC

group; &P < 0.05 compared with the si-TXNIP group.

At the third day, the thrombus weight and weight/length
ratio were the highest. After day 3, the weight and weight/
length ratio of thrombus had no significantly difference
between day 7 and day 14. Interestingly, the amounts of
neutrophils and monocytes increased after DVT. As the time
gradually increases, the amounts of neutrophils and mono-
cytes gradually decreased. In addition, the trends of D2D, TF,
IL-18, and IL-1P were consistent with the changes of throm-
bus weight and weight/length ratio. Furthermore, the level
of TRx was downregulated while the levels of TXNIP and
NLRP3 were upregulated in DVT model. TXNIP expression
level peaked on day 3. Ding et al. reported that the expres-
sion of TXNIP increased sharply 6h after cerebral venous
sinus thrombosis, peaked three days, and decreased gradu-
ally.'* Feng et al. reported that TXNIP expression was ele-
vated in DVT mice.!> Our result was similar to their research.
However, there is still no clear evidence about TXNIP inter-
act with NLRP3 in DVT formation.

TRx is a protein of choice for fighting oxidative stress
in the vessel. TRx activity could be negatively modulated
by TXNIP.' In this study, the level of TRx decreased after
DVT; the TRx level was the lowest on day 3 and then slightly
increased on day 7 and day 14. The result was consistent
with previous conclusion. We postulated that the inhibition
of TXNIP or NLRP3 could suppress the formation of DVT.
Hence, we employed siRNAs specifically targeting TXNIP.
MCC950 is a first-in-class, highly potent, and selective
small molecule inhibitor of NLRP3.17 MCC950 reduces liver

inflammation and fibrosis in experimental non-alcoholic
steatohepatitis in mice.!® In addition, MCC950 improves
diabetes-mediated cognitive impairment and vasoneuronal
remodeling after ischemia, and prevents aortic aneurysms
and dissections in mice %2 The increasing evidences indi-
cated that MCC950 can effectively inhibit NLRP3 activity. In
this study, we employed si-TXNIP and MCC950 to adminis-
trate the DVT rat. The results showed that thrombus weight
and weight/length ratio were decreased, and the levels of
D2D, TF, IL-18, and IL-1p also decreased after si-TXNIP
or MCC950 treatment. We also investigated the number
of neutrophils and monocytes. Our results presented that
the amounts of neutrophils and monocytes in the si-TXNIP
and MCC950 decreased. Interestingly, we found the lev-
els of SOD and GSH-Px increased while the level of MDA
decreased. The most obvious finding to emerge from the
analysis was that the level of TRx increased after TXNIP
inhibited. TRx/TXNIP system has been suggested to be an
important contributor to oxidative stress.?! Our results con-
firmed this point.

Previously published article reported that TXNIP is an
upstream partner to NLRP3 and that these two proteins’
interaction was necessary for NLRP3 inflammasome acti-
vation.?>2® Our results indicated that si-TXNIP treatment
decreased the expression levels of TXNIP and NLRP3
inflammasome. In addition, the MCC950 treatment also
suppressed the expression of NLRP3 inflammasome and
TXNIP. However, the effect of si-TXNIP had no significant
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difference with MCC950. The result may be explained by
the fact that possible mechanism of TXNIP on DVT was con-
nected with NLRP3 inflammasome. These results were con-
sistent with previous studies.?>?? Importantly, both si-TXNIP
and MCC950 treatment could ameliorate the inflammatory
infiltration of vein wall.

Our results supported that the inhibition of TXNIP attenu-
ated the formation of DVT, the possible mechanism connect-
ing with NLRP3 inflammasome. Nevertheless, this study
is not without limitations, and the downstream of TXNIP
is complex, probably not only the NLRP3 inflammasome.
Hence, the probability of other factors involved in TXNIP on
DVT needs further observation.

Conclusions

In conclusions, our study indicates that TXNIP/NLRP3
inflammasome system plays a crucial role in DVT. We pro-
vide a theoretical basis for TXNIP as a promising target of
the DVT treatment.
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