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Abstract. Colorectal cancer (CRC) is one of the most common 
cancer types and a leading cause of cancer‑associated 
mortality in China. Increased thioredoxin reductase 1 (TrxR1) 
levels have been previously identified as possible target for 
CRC. The present study revealed that the natural product 
hydroxytyrosol (HT), which exhibits a polyphenol scaffold, is 
a potent inhibitor of TrxR1. Inhibition of TrxR1 was indicated 
to result in accumulation of reactive oxygen species, inhibit 
proliferation and induce apoptosis and G1/S cell cycle arrest of 
CRC cells. Using a C‑terminal mutant TrxR1 enzyme activity 
assay, TrxR1 RNA interference assay and HT binding model 
assay, the present study demonstrated the core character of 
the selenocysteine residue in the interaction between HT and 
TrxR1. HT can serve as polyphenol scaffold to develop novel 
TrxR1 inhibitors for CRC treatment in the future.

Introduction

Colorectal cancer (CRC) is the second most common type of 
cancer and the leading cause of cancer‑associated mortality 
in China (1). It is associated with obesity, type 2 diabetes and 
chronic inflammatory disease (2). Although progress has been 
achieved in the traditional treatment of CRC, it remains one 

of the most lethal malignancies globally due to the limited 
therapeutics, high recurrence rate and poor prognosis (3). 
Thus, identification of safer and more effective treatments for 
CRC is required.

Mammalian thioredoxin (Trx) reductase 1 (TrxR1) is a 
selenoprotein that functions to maintain redox homeostasis in 
cells via transferring electrons from NADPH to its substrate 
Trx (4,5). Both Trx and TrxR1 are reported to be upregulated 
in CRC cells and have been associated with poor prognosis 
and resistance to chemotherapy (6‑9). Increasing evidence 
has suggested that TrxR1 is involved in multiple steps of 
tumorigenesis (10‑14). Therefore, TrxR1 is a potential target 
for anticancer drug development for CRC.

Natural products and their synthetic analogues are a major 
source of therapeutic agents and have been used for centuries 
to treat a variety of human ailments (15,16). Hydroxytyrosol 
(HT) is a major bioactive component of olive leaves and oil 
with a polyphenol scaffold, which has been demonstrated to 
exhibit a wide variety of pharmacological activities, including 
anti‑inflammatory (17), neuroprotective (18), immunomodu‑
latory (19) and antimicrobial activities (20‑22). HT has been 
indicated to exhibit anticancer properties due to its important 
antiproliferative and pro‑apoptotic effects in different types of 
cancer cells, including colon cancer cells. This effect could be 
mediated via numerous signaling pathways, for example, inhi‑
bition of ERK1/2 (23), antagonization of the G‑protein‑coupled 
estrogen receptor (24), dysregulated expression of cata‑
lase (25‑27) and inhibition of the Akt, NF‑κB, STAT3 and 
EGFR signaling pathways (28‑30). Notably, the majority of 
the cellular actions of HT are associated with the induction 
of reactive oxygen species (ROS) production in colon cancer 
cells (25‑27). In addition, the polyphenol scaffold has been 
revealed to be a useful scaffold for the TrxR1 inhibitor devel‑
opment (31). Therefore, the molecular mechanisms of ROS 
induction by HT require further elucidation.

The present study reported that HT is a potent inhibitor 
of TrxR1 with the ability to inhibit both the recombinant and 
the cellular TrxR1 in colon cancer cells. Inhibition of TrxR1 
by HT induced accumulation of ROS, promoted apoptosis and 
inhibited proliferation. Silencing of TrxR1 expression by RNA 
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interference enhanced the cytotoxicity and the TrxR1 inhibi‑
tory activity of HT, supporting that TrxR1 is involved in the 
cellular actions of HT. The discovery of TrxR1 targeting by 
HT provided insight into the pharmacological activity of HT 
and indicated ability of HT to induce cellular ROS. Thus, HT 
could potentially be used for the development of novel TrxR1 
inhibitors. Together with evidence from previously published 
data (26), HT could be developed as a clinical treatment for 
patients with CRC.

Materials and methods

Materials. The natural compound library (cat. no. L6000) 
was purchased from Shanghai Topscience Co., Ltd. DMSO, 
NADPH, insulin, 5,5'‑dithiobis‑2‑nitrobenzoic acid (DTNB), 
EDTA and recombinant human Trx (expressed in E. coli) 
were purchased from Sigma‑Aldrich (Merck KGaA). Cell 
Counting Kit‑8 (CCK‑8; cat. no. CK04) and caspase‑3 activity 
detection kit (cat. no. C551) were purchased from Dojindo 
Molecular Technologies, Inc. Rabbit polyclonal anti‑TrxR1 
antibody (cat. no. 11117‑1‑AP) was purchased from Wuhan 
Sanying Biotechnology. Mouse monoclonal anti‑GAPDH anti‑
body (cat. no. MA515738), HRP‑conjugated goat anti‑rabbit 
(cat. no. 31460) and goat anti‑mouse (cat. no. 31430) IgG (H+L) 
secondary antibodies were purchased from Thermo Fisher 
Scientific, Inc. ROS assay kit (cat. no. S0033) and RIPA lysis 
buffer (cat. no. P0013B) were purchased from Beyotime Institute 
of Biotechnology. FITC Annexin V Apoptosis Detection Kit I 
(cat. no. 556547) was purchased from BD Biosciences. Protease 
and phosphatase inhibitor cocktail (cat. no. 78440) and Pierce 
BCA Protein Assay Kit (cat. no. 23225) were purchased from 
Thermo Fisher Scientific, Inc.

Cell culture. All human cell lines were purchased 
from American Type Culture Collection (ATCC). The 
normal colon epithelial cell line FHC was cultured in 
DMEM/F12 medium (cat. no. 30‑2006; ATCC) with a 
final concentration of 25 mM HEPES, 10 ng/ml cholera 
toxin (cat. no. C8052; Sigma‑Aldrich; Merck KGaA), 
0.005 mg/ml insulin (cat. no. 91077C; Sigma‑Aldrich; 
Merck KGaA), 0.005 mg/ml transferrin (cat. no. T8158; 
Sigma‑Aldrich; Merck KGaA), 100 ng/ml hydrocortisone 
(cat. no. HY‑N0583; MedChemExpress), 20 ng/ml human 
recombinant EGF (cat. no. PHG0311; Thermo Fisher Scientific, 
Inc.) and 10% (v/v) FBS (cat. no. 10099141C; Thermo Fisher 
Scientific, Inc.). HCT‑8 and HCT‑116 cells were cultured in 
RPMI‑1640 medium (Thermo Fisher Scientific, Inc.) supple‑
mented with 10% (v/v) FBS; SW620 cells were cultured in 
Leibovitz's L‑15 medium (Thermo Fisher Scientific, Inc.) 
supplemented with 10% (v/v) FBS. All cells except SW620 
(cultured with no CO2 at 37˚C) were maintained in a humidi‑
fied atmosphere with 5% CO2 at 37˚C. All treated cells were 
incubated at 37˚C in the following experiments.

Recombinant protein production. Plasmid pET‑TRSter was a 
gift from Elias Arnér (cat. no. 78865; Addgene, Inc.; http://n2t.
net/addgene:78865) (32), and recombinant rat TrxR1 protein 
(TrxR‑wt) was expressed in E. coli BL21 (DE3) strain. TrxR‑wt 
protein was purified by 2',5'‑ADP‑Sepharose column (Cytiva) 
with protein purification system (AKTA pure 25; Cytiva).

Recombinant mutant human TrxR1 (residues 1‑496; 
lack of core sites Cys497 and Sec498 residues in the redox 
active center of the C‑terminal) with an N‑terminal His tag 
(pET‑28a‑TrxR1‑ΔC) was expressed in the E. coli BL21 (DE3) 
strain and purified by immobilized metal affinity chroma‑
tography with protein purification system (AKTA pure 25; 
Cytiva).

Plasmid pET‑28a‑TrxR1‑ΔC was constructed by cloning 
DNA encoding human TrxR1 protein (residues 1‑496) into 
pET28a vector (cat. no. 69864; Sigma‑Aldrich; Merck KGaA) 
using EcoRI and NcoI restriction sites. Recombinant rat TrxR1 
(TrxR‑wt) and mutant human TrxR1 enzyme activity were 
measured via DTNB assay and calculated using the following 
formula: TrxR1 U/mg protein=(ΔApro‑ΔAblank)/(ε x d) x109 x 
Vtotal/(Cpr x Vpro)/T. ΔApro was the absorbance of wells with 
TrxR1 protein, ΔAblank was the absorbance of wells without 
TrxR1 protein, ε was the molar extinction coefficient, d was 
the optical path length of the 96‑well plate, Vtotal was the total 
reaction volume (unit, µl), Cpr was the concentration of TrxR1 
protein (unit, µl/µg), Vpro was the TrxR1 protein volume in the 
reaction (unit, µl), T was the reaction time (unit, min) and U 
was the enzyme units generating 1 nM 2‑nitro‑5‑thiobenzoate 
per mg TrxR1 protein per min. The activity of recombinant 
rat TrxR1 was 511 U/mg protein, while that of recombinant 
mutant TrxR1 was 23 U/mg protein.

TrxR1 enzyme assay. TrxR1 activity was determined at room 
temperature using a microplate reader. The NADPH‑reduced 
recombinant rat TrxR1 (100 nM) or mutant human TrxR1 
(1 µM) was incubated with different concentrations of HT 
for 1 h at room temperature (the final volume of the mixture 
was 50 µl) in a 96‑well plate. A mixture in Tris‑EDTA buffer 
(50 mM Tris‑HCl pH 7.5; 1 mM EDTA; 50 µl) containing 
DTNB and NADPH was added (final concentration 2 mM and 
200 µM, respectively), and the linear increase in absorbance 
(AB) at 412 nm during the initial 3 min was recorded. The same 
amount of DMSO (0.1%; v/v) was added to the control experi‑
ments, and the TrxR1 inhibitory rate was calculated using the 
following formula: TrxR1 Inhibitory rate=[1‑ (AB value of test 
at 3 min ‑ AB value of test at 0 min)/(AB value of control at 
3 min ‑ AB value of control at 0 min)] x 100%.

Cellular TrxR1 activity assay. After HCT‑116 or SW620 cells 
were treated with different concentrations (2‑fold dilution for 
11 concentrations starting at 100 µM) of HT for 24 h, the cells 
were harvested and washed twice with PBS. Total cellular 
proteins were extracted using RIPA buffer for 30 min on ice 
and quantified using the BCA method. TrxR1 activity in cell 
lysates was measured via the endpoint insulin reduction assay. 
Briefly, the cell extract containing 20 µg total protein was incu‑
bated in a final reaction volume of 50 µl containing 100 mM 
Tris‑HCl (pH 7.6), 0.3 mM insulin, 660 µM NADPH, 3 mM 
EDTA and 1.3 µM recombinant human Trx for 30 min at 37˚C. 
The reaction was terminated by adding 200 µl of 1 mM DTNB 
in 6 M guanidine hydrochloride, pH 8.0 at 25˚C for 5 min. A 
blank sample, containing everything except Trx, was treated 
in the same manner. The AB at 412 nm was measured, and 
the blank value was subtracted from the corresponding absor‑
bance value of the sample. The same amount of DMSO was 
added to the control experiments and the TrxR1 inhibitory rate 
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was calculated using the following formula: TrxR1 Inhibitory 
rate=[1‑(AB value of sample‑AB value of blank)/(AB value of 
control‑AB value of blank)] x100%.

Cell proliferation assay. The effect of drug treatments on cell 
proliferation was quantified using a CCK‑8 assay in HCT‑116, 
SW620, HCT‑8 and FHC cell lines. A total of 5,000 cells per 
well were seeded in 96‑well plates overnight and then treated 
with HT (2‑fold dilution for 12 concentrations starting at 
200 µM). Complete culture medium without drug was added 
to the blank wells. Control cells were treated with DMSO only. 
After culture for 24 h, 10 µL CCK‑8 was added to each well 
and cells were incubated at 37˚C for 4 h. Subsequently, the 
plate was gently shaken at 25˚C for 10 min. The AB at 450 nm 
was measured using a Cytation 5 microplate reader (BioTek 
Instruments, Inc.), and the cell cytotoxicity inhibition rate 
was calculated using the following formula: Growth inhibi‑
tion rate=(AB value of control ‑ AB value of test)/(AB value 
of control ‑ AB value of blank) x 100%. Cells were also 
pretreated with 3 mM N‑acetylcysteine (NAC) for 2 h prior to 
HT exposure, followed by analysis of the effect of NAC on the 
inhibitory effect of HT on cell proliferation.

Imaging TrxR1 activity in HCT‑116 and SW620 cells by 
TRFS‑green. Cells were treated with the indicated concentra‑
tions (5, 10 and 20 µM for HCT‑116 cells; 15, 30 and 60 µM 
for SW620 cells) of HT for 24 h followed by treatment with 
TRFS‑green (10 µM) (33) for 4 h. Phase contrast and fluores‑
cence images were captured using fluorescence microscopy 
(EVOS FL). A total of 10 cells were randomly selected, and 
the fluorescence intensity in individual cells was quantified 
using ImageJ software (version 1.8; National Institutes of 
Health).

Western blotting. HCT‑116 or SW620 cells were treated with 
HT at the indicated concentrations for 24 h (5, 10 and 20 µM 
for HCT‑116 cells; 15, 30 and 60 µM for SW620 cells). Cells 
were lysed with RIPA lysis buffer. Protein quantification was 
performed using a BCA Protein Assay Kit, following which 
equal quantities of proteins (20 µg/lane) were separated via a 
4‑20% gradient SDS‑PAGE gel and transferred onto a PVDF 
membrane. The membranes were blocked with 5% BSA 
(cat. no. V900933; Sigma‑Aldrich; Merck KGaA) at room 
temperature for 2 h. TrxR1 antibody was used at a 1:2,000 
dilution and GAPDH antibody was used at a 1:5,000 dilution in 
5% BSA and the membranes were incubated at 4˚C overnight. 
Following three washes in TBS/0.1% Tween 20, the membranes 
were probed with the a forementioned HRP‑conjugated 
secondary antibodies at a 10,000‑fold dilution in 5% BSA. 
Following six washes with TBS/0.1% Tween 20, the immune 
complexes were incubated with SuperSignal™ West Pico 
PLUS reagent (cat. no. 34577; Thermo Fisher Scientific, Inc.) 
and detected using the ChemiDoc™ Touch Imaging system 
(Bio‑Rad Laboratories, Inc.). The intensity of the resulting 
bands on the membranes was calculated and normalized to 
GAPDH in each sample using ImageJ software (version 1.8; 
National Institutes of Health). For the detection of the knock‑
down efficiency of TrxR1, cells were pre‑transfected with 
small interfering (si)TrxR1 for 60 h prior to lysis as described 
below.

Apoptosis assay. HCT‑116 and SW620 cells were plated in 
six‑well plates at an initial density of 2.4x105 cells/well for 8 h 
in complete RPMI‑1640 medium. Cells were divided into the 
following three treatment groups: i) DMSO (Control); ii) HT 
treatment (5, 10 and 20 µM in HCT‑116 cells; 15, 30 and 60 µM 
in SW620 cells); and iii) a combination of HT and 3 mM NAC. 
Cells were starved in serum‑free RPMI‑1640 medium for 16 h, 
except that groups with NAC treatment were pretreated with 
3 mM NAC for 2 h after starvation in serum‑free medium for 
14 h, followed by HT treatment for 24 h. Cells were harvested, 
washed twice with PBS (Thermo Fisher Scientific, Inc.), 
evaluated for apoptosis using FITC Annexin V Apoptosis 
Detection kit I according to the manufacturer's protocol and 
analyzed using Novocyte® flow cytometer with NovoExpress® 
version 1.2.4 software (ACEA Bioscience, Inc.).

Caspase‑3 activity assay. This experiment was performed 
using the aforementioned caspase‑3 activity detection kit 
according to the manufacturer's instructions. Briefly, HCT‑116 
cells were treated with the indicated concentrations of HT for 
24 h. Subsequently, the cells were collected and lysed with 
RIPA lysis buffer for 15 min at 0˚C, using the Bradford method 
to quantify the protein content. A total of 50 µg protein were 
incubated with 10 µl Ac‑DEVD‑pNA substrate and 40 µl assay 
buffer at 37˚C for 2 h in a final volume of 100 µl. The absor‑
bance at 405 nm was read on a microplate reader.

Cell cycle assay. HCT‑116 and SW620 cells were seeded in 
a six‑well plate at an initial density of 2.4x105 cells/well and 
allowed to attach overnight in complete culture medium. Cells 
were divided into three treatment groups, as aforementioned in 
the apoptosis assay. Cells were starved in serum‑free culture 
medium for 24 h, except that groups with NAC treatment 
were pretreated with 3 mM NAC for 2 h after starvation in 
serum‑free medium for 22 h, followed by HT treatment for 
12 h. Cells were harvested, washed twice with PBS, evaluated 
for cell cycle using the cell cycle assay kit (cat. no. BB‑4104; 
BestBio) and analyzed using the Novocyte® flow cytometer with 
NovoExpress® version 1.2.4 software (ACEA Bioscience, Inc.).

RNA interference analysis. TrxR1 siRNA and a scramble 
non‑targeting negative control siRNA (siNC) were purchased 
from Biomics Biotechnologies Co., Ltd. The siRNAs (final 
concentration, 50 nM) were transfected into cells using 
Lipofectamine® 3000 reagent (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions. The siRNA 
sequences were as follows: siTrxR1 sense, 5'‑GCA UCA AGC 
AGC UUU GUU AdT dT‑3', siTrxR1 antisense, 5'‑UAA CAA 
AGC UGC UUG AUG CdT dT‑3'; siNC sense, 5'‑UUC UCC GAA 
CGU GUC ACG UdT dT‑3', siNC antisense, 5'‑ACG UGA CAC 
GUU CGG AGA AdT dT‑3'. For the loss‑of‑function analysis, 
HCT‑116 or SW620 cells were pre‑transfected with siNC or 
siTrxR1 for 36 h prior to HT exposure, followed by the same 
process as in CCK‑8 assay, cellular TrxR1 activity assay and 
TRFS‑green imaging.

Measurement of ROS generation. Cellular ROS content 
was measured by flow cytometry and fluorescence micros‑
copy for quantitative and qualitative evaluation. HCT‑116 
or SW620 cells were plated in six‑well plates at a density of 
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2.0x105 cells/well and allowed to attach overnight, and were 
then exposed to the indicated concentrations of HT for 4 h (5, 
10 and 20 µM for HCT‑116 cells; 15, 30 and 60 µM for SW620 
cells). Cells were stained with 10 µM 2',7'‑dichlorofluorescein 
diacetate (DCFH‑DA; Beyotime Institute of Biotechnology) 
at 37˚C for 30 min and then washed three times in serum‑free 
culture medium. For flow cytometry, cells were collected, and 
fluorescence was analyzed at excitation and emission wave‑
lengths of 488 and 525 nm, respectively, using the Novocyte® 
flow cytometer with NovoExpress® version 1.2.4 software 
(ACEA Bioscience, Inc.). The mean value of DCFH‑DA fluo‑
rescence intensity was utilized for quantitative analysis. For 
fluorescence microscopy, cell images were captured using the 
EVOS FL Imaging System (Thermo Fisher Scientific, Inc.).

Time course of HT activity assay. For the time course assay, 
HCT‑116 cells were cultured as aforementioned, and then 
exposed to 20 µM HT for 16, 24 and 32 h followed by apop‑
tosis assay, western blotting and TRFS‑green imaging. For 
ROS generation measurement, cells were exposed to 20 µM 
HT for 2, 4 and 6 h, followed by DCFH‑DA fluorescence assay.

Docking of HT to the TrxR1 structural model. To further study 
the interaction between HT and TrxR1, a docking study was 
implemented by Molecular Operating Environment (MOE) 
version 2019.0102 (https://www.chemcomp.com/index.htm). 
The crystal structure of human TrxR1 (Protein Data Bank 
code 2ZZ0, chain A; https://www.rcsb.org/structure/2ZZ0) 
was used for the present docking study. The central coordina‑
tion of the dock pocket was examined by Site Finder through 
MOE software, which was calculated by selecting residues 
Cys497 and Sec498. The default parameters were used for 
implementing the docking simulation.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism software version 9.0 (GraphPad Software, 
Inc.). Results are presented as the mean ± standard deviation 
of at least three independent experiments for each group. 
Statistical differences for the datasets of apoptosis rate and 
cell cycle distribution were analyzed via two‑way ANOVA, 
while other data sets consisting of >2 groups were analyzed 
via one‑way ANOVA, followed by Tukey‑Kramer post hoc test 
for multiple comparisons if significance was determined. For 
data not conforming to a normal distribution, Kruskal‑Wallis 
test was used for multiple comparisons. P<0.05 was considered 
to indicate a statistically significant difference.

Results

HT inhibits TrxR1 activity in vitro. To screen potent inhibi‑
tors of TrxR1, a TrxR1 activity assay was performed with a 
natural compound library against the recombinant TrxR1 
enzyme (4,457 compounds; purity, >90%). Out of these, eight 
compounds were indicated to exhibit TrxR1 enzyme inhibi‑
tory activity. Among them, HT (the structure of this compound 
is depicted in Fig. 1A) could effectively inhibit TrxR1‑wt 
activity with an IC50 ~1 µM, but exhibited little effect on 
the TrxR1‑ΔC enzyme, a mutant TrxR1 lacking Cys497 and 
Sec498 residue in the C‑terminal of wt TrxR1 (Fig. 1B). These 
results indicated that the Sec residue in TrxR1 was associated 

with the inhibition of TrxR1 by HT. The inhibition of cellular 
TrxR1 by HT was further confirmed using an insulin reduc‑
tion assay and image‑based live cell TrxR1 activity assay. As 
illustrated in Fig. 1C, treating HCT‑116 cells with HT led to a 
notable inhibition of cellular TrxR1 activity, with an IC50 of 
~21.84 µM. By measuring and quantifying the fluorescence 
signal of this probe, a decrease in TrxR1 activity in living 
HCT‑116 cells treated with HT compared with control cells 
was confirmed (Fig. 1D and E). Both assays produced consis‑
tent results revealing a dose‑dependent inhibition of TrxR1 by 
HT in HCT‑116 cells. Taken together, these data demonstrated 
that HT is a potent TrxR1 inhibitor.

H T treatment inhibits proliferat ion and induces 
accumulation of ROS. The antiproliferative effects of HT 
were tested in cultured human CRC cells (HCT‑116, SW620 
and HCT‑8 cells) and normal colon cells (FHC cells). It was 
observed that HT treatment preferentially suppressed prolif‑
eration of all three CRC cells tested in a dose‑dependent 
manner (Fig. 2A). By contrast, HT treatment exhibited a 
weak effect on normal FHC cells compared with that on 
cancer cells. In addition, the TrxR1 expression levels of 
HCT‑116 cells were the highest among all three CRC cell 
lines, while those of SW620 cells were the lowest (data 
not shown). Thus, HCT‑116 and SW620 cell lines were 
selected to investigate the cellular function of HT. TrxR1 
protein levels were significantly decreased after the cells 
were treated with HT for 24 h (Fig. 2B), indicating that the 
decreased TrxR1 protein expression levels may account for 
the decreased TrxR1 enzyme activity after HT treatment.

The major function of TrxR1 is to maintain Trx in a reduced 
state and prevent oxidative stress (34). Having confirmed that 
HT was a potent TrxR1 inhibitor, the levels of ROS were then 
determined in HCT‑116 and SW620 cells. ROS levels in the two 
cell lines were assessed by flow cytometry and cell imaging 
using the redox‑sensitive fluorescent probe DCFH‑DA. As 
presented in Fig. 2C and D, treatment with HT for 4 h signifi‑
cantly increased ROS levels in a dose‑dependent manner, 
indicating that HT exhibited the ability to induce cellular ROS 
accumulation. Taken together, these results suggested that HT 
treatment inhibited proliferation and promoted accumulation 
of ROS in CRC cells.

HT treatment induces apoptosis and G1/S cell cycle arrest 
in HCT‑116 and SW620 cells. Since excess ROS levels could 
be cytotoxic (35), apoptosis was examined using Annexin 
V/PI double staining assay. A significant increase in the 
percentage of apoptotic cells was detected after HT treatment 
for 24 h in HCT‑116 and SW620 cells (Fig. 3A and B). Similar 
results were observed in the caspase‑3 activity assay, where 
a significant concentration‑dependent activation of caspase‑3 
was observed after a 24‑h treatment with HT in HCT‑116 
cells (Fig. 3C).

By contrast, NAC inhibited the apoptosis‑inducing effect 
of HT treatment in HCT‑116 and SW620 cells, and the effects 
of ROS induction on cell cycle arrest were also determined. 
Cells were treated with various concentrations of HT with or 
without NAC for 24 h. The results in Fig. 4A and B indicated 
that HT treatment significantly induced G1/S cell cycle arrest 
in HCT‑116 and SW620 cells. NAC significantly inhibited the 
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cell cycle arrest effect of HT treatment in both cell lines. In 
addition, NAC pre‑treatment inhibited the antiproliferative 
effect of HT in HCT‑116 and SW620 cells (Fig. 4C). These 
results demonstrated that HT treatment promoted apoptosis 
and G1/S cell cycle arrest in CRC cells via its effect on ROS 
generation.

Antitumor effect of HT treatment is associated with its 
interaction with TrxR1. To investigate the underlying structural 
mechanism of HT binding to the TrxR1 protein, a molecular 
simulation of the HT‑TrxR1 complex was performed using 
docking software. As presented in Fig. 5A, HT was indicated 
to form hydrogen bonds with Sec498, Cys497, Gln494 and 
Trp407 residues of the C‑terminal active site of the redox 
center of TrxR1 (34,36‑39). Thus, the proposed reaction 
mechanism for HT is the simultaneous inhibition of the 
adjacent C‑terminal active site residues of TrxR1, which is 
expected to effectively suppress TrxR1 activity. This mecha‑
nism is consistent with the difference in the HT‑mediated 

TrxR1 inhibition of the TrxR‑wt and TrxR‑ΔC enzymes, as 
the TrxR‑ΔC enzyme lacks the core site Sec498 and Cys497 
residues for HT binding.

As HT inhibition of both the recombinant and the cellular 
TrxR1 enzyme was demonstrated (Fig. 1), the physiological 
significance of TrxR1 inhibition in the cellular actions of 
HT was further investigated. TrxR1 expression levels were 
reduced in HCT‑116 and SW620 cells following transfection 
of an siRNA specifically targeting TrxR1, and the knockdown 
efficiency was validated (Fig. 5B). As presented in Fig. 5C, HT 
exhibited a higher antiproliferative effect in siNC‑transfected 
cells compared with siTrxR1‑transfected cells. Knocking 
down TrxR1 was helpful for better characterizing the TrxR1 
inhibitory activity of HT, which was further confirmed via 
the Trx‑mediated insulin reduction assay (Fig. 5B) and the 
image‑based assay using the specific TrxR1 probe TRFS‑green 
in HCT‑116 and SW620 cells (Fig. 5D and E). Taken together, 
the data supported the conclusion that the antiproliferative 
effect of HT was associated with its interaction with TrxR1.

Figure 1. Inhibition of TrxR by HT. (A) Chemical structure of HT. (B) Inhibition of TrxR‑wt and TrxR‑ΔC by HT. (C) Inhibition of TrxR enzyme activity in 
HCT‑116 cells. (D) Quantification of the mean fluorescence intensity in individual groups stained with TRFS‑green. (E) HCT‑116 cells were incubated with the 
indicated concentrations of HT, and then the TrxR probe TRFS‑green was loaded. Phase‑contrast (top) and fluorescence (bottom) images were captured using 
fluorescence microscopy. DMSO was used as the negative control. Scale bars, 200 µm. **P<0.01 and ***P<0.005. TrxR, thioredoxin reductase; HT, hydroxyty‑
rosol; wt, wild‑type; ΔC, C‑terminal deletion mutant; AU, absorbance units.
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In addition, a time course assay was performed to further 
confirm the association between the antitumor effects and the 

TrxR1 inhibitory activity of HT. As illustrated in Fig. 6A, C 
and F, HT treatment could reduce the expression level and 

Figure 2. Effects of HT treatment on cell proliferation, TrxR expression levels and ROS accumulation. (A) Effect of increasing doses of HT on the proliferation 
of human colorectal cancer cell lines (HCT‑116, HCT‑8, SW620) and the normal FHC cell line. (B) Cells were treated with the indicated concentrations of 
HT for 24 h, and cell extracts were prepared and analyzed via western blotting with an antibody against TrxR1. TrxR1 expression levels were quantified and 
normalized to GAPDH. Intracellular ROS generation was induced by increasing doses of HT, and it was detected via staining with 10 µM DCFH‑DA and 
examined via (C) fluorescence microscopy and (D) flow cytometry in HCT‑116 and SW620 cells. DCFH‑DA mean fluorescence intensity was quantified by flow 
cytometry. DMSO was used as the negative control. Scale bars, 200 µm. *P<0.05, **P<0.01 and ***P<0.005. TrxR, thioredoxin reductase; HT, hydroxytyrosol; 
ROS, reactive oxygen species; DCFH‑DA, 2',7'‑dichlorofluorescein diacetate.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  829,  2021 7

activity of TrxR1 protein in a time course‑dependent manner. 
However, HT treatment also induced ROS accumulation and 
apoptosis in a time course‑dependent manner (Fig. 6B, D, E 
and G). These results partly demonstrated the antitumor effect 
of HT and revealed its association with TrxR1.

Discussion

HT has been indicated to induce ROS generation in cancer 
cells (26). To the best of our knowledge, the mechanism respon‑
sible for ROS induction by HT remains unclear. The results of 

Figure 3. Induction of apoptosis by HT. (A) Analysis of apoptosis by Annexin V/propidium iodide double‑staining assay. HCT‑116 and SW620 cells were 
treated with HT alone or combined with 3mM NAC at the indicated concentrations for 24 h. (B) The percentage of cell apoptosis was quantified and cells in 
Q2‑2 and Q2‑4 were considered apoptotic. (C) Activation of caspase‑3 by HT in HCT‑116 cells after incubation with the indicated concentrations of HT for 
24 h. DMSO was used as the negative control. **P<0.01, ***P<0.005 and ****P<0.001. HT, hydroxytyrosol; NAC, N‑acetylcysteine; ABSU, absorbance units.
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the present study demonstrated that HT treatment inactivated 
TrxR1, induced accumulation of ROS and eventually resulted 
in oxidative stress‑mediated apoptosis in CRC cells.

As both Trx and TrxR1 have been reported to be upregu‑
lated in numerous human cancer types, including leukemia, 
lung cancer, breast cancer and colorectal cancer among 
others, and be associated with increased tumor growth, 
drug resistance and poor patient prognosis, the thioredoxin 

system has been recognized as an attractive target for anti‑
cancer drug development (4,6‑10,40). This system plays a 
role in maintaining H2O2 levels in cells via the conversion of 
H2O2 to H2O. Trx contains two adjacent thiols in its reduced 
form that are converted to a disulfide bond in the oxidized 
form (39). The oxidized Trx is then recycled back into the 
reduced form by TrxR1 and NADPH (35). The present 
study demonstrated that HT could significantly inhibit 

Figure 4. Induction of cell cycle arrest by HT. (A) Analysis of cell cycle arrest by propidium iodide staining assay. HCT‑116 and SW620 cells were treated with 
HT alone or combined with 3 mM NAC at the indicated concentrations for 12 h. (B) Cell cycle distribution was examined by flow cytometry and quantified. 
(C) NAC antagonized the antiproliferative effect of HT in HCT‑116 and SW620 cells. Cells were treated with increasing doses of HT alone or combined with 
3 mM NAC for 24 h. DMSO was used as the negative control. *P<0.05 and ***P<0.005. NAC, N‑acetylcysteine; HT, hydroxytyrosol.
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Figure 5. Cellular actions of HT are associated with its interaction with TrxR1. (A) Proposed binding mode of HT in the active site of TrxR1. TrxR1 residues are 
depicted in green and HT in purple. (B) Knockdown of TrxR1 expression attenuated the cellular enzyme inhibitory activity of HT in HCT‑116 and SW620 cells. 
The enzyme activity of TrxR1 in HCT‑116 and SW620 cells was measured via the endpoint insulin reduction assay. The expression of TrxR1 was analyzed via 
western blotting. (C) Antiproliferative effect of HT in siTrxR1 or siNC transfected cells. (D) Image‑based TrxR1 activity assay in siRNA transfected HCT‑116 
and SW620 cells using the TRFS‑green probe. siNC‑treated cells were used as the negative controls. (E) Quantification of the mean fluorescence intensity 
in individual groups was performed. Scale bars, 200 µm. *P<0.05 and ***P<0.005. si‑, small interfering; TrxR1, thioredoxin reductase 1; HT, hydroxytyrosol; 
NC, negative control; AU, absorbance units.
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both recombinant and cellular TrxR1 enzyme activity. The 
mammalian TrxR1 enzyme uniformly harbors a critical 
Sec residue in its C‑terminal active site. The high nucleo‑
philicity of the Sec residue renders the enzyme vulnerable 
to be modified by electrophiles, based on which numerous 
selective TrxR1 inhibitors have been developed (4,5,40‑44). 
The results of the current study revealed strong inhibition 
of the TrxR‑wt enzyme but not the enzyme lacking the Sec 
residue (TrxR‑ΔC), thus revealing the potential interaction 

site between TrxR1 and HT. The docking results were also 
supportive of this hypothesis. Therefore, further investigation 
on HT could lead to the development of a novel strategy for 
treating CRC.

HT is a phenolic phytochemical with numerous medical 
properties (45). It is considered a chemopreventive agent 
due to its antioxidative properties (46). Recently, HT was 
indicated to be a promising anticancer compound. For, 
instance, previous studies have demonstrated that HT can 

Figure 6. Time course assays of HT. HCT‑116 cells were seeded overnight and then exposed to 20 µM HT for the indicated time followed by time course assays. 
(A) Cell extracts were prepared and analyzed by western blotting with an antibody against TrxR1. TrxR1 levels were quantified and normalized to GAPDH. 
(B) Cells were stained with 10 µM DCFH‑DA and examined by fluorescence microscopy and flow cytometry. (C) Cells were incubated with the TrxR probe 
TRFS‑green for 4 h, and fluorescence images were captured using fluorescence microscopy. (D) Cells were double stained by Annexin V/propidium iodide and 
analyzed by flow cytometry. (E) DCFH‑DA mean fluorescence intensity was quantified by flow cytometry. (F) Quantification of the mean fluorescence inten‑
sity of TRFS‑green in individual groups was performed. (G) The percentage of cell apoptosis was quantified and the cells in Q2‑2 and Q2‑4 were considered 
apoptotic. DMSO was used as the negative control. Scale bars, 200 µm. *P<0.05, **P<0.01 and ***P<0.005. TrxR1, thioredoxin reductase 1; HT, hydroxytyrosol; 
DCFH‑DA, 2',7'‑dichlorofluorescein diacetate; AU, absorbance units.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  829,  2021 11

induce oxidative stress in various cell lines, and the induc‑
tion of ROS production is involved in the biological functions 
of HT (25,26,47‑49). However, to the best of our knowledge, 
there is no detailed mechanism of how HT elevates oxidative 
stress. In the current study, TrxR1 was identified as a target 
of HT, and it was demonstrated that HT induced apoptosis 
and cell cycle arrest through a previously uncharacterized 
mechanism by targeting TrxR1. Binding of HT to TrxR1 
inhibits the physiological functions of TrxR1, which leads to 
the conversion of H2O2 to H2O and ROS accumulation within 
cells, and finally elicits oxidative stress. However, elevated 
TrxR1 activity has been observed in HT‑treated PC12 
cells (50), which indicated HT may exhibit a two‑sided effect 
on ROS production. HT produces H2O2 in the auto‑oxidation 
process, which is a common event in cell culture media; 
however, different cell types exhibit various sensitivities to 
HT‑induced H2O2 and this leads to different cell fates (51). 
This depends on both the capability of cells to eliminate H2O2 
by specific enzymes, such as TrxR1, catalase and glutathione 
peroxidase, and the effectiveness by which HT releases H2O2 
in different cell culture media (52‑54). Therefore, different 
concentrations of HT treatment in various cell types may lead 
to different levels of oxidative stress and, therefore, stimulate 
various effects of TrxR1. The cellular mechanisms by which 
HT exerts these effects are still poorly understood and require 
further elucidation.

To the best of our knowledge, there are no TrxR1 inhibi‑
tors used clinically to date. As a HT is novel TrxR1 inhibitor 
with a unique scaffold, it is difficult to select another inhibitor 
for comparison against HT. Therefore, a TrxR1 inhibitory 
experiment was performed to compare HT and the current 
most effective TrxR1 inhibitor, auranofin. Compared with the 
results of our previous study, auranofin exhibited better TrxR1 
inhibitory activity compared with HT in HCT‑116 cells (55). 
However, auranofin has insufficient physiological stability and 
this limits its clinical development (10). HT exhibited cellular 
enzyme inhibitory activity and inhibited proliferation of 
several colorectal cancer cells (HCT‑116, SW620 and HCT‑8) 
at the µmol levels, which demonstrated that it was an effective 
antitumor agent. Although its TrxR1 inhibitory activity is poor 
at present, its activity may be improved by further modifica‑
tion of its scaffold.

In conclusion, TrxR1 was investigated as a target of HT 
in vitro in human CRC cells, and it was demonstrated that 
HT induced oxidative stress‑mediated apoptosis through a yet 
unclear mechanism. Furthermore, the results of the present 
study investigated the binding model between HT and TrxR1, 
which could serve as a new scaffold to develop novel TrxR1 
inhibitors for CRC treatment.
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