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Abstract. Heart failure (HF) is the leading cause of death 
around the world, the mortality caused by HF is growing 
rapidly, and has become a great threaten to both public health 
and economic growth. Dehydrocostus lactone (DHE) is the 
active constituent of Saussurea  lappa and is widely used 
in traditional Chinese medicine for its multiple biological 
functions, including anti‑inflammatory, antioxidant and 
anti‑cancer. To the best of our knowledge, DHE's effect on 
HF has not been clarified. Thioredoxin‑interacting protein 
(TXNIP) regulates the process of oxidative stress and 
inflammation and leads to an increase in oxidative stress via 
oxidization of thioredoxin, TXNIP promotes the activation 
of the immune response by its binding with the NOD‑like 
receptor protein 3 inflammasome. An MTT assay revealed 
that the overexpression or inhibition of TXNIP markedly 
decreased or significantly increased the proliferation of H9c2 
cells, respectively. Through reverse transcription‑quantitative 
PCR (RT‑qPCR) and western blotting, it was determined that 
the expression of proinflammatory cytokines was significantly 
decreased with the increased expression of anti‑inflammatory 
cytokines in a TXNIP knockout model. Further study utilizing 
RT‑qPCR and western blotting demonstrated that these effects 
may be mediated by the nuclear factor erythroid 2‑related 
factor  2/heme oxygenase‑1/NF‑κB signaling pathway. In 
conclusion, TXNIP inhibition may promote the therapeutic 
effect of DHE on oxidative stress‑induced damage.

Introduction

Heart failure (HF) is a cardiac disease induced by multiple 
factors, such as a high fat diet, lack of exercise and aging, 
that can be recognized by dysfunction in cardiac systolic 
and diastolic processes. The number of individuals affected 
by HF has increased from 5.7 million to 6.2 million in 
the US between 2013 and 2016, and HF‑related deaths 
contributed to 13.4% of all deaths that occurred in the 
US in 2018  (1). Previous studies reported that proinflam‑
matory cytokines serve a critical role in promoting the 
development of HF  (2) and that an increased concentra‑
tion of cytokines and biomarkers are exhibited in patients 
with HF (3). Inflammation has been regarded as a possible 
therapeutic target for patients with HF (4). Thus, pathways 
regulating inflammation and oxidative responses may act 
as a treatment method for reducing cardiovascular disease 
risk. Dehydrocostus lactone (DHE) is a natural sesquiterpene 
lactone and the major compound in the roots of a well‑known 
traditional Chinese herbal medicine, Saussurea lappa. DHE 
has presented anti‑inflammatory and immunomodulatory 
effects in previous studies (5,6). A previous study also indi‑
cated that DHE protects HepG2 cells against oxidative stress 
via the induction of heme oxygenase‑1 (HO‑1) expression (7), 
and that this effect may be mediated by the inhibition of the 
NF‑κB signaling pathway (8). Moreover, DHE has numerous 
biological functions, including anti‑inflammatory properties, 
immunomodulatory capabilities and antitumor action  (9). 
Previous studies found that DHE significantly inhibits the 
proliferation of cancer cells without affecting normal cells 
in breast and prostate cancer (10,11). Another study indicated 
that DHE reduces lipopolysaccharide‑induced acute lung 
injury in a rat model via the inhibition of the inflammatory 
response (12).

Thioredoxin‑interacting protein (TXNIP) is a protein that 
serves a critical role in multiple cellular processes, including 
metabolism, growth and antioxidative responses, by inhibiting 
the ability of cells to take up glucose (13). Previous research 
has indicated that activation of the inflammatory response is 
mediated by the activation of TXNIP (14), thus, we hypoth‑
esized that TXNIP inhibition could enhance the therapeutic 
effect of DHE in cardiomyocytes.
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In the present study, a cell model of TXNIP overexpres‑
sion and inhibition was established to study the proliferation 
of H9c2 cells and the expression of pro and anti‑inflammatory 
genes. The involvement of the nuclear factor erythroid 
2‑related factor 2 (Nrf2)/HO‑1/NF‑κB signaling pathway was 
also investigated.

Materials and methods

Vector constructions. The TXNIP cDNA fragment 
was obtained using PCR with the following primers: 
Forward, 5'‑AGT​GAT​TGG​CAG​CAG​GTC‑3' and reverse, 
5'‑GGT​GTC​TGG​GAT​GTT​TAG​G‑3'. A blank pcDNA3.1 
vector (cat.  no.  HG‑VPH0683; HonorGene) and the 
product obtained from PCR were digested with KpnI 
(cat.  no.  R3142S; New England BioLabs, Inc.) and XhoI 
(cat. no. R0146S; New England BioLabs, Inc.) enzymes and 
the TXNIP fragment was linked with the digested vector 
using T4 DNA Ligase (cat.  no.  M0202S; New England 
BioLabs, Inc.). The pcDNA3.1‑TXNIP overexpression 
vector (1.5  µg) was subsequently transfected into H9c2 
cells using Lipofectamine™  3000 Transfection Reagent 
(cat.  no.  L3000008; Thermo Fisher Scientific, Inc.) for 
48  h at  37°C according to the manufacturer's protocol. 
Stable TXNIP‑expressing H9c2 cells were screened using 
1,000 µg/ml G418. After four weeks of screening, stable 
TXNIP overexpression cells were obtained and cells were 
used to perform western blotting and ELISA experiments.

The TXNIP knockdown vector was constructed as 
previously described  (15). The knockout of the TXNIP 
gene was performed using the CRISPR‑Cas9 system. A 
blank lentiCRISPR v2 vector (cat. no. 52961; Addgene) was 
digested using the BsmBI (cat. no. R0580S; New England 
BioLabs, Inc.) enzyme as recommended according to previous 
study (15) and oligos were constructed using the following 
gRNAs: Forward, 5'‑CAC​CGG​AGA​CAG​ACA​CCC​GCC​
CAT​C‑3' and reverse, 5'‑CGA​TGG​GCG​GGT​GTC​TGT​CTC​
CAA​A‑3', designed using an online CRISPR design tool 
(CRISPRdirect; https://crispr.dbcls.jp). The digested vector 
and oligos were ligated using quick ligase (cat. no. M0201S; 
New England BioLabs, Inc.) to construct the TXNIP knock‑
down vector [target gene sequence: Forward, 5'‑GAT​GGG​
CGG​GTG​TCT​GTC​TC‑3' and reverse, 5'‑GAG​ACA​GAC​
ACC​CGC​CCA​TC‑3'; target exon, TXNIP‑202 (Transcript 
ID: ENSRNOT00000028793.7; domain affected, IPR011022 
(InterPro database)]. The vector was first transfected into 
293T cells to assemble lentiviruses using Lipofiter transfect 
reagent (cat. no. KS‑TRLF‑200; Hanbio Biotechnology Co., 
Ltd.) at 37°C. The virus was collected at 72 h, after which it 
was subsequently transduced into H9c2 cells for 48 h at 37°C. 
Stable TXNIP‑knockout cells were screened using 2 µg/ml 
puromycin. The blank pcDNA3.1 vector was used as a blank 
control for TXNIP overexpression detection and the blank 
lentiCRISPR v2 vector was used as a blank control for TXNIP 
knockout detection.

Cell culture, grouping and MTT assay. The rat cardiomyoblast 
H9c2 (cat. no. CRL‑1446) and the human kidney epithelial 
293T (cat. no. CRL‑11268) cell lines were purchased from 
the American Type Culture Collection and cultured in high 

glucose DMEM (cat. no. 11965092; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS (cat. no. 10091; Thermo 
Fisher Scientific, Inc.) in a 5% CO2 humid atmosphere at 37°C. 
Subsequently, the H9c2 cells were divided into four groups: 
i) The control group (NC); ii) the DHE treatment group (OT); 
iii) the DHE treatment combined with TXNIP inhibition group 
(OI); and iv) the DHE treatment combined with TXNIP overex‑
pression group (OH). In all groups, H9c2 cells were first treated 
with 5 µM doxorubicin and incubated for 24 h at 37˚C (16) 
with or without 30 µM DHE for 24 h (17). The viability of 
cells was measured using an MTT assay. H9c2 cells were 
treated as described above, after which they were incubated 
with 5 mg/ml MTT reagent for 4 h at 37˚C. Cells were then 
dissolved in DMSO and absorbance was detected at 490 nm 
using a microplate reader (cat. no. PT‑3502C; Potenov).

Ethics statement. This study was carried out in strict accor‑
dance with the recommendations of the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of 
Health (18). The experimental protocols were approved by the 
Ethics Committee of Animal Experiments of Anqiu People's 
Hospital (Anqiu, China). All experiments were conducted in 
accordance with the Declaration of Helsinki.

Mouse model and grouping. A total of 32 C57BL/6 mice 
(age, 8‑10 weeks; weight, 24‑27 g) were purchased from the 
Xiamen University Laboratory Animal Center. Mice were 
kept in a 22‑24˚C and 50‑60% humidity atmosphere under a 
12‑h light/dark cycle, where food and water was freely avail‑
able. Mice were randomly divided into the following four 
groups: i) The control group (NC); ii)  the DHE treatment 
group (OT); iii) the DHE treatment combined with TXNIP 
inhibition group (OI); and iv) the DHE treatment combined 
with TXNIP overexpression group (OH). In order to construct 
the TXNIP overexpression and knockout mouse model, 200 µl 
of the TXNIP overexpression, knockout lentivirus vector or 
blank vector were injected in mice via the tail vein. The vector 
used for animal experiments was purchased from Hanbio 
Biotechnology Co., Ltd. A total of 32 mice were divided 
into two groups: The DHE‑treated group (n=20) and the 
TXNIP expression detection group (n=12). Mice were treated 
with 15 mg/kg doxorubicin for 21 days to construct the HF 
model (19). In the DHE treatment groups, mice were treated 
with 5 mg/kg DHE for 21 days (12). For blood sample collec‑
tion, 100 µl blood was collected through ophthalmic vein into 
a 1.5 ml tube, and incubated at room temperature for 1 h. 
After centrifugation at 1,500 x g at 4˚C for 10 min, serum was 
collected and subjected to ELISA. Then, mice in each group 
were anesthetized using sodium pentobarbital (100 mg/kg) 
via intraperitoneal injection and then sacrificed by cervical 
dislocation. For heart tissue assessment, the expression of 
TXNIP in full heart tissue of mice without DHE treatment 
was detected using western blotting analysis. The full heart 
tissue of mice treated with DHE was collected after mice were 
sacrificed. Heart tissues were stored at ‑80°C until further 
experimentation.

RNA extraction. RNA extraction was performed according 
to the protocol of the RNApure Tissue and Cell kit 
(cat. no. CW0560; CoWin Biosciences). Heart tissues and 
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cells were first lysed with lysis buffer. After incubation at 
room temperature for 5 min, the mixture was centrifuged 
at 13,000 x g, 4°C for 5 min. Subsequently, the RNA samples 
were transferred into spin columns and centrifuged 
at 13,000 x g, 4°C for 1 min. After washing with washing buffer, 
RNA samples were eluted from the spin column using elution 
buffer after centrifugation at 13,000 x g, 4°C for 1 min. RNA 
sample concentration was detected using a spectrophotometer 
(UV5Nano; Mettler‑Toledo International, Inc.). RNA samples 
were used for subsequent reverse transcription‑quantitative 
PCR (RT‑qPCR) experiments.

RT‑qPCR. RT‑qPCR experiments were performed using an 
UltraSYBR One Step RT‑qPCR kit according to the manu‑
facturer protocol (cat.  no.  CW2623; CoWin Biosciences). 
The reaction mixture was prepared as recommended by the 
manufacturer protocol and the reaction was performed with 
the following steps: Reverse transcription at 45˚C for 10 min; 
initial denaturation at 95˚C for 5 min; and 40 cycles of dena‑
turation at 95˚C for 10 sec, annealing and elongation at 58˚C 
for 10 sec and final extension at 72˚C for 30 sec. The primers 
used for qPCR were as follows: Inducible nitric oxide synthase 
(iNOS) forward, 5'‑CCC​TTC​AA​T​GGT​TGG​TAC​ATG​G‑3' 
and reverse, 5'‑ACA​TTG​ATC​TCC​GTG​ACA​GCC‑3'; TNF‑α 
forward, 5'‑TTC​TCA​TTC​CTG​CTT​GTG​G‑3' and reverse, 
5'‑ACT​TGG​TGG​TTT​GCT​ACG‑3'; IL‑6 forward, 5'‑CCA​
CCA​AGA​ACG​ATA​GTC​AA‑3' and reverse, 5'‑TTT​CCA​CGA​
TTT​CCC​AGA‑3'; IL‑1 forward, 5'‑CCA​GCT​TCA​AAT​CTC​
ACA​GCA​G‑3' and reverse, 5'‑CTT​CTT​TGG​GTA​TTG​CTT​
GGG​ATC‑3'; IL‑10 forward, 5'‑GGC​AGA​TCT​ATG​CTT​GGC​
TCA​GCA​CTG‑3' and reverse, 5'‑GCG​ATA​TCC​CTG​CAG​
TCC​AGT​AGA​CG‑3'; cyclooxygenase‑2 (COX‑2) forward, 
5'‑TCA​CAG​GCT​TCC​ATT​GAC​CAG‑3' and reverse, 5'‑CCG​
AGG​CTT​TTC​TAC​CAG​A‑3'; NF‑E2‑Related Factor 2 (Nrf2) 
forward, 5'‑GTC​TTC​ACT​GCC​CCT​CAT​C‑3' and reverse, 
5'‑TCG​GGA​ATG​GAA​AAT​AGC​TCC‑3'; HO‑1 forward, 
5'‑AGA​GTC​CCT​CAC​AGA​CAG​AGT​TT‑3' and reverse, 
5'‑CCT​GCA​GAG​AGA​AGG​CTA​CAT​GA‑3'; NF‑κB forward, 
5'‑ACG​GGA​GGG​GAA​GAA​ATC​TAT​C‑3' and reverse, 
5'‑AAT​GGC​AAA​CTG​TCT​GTG​AAC​A‑3'; GAPDH forward, 
5'‑GAT​GCT​GGT​GCT​GAG​TAT​GTC​G‑3', reverse, 5'‑GTG​
GTG​CAG​GAT​GCA​TTG​CTC​TGA‑3'. GAPDH was used as 
an internal control. The expression of each target gene was 
calculated using 2‑ΔΔCq method (20).

Western blotting. Heart tissues and cells from each group 
were lysed using RIPA lysis buffer (cat. no. CW2333; CoWin 
Biosciences) supplemented with a protease inhibitor cocktail 
(cat. no. CW2200; CWbio Biosciences). The concentration of 
proteins was determined using a BCA assay (cat. no. CW0014; 
CoWin Biosciences). Subsequently, 60 µg protein/lane was 
separated by SDS‑PAGE on a 10% gel. After electrophoresis, 
the proteins were transferred onto PVDF membranes through 
Trans‑Blot (cat.  no.  1703940; Bio‑Rad Laboratories, Inc.) 
transfer blotter. The membranes were first incubated with 5% 
skimmed milk for 1 h at room temperature, followed by incu‑
bation with the following primary antibodies at 4˚C overnight 
(all, Abcam; all, 1:1,000): Kelch like ECH associated protein 1 
(Keap1; cat. no. ab226997; 1:1,000), Nrf2 (cat. no. ab31163), HO‑1 
(cat. no. ab68477), inhibitor of nuclear factor κB kinase (IKK; 

cat. no. ab178870), NF‑κB (cat. no. ab32360), high mobility 
group box 1 (HMGB1; cat. no. ab18256), toll‑like receptor 
(TLR)2 (cat. no. ab209217), TLR4 (cat. no. ab22048), IL‑1β 
(cat. no. ab9722) and NLR family pyrin domain containing 
3 (NLRP3; cat. no. ab263899), antibodies were purchased 
from Abcam). After washing with TBST (0.5% Tween‑20) for 
three times, the membranes were subsequently incubated with 
goat‑anti rabbit and goat‑anti mouse HRP‑labeled secondary 
antibodies at room temperature (1:1,000; cat.  nos.  ab6721 
and ab6789; Abcam) for 1 h. The protein expression levels 
were detected using Immobilon Western HRP Substrate 
(cat. no. WBKLS0100; EMD Millpore) and were semi‑quan‑
tified using Image Pro Plus 6.0 software (Media Cybernetics, 
Inc.). GAPDH was used as an internal control.

ELISA. ELISA was performed according to the protocol of each 
respective kit. The following kits were used and purchased from 
Abcam: iNOS (cat. no. ab285316), COX‑2 (cat. no. ab210574), 
CCL9 (cat.  no.  ab240689), CXCL1 (cat.  no.  ab219044), 
CXCL9 (cat.  no.  ab203364), CXCL11 (cat.  no.  ab204519). 
Briefly, cultured medium and serum samples obtained from 
cells and mice were added to each well of a 96‑well plate and 
incubated at room temperature for 3 h. Then, after washing 
four times with washing buffer, the samples were incubated 
with antibodies included in each ELISA kit according to the 
manufacturer's protocol at room temperature for 1 h, followed 
by incubation with HRP‑streptavidin solution for 45 min at 
room temperature. After four incubations in washing buffer, 
the samples were incubated with one‑step substrate reagent 
for 30 min at room temperature in the dark, then finally incu‑
bated with stop solution. The absorbance value was detected 
at 450 nm.

Statistical analysis. Data are presented as the mean ± SD. 
Experiments were repeated three times independently. 
The differences among groups were evaluated with 
one‑way ANOVA and followed by Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results

Detection of H9c2 cell viability and expression of TXNIP 
in cell and mice model of HF. As presented in Fig. 1, the 
protein expression levels of TXNIP in the control (blank 
pcDNA3.1 vector), overexpression and control (blank 
lentiCRISPR v2) knockdown groups as well as the expres‑
sion of TXNIP in the mice model of control, TXNIP 
overexpression and TXNIP knockout group, were detected 
using western blotting. The protein expression levels of 
TXNIP were significantly increased in the overexpres‑
sion group and significantly decreased in the knockdown 
group compared with the controls (P<0.05; Fig. 1A). And 
the viability rates of H9c2 cells in the NC, OT, OI and OH 
groups were 100.0±8.8, 115.6±9.3, 142.2±13.3 and 96.2±9.1, 
respectively (Fig. 1B). The results indicated that the viability 
rate was significantly increased in the OI group but mark‑
edly reduced in the OH group compared with the NC group, 
which indicated that inhibition of TXNIP may serve a 
protective role in H9c2 cells. The mRNA expression levels 



ZHANG et al:  TXNIP ENHANCES THE THERAPEUTIC EFFECT OF DEHYDROCOSTUS LACTONE4

of inflammatory‑related genes and Nrf2/HO‑1 signaling 
pathway genes, such as IL‑6, IL‑10, COX‑2, Nrf2, HO‑1 and 
NF‑κB, in each group without DHE treatment was detected 

via RT‑qPCR. Although the mRNA expression levels of 
these genes were slightly changed, no significant difference 
was observed (Fig. 1C and D).

Figure 1. Evaluation of model construction using reverse transcription‑quantitative PCR and western blotting, and cell viability rate assessment using an MTT 
assay. (A) TXNIP expression in overexpression and knockout groups without DHE treatment in H9c2 cells and mice. H9c2 cells and mice transfected with 
blank pcDNA3.1 vector were set as the negative control for the TXNIP overexpression group, and cells transfected with blank lantiCRISPR v2 vector were 
set as the negative control for the TXNIP knockout group. (B) DHE effect on H9c2 cell viability rate (%) compared with the control group. (C) Expression of 
inflammatory related genes without DHE treatment. (D) Expression of Nrf2/HO‑1 signaling pathway genes without DHE treatment. *P<0.05 vs. control group. 
Data are presented as the mean ± SD. Each experiment was repeated three times independently. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting 
protein; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; NC, negative control; OT, DHE treatment group; OI, DHE treatment 
combined with the TXNIP inhibition group; OH, DHE treatment combined with the TXNIP overexpression group; COX‑2, cyclooxygenase 2.
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mRNA expression levels of inflammation‑related genes in 
mouse heart tissues and H9c2 cells. As presented in Fig. 2, 
the expression levels of iNOS, TNF‑α, IL‑1β, IL‑6, IL‑10 
and COX‑2 mRNA in H9c2 cells of the NC, OT, OI and OH 
groups were detected using RT‑qPCR. Briefly, the expres‑
sion of iNOS mRNA was significantly increased in OI group 
compared with the NC and OT groups (P<0.05). The expres‑
sion of TNF‑α in these groups was significantly decreased in 
OT and OI group compared with NC group (P<0.05), and was 
significantly decreased in the OI group compared with the 
OT group (P<0.05). The expression of IL‑1β in these groups 
was significantly decreased in the OI group compared with 
the NC and OT groups (P<0.05). IL‑10 expression levels were 
significantly increased in the OT and OI groups compared 
with the NC group (P<0.05), and were significantly increased 
in the OI group compared with the OT group (P<0.05). The 
expression of COX‑2 in these groups was also significantly 
decreased in the OI group compared with NC and OT groups 
(P<0.05).

As presented in Fig. 3, the expression of iNOS, TNF‑α, 
IL‑1β, IL‑6, IL‑10 and COX‑2 mRNA in mice heart tissue of 

NC, OT, OI and OH group was detected using RT‑qPCR. The 
expression of iNOS in these groups was significantly increased 
in the OI group compared with the NC and OT  group 
(P<0.05). The expression of TNF‑α in these groups was 
significantly decreased in the OT and OI groups compared 
with the NC group (P<0.05), and was significantly decreased 
in the OI group compared with the OT group (P<0.05). IL‑1β 
expression levels were significantly decreased in the OI group 
compared with the NC and OT groups (P<0.05). Additionally, 
the expression of IL‑6 in these groups was significantly 
decreased in the OT and OI groups compared with the NC 
group (P<0.05), and was significantly decreased in the OI 
group compared with the OT group (P<0.05). The expres‑
sion of IL‑10 in these groups was significantly increased in 
OT and OI group compared with the NC group (P<0.05), and 
was significantly increased in the OI group compared with the 
OT group (P<0.05). The expression of COX‑2 in these groups 
was significantly decreased in OI group compared with the 
NC and OT groups (P<0.05). iNOS and IL‑10 mRNA expres‑
sion levels were significantly increased after TXNIP knockout 
compared with the NC and OT groups, whereas the expression 

Figure 2. Expression levels of inflammation and oxidative‑reduction related mRNA in H9c2 cells using reverse transcription‑quantitative PCR. (A) iNOS, 
(B) TNF‑α, (C) IL‑1, (D) IL‑6, (E) IL‑10 and (F) COX‑2 in H9c2 cells. Data are presented as the mean ± SD. Each experiment was repeated three times inde‑
pendently. *P<0.05 vs. NC group; #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; OT, DHE 
treatment group; OI, DHE treatment combined with the TXNIP inhibition group; OH, DHE treatment combined the with TXNIP overexpression group; iNOS, 
inducible nitric oxide synthase; COX‑2, cyclooxygenase‑2.



ZHANG et al:  TXNIP ENHANCES THE THERAPEUTIC EFFECT OF DEHYDROCOSTUS LACTONE6

of proinflammatory factors, such as TNF‑α, IL‑1β, IL‑6 and 
COX‑2, was decreased following TXNIP knockout compared 
with the NC and OT groups. The results indicated that inhibi‑
tion of TXNIP reduced the inflammatory response in H9c2 
cells and in mouse heart tissues.

Protein expression levels of the HO‑1/NF‑κB signaling 
pathway in mice heart tissues and H9c2 cells. As presented in 
Fig. 4, the expression of the HO‑1/NF‑κB signaling pathway 
in NC, OT, OI and OH groups of H9c2 cells was detected 
using western blotting. The expression of Keap1 in these 
groups was significantly decreased in OT and OI groups, 
while significantly increased in the OH group compared 
with the NC group (P<0.05). Levels were also significantly 
decreased in the OI group and significantly increased in the 
OH group compared with the OT group (P<0.05). The expres‑
sion of Nrf2 was significantly increased in OT and OI groups 
compared with the NC group (P<0.05), and significantly 
increased in the OI group compared with OT group (P<0.05). 

Additionally, the expression of HO‑1 was significantly 
increased in OT and OI groups compared with the NC group 
(P<0.05), and significantly increased in the OI group and 
significantly decreased in the OH group compared with the 
OT group (P<0.05). The expression of IKK in these groups 
was significantly increased in all treatment groups compared 
with NC group (P<0.05), and was significantly increased in 
OI group compared with OT group (P<0.05). The expression 
of NF‑κB in these groups was significantly decreased in OI 
group compared with NC and OT group (P<0.05), and was 
significantly increased in OH group compared with NC and 
OT group (P<0.05).

As presented in Fig. 5, the expression of HO‑1/NF‑κB 
signaling pathway in NC, OT, OI and OH groups of heart 
tissues was detected using western blotting. The expression 
of Keap1 in these groups was significantly decreased in the 
OI group compared with NC and OT groups, and significantly 
decreased in the OH group compared with the NC group. The 
expression of Nrf2 in these groups was significantly increased 

Figure 3. Expression levels of inflammation and oxidative‑reduction related mRNA in heart tissue of mice using reverse transcription‑quantitative PCR. 
(A) iNOS, (B) TNF‑α, (C) IL‑1, (D) IL‑6, (E) IL‑10 and (F) COX‑2 in mouse heart tissues. Data are presented as the mean ± SD. Each experiment was repeated 
three times independently. *P<0.05 vs. NC group; #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative 
control; OT, DHE treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression 
group; iNOS, inducible nitric oxide synthase; COX‑2, cyclooxygenase‑2.
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in the OI group compared with NC and OT groups, while 
significantly decreased in OH group compared with the NC 
and OT groups. The expression of HO‑1 in these groups was 
significantly increased in the OI group compared with the NC 
and the OT group. The expression of IKK in these groups was 
significantly increased in OT and OI group compared with 
the NC group, and was significantly increased in the OI group 
and significantly decreased in the OH group compared with 
the OT group. The expression of NF‑κB in these groups was 
significantly decreased in the OI group compared with NC and 
OT groups.

These results indicated that, in both cells and mice, the 
HO‑1/NF‑κB signaling pathway was activated after TXNIP 
knockout, as the expression of HO‑1 was significantly 
increased. It was therefore hypothesized that TXNIP knockout 

may have a protective role in H9c2 cells and mouse heart 
tissues.

Protein expression levels of inflammation response‑related 
molecules in mice heart tissues and H9c2 cells. As presented 
in Fig. 6, the expression of HMGB1, TLR2, TLR4, IL‑1β 
and NLRP3 in NC, OT, OI and OH group of H9c2 cells 
were detected using western blotting. The expression of 
HMGB1 in these groups was significantly decreased in OT 
and OI group compared with NC group (P<0.05), and was 
significantly decreased in OI group and significantly increased 
in OH group compared with OT group (P<0.05). The expres‑
sion of TLR2 in these groups was significantly decreased in 
OI group compared with NC and OT group (P<0.05), and 
was significantly increased in OH group compared with 

Figure 4. Protein expression levels of HO‑1 regulator proteins in H9c2 cells using western blot method. (A) Western blotting analysis and quantitative analysis 
of (B) Keap1, (C) Nrf2, (D) HO‑1, (E) IKK and (F) NF‑κB in H9c2 cells. Data are presented as the mean ± SD. Each experiment was repeated three times 
independently. *P<0.05 vs. NC group. #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; 
OT, DHE treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression group; 
Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; Keap1, Kelch‑like ECH‑associated protein 1; MW, molecular weight.
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OT group (P<0.05). The expression of TLR4 in these groups 
was significantly decreased in OI group compared with NC 
and OT group (P<0.05), and was significantly increased in 
OH group compared with NC and OT group (P<0.05). The 
expression of IL‑1β in these groups was significantly increased 
in OH group compared with NC and OT group (P<0.05). 
The expression of NLRP3 in these groups was significantly 
decreased in OI group compared with NC and OT group 
(P<0.05), and significantly increased in OH group compared 
with OT group (P<0.05).

As for mouse heart tissues (Fig. 7), the expression of 
HMGB1, TLR2, TLR4, IL‑1β and NLRP3 in NC, OT, OI 
and OH group of heart tissues were detected using western 
blotting. The expression of HMGB1 in these groups was 

significantly deceased in OI group compared with NC and 
OT group (P<0.05), and significantly increased in OH group 
compared with NC and OT group (P<0.05). The expres‑
sion of TLR2 in these groups was significantly decreased 
in OI group compared with NC and OT group (P<0.05). 
The expression of TLR4 in these groups was significantly 
decreased in OT and OI group compared with NC group 
(P<0.05), and was significantly decreased in OI group 
compared with OT group and significantly increased in 
OH group compared with OT group (P<0.05). The expres‑
sion of IL‑1β in these groups was significantly decreased in 
OT and OI group compared with NC group (P<0.05), and 
was significantly decreased in OI group and significantly 
increased in OH group compared with OT group (P<0.05). 

Figure 5. Protein expression levels of proinflammation proteins in heart tissue of mice using western blot method. (A) Western blotting analysis and quantita‑
tive analysis of (B) Keap1, (C) Nrf2, (D) HO‑1, (E) IKK and (F) NF‑κB. Data are presented as the mean ± SD. Each experiment was repeated three times 
independently. *P<0.05 vs. NC group. #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; 
OT, DHE treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression group; 
TLR, toll‑like receptor; HMGB1, high mobility group protein B1; NLRP3, NOD‑, LRR‑ and pyrin domain‑containing protein 3; MW, molecular weight.
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The expression of NLRP3 in these groups was significantly 
decreased in OI group compared with NC and OT group 
(P<0.05).

These results indicated that TXNIP inhibition reduced 
the protein expression levels of inf lammation‑related 
molecules.

Concentration of inflammation‑related and oxidation‑reduction 
related factors in serum samples of mice and cultured medium 
of H9c2 cells. The concentrations of iNOS, which is related to 
the oxidative‑reduction process, and COX‑2, CCL9, CXCL1, 
CXCL9 and CXCL11 which were critical for the activation of 
inflammation process, in culture medium of H9c2 cells of NC, 

OT, OI and OH group was quantified using ELISA method and 
the results are presented in Fig. 8. The concentration of iNOS 
in NC, OT, OI and OH group of H9c2 cells was significantly 
increased in OI and OT group compared with NC  group 
(P<0.05), and was significantly increased in OI group and 
significantly decreased in OH group compared with OT group 
(P<0.05). The concentration of COX‑2 in these groups was 
significantly decreased in OT and OI group compared with 
NC  group (P<0.05), and was significantly decreased in 
OI group compared with OT group (P<0.05). The concentra‑
tion of CCL9 in these groups was significantly decreased in 
OT and OI group compared with NC group (P<0.05), and was 
significantly decreased in OI group compared with OT group 

Figure 6. Protein expression levels of HO‑1 regulator proteins in H9c2 cells using western blot method. (A) Western blotting analysis and quantitative analysis 
of (B) HMGB1, (C) TLR2, (D) TLR4, (E) IL‑1β and (F) NLRP3 in H9c2 cells. Data are presented as the mean ± SD. Each experiment was repeated three 
times independently. *P<0.05 vs. NC group. #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; 
OT, DHE treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression group; 
Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; Keap1, Kelch‑like ECH‑associated protein 1; MW, molecular weight.
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(P<0.05). The changing in concentration of CXCL1 and 
CXCL9 in these groups presented a similar trend with CCL9 
(P<0.05). And the concentration of CXCL11 in these groups 
was significantly decreased in OI group compared with NC and 
OT group (P<0.05).

As reported in Fig.  9, The concentration of iNOS in 
NC, OT, OI and OH group of heart tissues was significantly 
increased in OI group compared with NC and OT group 
(P<0.05). The concentration of COX‑2 in these groups was 
significantly decreased in OT and OI group compared with 
NC group (P<0.05), and was significantly decreased in 
OI group compared with OT group (P<0.05). The concentra‑
tion of CCL9 and CXCL1 in these groups presented a similar 
trend with COX‑2 (P<0.05). The concentration of CXCL9 

and CXCL11 in these groups was significantly decreased in 
OI group compared with NC and OT group (P<0.05).

These results indicated that DHE treatment decreased 
the secretion of inflammatory response‑related factors and 
the knockout of TXNIP significantly enhanced this trend 
compared with control group.

Discussion

HF affects more than 5.7 million people in the US, according to 
previous data (21). In 2013, nearly 500,000 new cases occurred 
in people >55 years (22). DHE is obtained from Chinese herbs 
and can be used in the treatment of various diseases, such as 
liver cancer, colorectal cancer and leukemia (23,24). TXNIP, an 

Figure 7. Expression of pro‑inflammation proteins in mouse heart tissues using western blot method. (A) Western blotting analysis and quantitative analysis 
of (B) HMGB1, (C) TLR2, (D) TLR4, (E) IL‑1β and (F) NLRP3 in H9c2 cells. Data are presented as the mean ± SD. Each experiment was repeated three 
times independently. *P<0.05 vs. NC group. #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; 
OT, DHE treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression group; 
TLR, toll‑like receptor; HMGB1, high mobility group protein B1; NLRP3, NOD‑, LRR‑ and pyrin domain‑containing protein 3; MW, molecular weight.
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endogenous inhibitor of thioredoxin, serves an important role in 
the resistance to oxidative stress induced by extracellular stimu‑
lations, including reactive oxygen species and hypoxia (25).

Under inflammatory conditions, TNF‑α and the expres‑
sion of other inflammation‑related cytokines are induced by 
coagulation factors, such as factor VII and XI, further inducing 
the formation of complexes with factor VII and resulting in the 
activation of thrombin (26). Moreover, factor Xa, thrombin and 
the tissue factor‑factor VII complex can increase the expression 
of TNF‑α and other proinflammatory cytokines (27), promoting 
the blood coagulation process. Furthermore, factor Xa and 
thrombin directly affect the function of vascular cells (27) via 
protease‑activated receptors and the nitric oxide (NO)/cGMP 
signaling pathway (28). The NO/cGMP signaling pathway has 
numerous effects on the vasculature and dysfunction of this 
signaling pathway leads to a reduction in cGMP production, 
which results in the occurrence of cardiovascular diseases (29). A 
previous study also indicated that the synthesis of NO inhibited 
the activity of TF (30) and prevented the formation of thrombi in 
circulation via its vasodilator and anti‑aggregatory ability (31). 
The present study demonstrated that DHE significantly inhibited 
the expression of inflammation‑related factors, including IL‑1, 

IL‑6, IL‑10, COX‑2 and TNF‑α and had an inhibitory effect on 
the activation of the inflammatory response. Furthermore, the 
present study reported that DHE increased the expression levels 
of iNOS, which contributes to the protective effect of DHE.

TLRs are divided into two groups according to their cellular 
distribution: The cell membrane group (TLR1, 2, 4, 5 and 6) 
and the endosome membrane within the cell group (TLR3, 7, 
8 and 9) (32). The transduction of cellular signals via TLRs 
to the nucleus leads to the activation of innate and adaptive 
immune responses via the myeloid differentiation primary 
response 88‑dependent pathway and the Toll/IL‑1 receptor 
domain‑containing adapter‑inducing IFN‑β‑dependent pathway, 
leading to the activation of the NF‑κB signaling pathway (33). 
Under extracellular stimulation, the NF‑κB signaling pathway 
is activated via TLRs, nod‑like receptors or other cytokine 
receptors. Activation of the NF‑κB signaling pathway further 
leads to the activation of NLRP3, initiating inflammasome 
activation  (34). The NLRP3 inflammasome can recognize 
numerous stimuli and responds to endogenous factors that can 
lead to cellular damage, including uric acid crystals, drusen 
and extracellular ATP (35,36). TLR activation also induces the 
expression of pro‑IL‑1β (37). In the present study, the activation 

Figure 8. Detection of inflammation and oxidative‑reduction related factors in H9c2 cells using ELISA method. (A) iNOS, (B) COX‑2, (C) CCL9, (D) CXCL1, 
(E) CXCL9 and (F) CXCL11 in the culture medium of H9c2 cells. Data are presented as the mean ± SD. Each experiment was repeated three times indepen‑
dently. *P<0.05 vs. NC group. #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; OT, DHE 
treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression group; iNOS, induc‑
ible nitric oxide synthase; COX‑2, cyclooxygenase‑2; CCL9, C‑C motif ligand 9; CXCL, chemokine C‑X‑C motif ligand.
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of these factors upon HF was inhibited after DHE treatment and 
was even lower after TNXIP inhibition, indicating that the acti‑
vation of the inflammatory response in H9c2 cardiomyocytes 
and heart tissues was inhibited, and presented a protective role.

HO‑1 is an enzyme presenting cytoprotective and anti‑
oxidant effects  (38). The expression of HO‑1 is regulated 
at the transcriptional level via the regulation of Nrf2 (39). 
Under normal conditions, Nrf2 binds to Keap1 (40) and when 
oxidated Nrf2 is released from Keap1 and translocated into 
the nucleus, further binding with antioxidant response element 
sequences of the HO‑1 promoter region (41). The activation of 
HO‑1 further leads to the activation of NF‑κB, which inhibits 
the expression of IL‑6, TNF‑α and IL‑1β and subsequently the 
inflammatory response process (42). In the present study, the 
protein expression levels of HO‑1 were significantly increased 
after treatment with DHE combined with TXNIP konckout, 
presenting a protective effect (Fig. 10).

Figure 9. Detection of inflammation and oxidative‑reduction related factors in heart tissue of mice using ELISA method (A) iNOS, (B) COX‑2, (C) CCL9, 
(D) CXCL1, (E) CXCL9 and (F) CXCL11 in mouse heart tissues. Data are presented as the mean ± SD. Each experiment was repeated three times indepen‑
dently. *P<0.05 vs. NC group. #P<0.05 vs. OT group. DHE, dehydrocostus lactone; TXNIP, thioredoxin‑interacting protein; NC, negative control; OT, DHE 
treatment group; OI, DHE treatment combined with TXNIP inhibition group; OH, DHE treatment combined with TXNIP overexpression group; iNOS, induc‑
ible nitric oxide synthase; COX‑2, cyclooxygenase‑2; CCL9, C‑C motif ligand 9; CXCL, chemokine C‑X‑C motif ligand.

Figure 10. Schematic diagram of the experimental hypothesis. Knockout of 
TXNIP promotes the activation of HO‑1 through the Nrf2 pathway, leading 
to a reduction in inflammation activation. TXNIP knockout therefore exerted 
a protective role in cardiomyocytes. Nrf2, nuclear factor erythroid 2‑related 
factor 2; HO‑1, heme oxygenase‑1; TXNIP, thioredoxin‑interacting protein.
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Although the results indicated that TXNIP inhibition 
contributed to the therapeutic effect of DHE, the present study 
has numerous limitations. The detailed mechanism of how 
TXNIP inhibition promoted the effect of DHE is not fully 
understood and it should be explored in future experiments. The 
Nrf2/HO‑1 signaling pathway expression in TXNIP overexpres‑
sion and knockout groups without DHE treatment was detected 
using RT‑qPCR only; in further experiments, the protein levels 
should also be detected. Other methods could contribute to 
explore the aforementioned mechanisms, such as mass spec‑
trometry, RNA sequencing and chromatin immunoprecipitation 
sequencing. Clinical samples would also help understand the 
association between TXNIP and DHE, and the mechanism of 
TXNIP knockout promoting the function of DHE.
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