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A B S T R A C T

Tryptophan-2,3-dioxygenase (TDO) is an immune checkpoint enzyme expressed in human tumors and involved
in immune evasion and tumor tolerance. While glutathione S-transferases (GSTs) are pharmacological targets for
several cancer. Here we demonstrated the utility of NBDHEX (GSTs inhibitor) and TDO inhibitor by the com-
binatorial linker design. Two novel conjugates with different linkers were prepared to reverse tumor immune
suppression. The conjugates displayed significant antitumor activity against TDO and GSTs expression of HepG2
cancer cells. Further study indicated that compound 4 could induce higher apoptotic effect than its mother
compounds via a mitochondrial-dependent pathway, simultaneously more effective to inhibit TDO and GSTs
protein expression. Further study indicated that 4 could decrease the production of kynurenine and deactivate
aryl hydrocarbon receptor (AHR), leading to CD3+ T-cell activation and proliferation to involve in antitumor
immune response.

1. Introduction

Liver cancer, the fourth leading cause of cancer death and the sixth
most commonly diagnosed cancer in the world, which has no effective
strategy to cure, particularly in the later stage of liver cancer [1,2].
According to the records, about 841,000 new Liver cancer cases and
782,000 deaths annually, particularly, the liver cancer rates of mor-
tality ranks second for males [2]. Hepatocellular carcinoma (HCC) is
the most common types of primary liver cancers and accounts for about
90% rate of all primary hepatic malignancy cases [3,4]. Furthermore,
the survival rate of HCC is very low (about 10%), owing to the high
morbidity rate, insufficient diagnosis strategies and disappointing drug
development [5–7]. Up to now, the new therapeutic drugs development
of HCC is difficult due to the complexity of liver microenvironment and
the inexplicable pathological mechanisms of HCC [5,7], particularly,
some clinical drugs were successful in phase I/II trials, but failed in
phase III trials [8]. Hence, the development of such an effective ther-
apeutic drug for HCC is still a nascent area.

Recently, as a drug target in cancer treatment, glutathione S-
transferase (GSTs) have been invoked reconsiderable interest of scien-
tists. The superfamily of GSTs, belong to intracellular dimeric enzymes,
which are composed of multifunctional proteins widely distributed

throughout mammalian systems and subdivided in about eight gene-
independent classes (Alpha, Pi, Mu, Theta, Zeta, Omega, Sigma, and
Kappa) [9–16]. GSTs can catalyze the conjugation of the cellular nu-
cleophile GSH with a wide range of electrophilic carcinogens, drugs,
toxins, simultaneously producing oxidative stress [17]. Especially, as
overexpressed in many cancer cell lines (including cancers of the lung,
colon, kidney, ovary and liver) [18,19], GSTs isoenzymes catalyze the
conjugation of GSH with specific antitumor agents, prevent antitumor
drugs inducing damage vital cellular nucleophiles, lead to increased
cancer cells survival and enhanced resistance to chemotherapy [20,21].
Particularly, the acidic form of glutathione S-transferases may be as a
hepatic tumor marker [22]. Thus, in combination with GSTs inhibitors
is promising to modulate the efficacy of anticancer drugs.

Immune checkpoint inhibitors can involve in T-cell-mediated anti-
tumor immune response via several immune checkpoints of biological
functions, signaling pathways, and expression levels in tumors [23–26].
Tryptophan 2,3-dioxygenase (TDO), one of immune checkpoints, which
is an important negative feedback enzyme encoded by TDO2 gene and
induced by glucocorticoids, tryptophan(Kyp) and kynurenine (Kyn)
[27,28]. It is known that TDO mainly expressed in the liver where is its
first characterized [28,29]. Similar to indoleamine 2,3-dioxygenase
(IDO), TDO can catalyze tryptophan to produce bioactive metabolites
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including kynurenine along the first and rate-limiting step of the ky-
nurenine pathway, which leading to T cells anergy or apoptosis and
tumor tolerance for immune system via depleting tryptophan levels and
accumulating its bioactive metabolites [27,30,31]. Hence, inhibition of
TDO can reactivate the immune system and reverse tumor-associated
immune resistance to kill cancer cells [27–32].

The clinical data provided strong evidence to demonstrate that
immune-based therapies are promising for the treatment of HCC,
especially in combination with standard chemotherapy [33–35].
Herein, we present an immuno-chemotherapeutic strategy composed of
a known TDO inhibitor (1, mTDO IC50= 1 μΜ) [27] and a glutathione
S-transferase inhibitor (NBDHEX) bridged by a linker. NBDHEX, a very
efficient inhibitor of GSTP1-1 and GSTM2-2, has emerged as an antic-
ancer drug by inhibiting the catalytic activity of GSTs [36,37]. A key
point of our strategy is expected to take advantage of immuno-che-
motherapeutic to treat HCC.

2. Results and discussion

2.1. Chemistry

The synthetic method of the targeted compounds and their chemical
structures were showed in Scheme 1. NBDHEX and TDO inhibitor 1
were obtained according to the literature reported procedures [16,28].
Compounds 2 and 3, the derivates of compound 1, were achieved by
treatment of 1 with succinic anhydride or glutaric anhydride in the
presence of piperidine and Et3N. The synthesis of the targeted com-
pounds (4 and 5) were performed by the formation of ester bond be-
tween NBDHEX and TDO inhibitor derivatives (2 or 3) using EDCI/
DMAP. The chemical structures of all compounds were confirmed by 1H
NMR, 13C NMR and high resolution mass spectroscopy (HR-MS)
(Supporting Information Figs. S1–S6).

2.2. Biological evaluations

2.2.1. In vitro cytotoxicity assay
The in vitro cytotoxic potency of compounds 4 and 5 were in-

vestigated by using MTT assay against four cancer cell lines including
HCT-116 (colon), HepG2 (hepatoma), A549 (lung) and U87 (glioma) as
well as one normal cell line of HUVEC (human umbilical vein en-
dothelial cells). Compounds 1–3 and NBDHEX were used as the positive
controls. After 72 h treatment, the corresponding IC50 values were ob-
tained and given in Table 1. As shown in Table 1, compounds 1–3 ex-
hibited insignificant cytotoxicity against the tested cancer cell lines,
whereas the mixtrue of NBDHEX/1 showed higher cytotoxicity than
NBDHEX against the tested cancer cell lines. Interestingly, compounds
4 and 5, consisting of NBDHEX and TDO inhibitor, possessed more
potent cytotoxicity against all the tested cancer cell lines than the po-
sitive control with IC50 values in the range of 1.36–4.33 μM and
1.98–5.50 μM, respectively. Synchronously 4 and 5 displayed lower
cytotoxicity against HUVEC (35.45 and 37.18 μM, respectively) com-
pared to NBDHEX and the mixture of NBDHEX /1 (18.06 and 14.15 μM,
respectively). Especially, compound 4 (a linker of succinic) displayed
better anticancer activity than 5 (a linker of glutarate) against all the
tested cancer cell lines. Additionally, as for HepG2, compounds 4 and 5
exhibited best anticancer activity with IC50 values of 1.36 and 1.98 μM
among the tested cancer cell lines. The superior antiproliferative ac-
tivity of the conjugates may be due to their inhibition of tryptophan
degradation [26b] and/or the better cellular uptake of the conjugates
than the single or mixed drugs, which led to the more drug accumu-
lation in tumor cells to kill cell. Based on the cytotoxicity assay, the
level of TDO expression in the tested cancer cells were detected by
western blot analysis. The results were showed in Fig. S7, all the tested
cancer cell lines were determined to express TDO, especially, HepG2
cells owned the highest level of TDO protein. Hence, upon the above
results, the following biological assays of 4 and 5 were focused on
HepG2 cells.

Scheme 1. Synthetic pathway to prepare target compounds 4 and 5. Reagents and conditions: (a) dioxane, Et3N, piperidine, 24 h; (b) succinic anhydride or glutaric
anhydride, DMAP, Et3N, CH2Cl2, 45 °C, 12 h; (c) EDCI, DMAP, DMF, room temperature, overnight.
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2.2.2. The inhibition of GSTs in HepG2 cells
Due to GSTs could catalyze the reaction of 1-chloro-2,4-dini-

trobenzene (CDNB) with GSH to form GS-DNB adducts which could be
detected at the absorption wavelength of 340 nm [38]. Hence, the ac-
tivity of GSTs (extracted from HepG2 cells) following the treatment
with the measured compounds were evaluated by spectrophotometer
assay to detect the conjugation rate of 1-chloro-2,4-dinitrobenzene
(CDNB) with GSH. As shown in Fig. 1, NBDHEX could efficiently inhibit
the activity of GSTs at a dose-dependent manner. Satisfactorily, com-
pounds 4 and 5 containing a TDO inhibitor with different linkers dis-
played more effective inhibitory ability than NBDHEX. These results
indicated that the conjugates consisting of NBDHEX and TDO inhibitor
by linkers could maintain the inhibitory activity of NBDHEX toward
GSTs.

2.2.3. Compounds induced cell apoptotic
The mode of cell death induced by compounds 4 and 5 were in-

vestigated by FITC-Annexin V and propidium iodide (PI) double
staining assay and the apoptotic rates of cancer cells were determined
by flow cytometry. HepG2 cells were co-incubated with compounds 4
and 5 at 10 μM for 24 h with NBDHEX as a positive control. Q1, Q2, Q3,
and Q4 represented: necrotic cells, late apoptotic or necrotic cells, early
apoptotic cells and living cells, respectively. The results in Fig. 2 shown
that compounds 4 and 5 exhibited high apoptotic rates of 71.4% and
66.5% (including late apoptotic and early apoptotic cells), respectively,
which were obviously higher than NBDHEX (59.2%) and untreated
group (5.34%). The results obviously indicated that the targeted com-
pounds could effectively induce apoptosis, especially compound 4 was
superior to 5.

2.2.4. AO/EB staining
Acridine orange (AO) and ethidium bromide (EB), as vital dye, can

stain cell nuclei with an intact cell membrane and the cells which lose
their membrane integrity, respectively. To further confirm the apop-
tosis of HepG2 cells induced by the measured compounds, the AO/EB
dual staining assay was carried out to evaluate the nuclear morphology
of HepG2 cells. HepG2 cells were pretreated with the measured com-
pounds at 10 μM for 24 h, and then stained with AO/EB and visualized
under a fluorescence microscope. The live or dead cells are uniformly
stained as green, while the apoptotic cells are thickly stained as red. As
shown in Fig. 3, the green fluorescence was obviously decreased and
concurrently the red fluorescence was markedly increased, which in-
dicated that the apoptotic cells were increased and the live or dead cells
were decreased after treatment with the measured compounds. And
that both 4 and 5 showed higher apoptotic rates than NBDHEX. These
results demonstrated that the target compounds could induce a strong
amount of apoptotic effect in HepG2 cells.

2.2.5. Effect on cell cycle arrest
To investigate the effect of compounds 4 and 5 on cell cycle arrest,

we analyzed the cell cycle distributions of HepG2 cells by flow cyto-
metry after 24 h treatment with the tested compounds at 10 μM, with
NBDHEX as a positive control. It was noted from Fig. 4 that in the S
phase, after treatment with NBDHEX at 10 μM, the percentage of S
phase increased to 41.18% compared with the untreated group
(25.33%). Interestingly, after treatments with 4 and 5, the percentage
of S phase was increased from 25.33% to 55.15% and 50.49%, re-
spectively, as the percentage of cells in G1 phase decreased from
63.46% to 40.56% and 39.72%, respectively. These observations re-
vealed that 4 and 5 mainly arrested the cell cycle at S phase.

2.2.6. Compounds induced apoptosis via the regulation of apoptosis related
protein expression

The mitochondrial apoptotic pathway is a major signaling way to
involve in tumor cells apoptosis via regulating associated protein [39].
To further investigate the mechanism of action of the newly synthesized
compounds, the mitochondrial apoptotic pathway associated proteins
of Bax, Bcl-2, caspase-3 and PARP in HepG2 cells were detected by
western blot analysis. After HepG2 cells were treated with 10 μM of the
tested compounds, the apoptosis-related proteins levels were de-
termined and the results were showed in Fig. 5. After treatment with 4
and 5, the Bcl-2 family including Bcl-2 (antiapoptotic protein) and Bax
(pro-apoptotic protein) significantly changed, the level of Bcl-2 was
significantly down-regulated, while the proapoptotic protein Bax was
markedly up-regulated compared to the NBDHEX and untreated groups.
In addition, the downstream protein of active-caspase 3 and cleavage-
PARP were remarkably increased which could contribute to cell apop-
tosis. These observations suggested that compounds 4 and 5 might in-
duce HepG2 cells apoptosis via a mitochondrial apoptotic pathway,
especially the effect of 4 was superior to that of 5.

2.2.7. The expression of TDO in HepG2 cells
The TDO enzyme overexpressed in tumor can cause

Table 1
Cytotoxic effect of targeted compounds against different cancer cell lines.

Compd IC50 (μM)a

A549 HCT-116 U87 HepG2 HUVEC

NBDHEX 10.99 ± 0.85 9.53 ± 0.82 8.45 ± 0.71 5.79 ± 0.24 18.06 ± 1.62
NBDHEX:1 10.11 ± 0.82 8.31 ± 0.80 6.35 ± 0.60 4.40 ± 0.20 14.15 ± 1.29
1 >50 >50 >50 >50 >50
2 >50 >50 >50 >50 >50
3 >50 >50 >50 >50 >50
4 4.33 ± 0.37 3.08 ± 0.26 4.65 ± 0.38 1.36 ± 0.18 35.45 ± 0.71
5 5.01 ± 0.46 3.58 ± 0.27 5.50 ± 0.23 1.98 ± 0.09 37.18 ± 0.64

a IC50 values are presented as the mean ± SD (standard error of the mean) from three independent experiments.

Fig. 1. The activity of GSTs after treatment with NBDHEX, compounds 4 and 5.
Mean values based on three independent experiments. (Mean ± SD,
*P < 0.05, vs control group, ANOVA).
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immunosuppression, hence the blockade of TDO protein expression can
reverse T cell dysfunction and exhaustion to enhance antitumor im-
munity [31]. Herein, we investigated the TDO activity and protein
expression inhibitory potency by 4 and 5 in HepG2 cells via western
blotting and qRT-PCR analyses with 1 and NBDHEX as positive control.
As shown in Fig. 6A, compounds 1, 4 and 5 could effective inhibit TDO
protein expression in contrast to the control group, but NBDHEX dis-
played insignificant inhibition. Intriguingly, 4 showed the most mark-
edly efficacy to inhibit the expression of TDO protein (including higher
inhibitory effect than 1), particularly in a time-dependent manner
(Fig. 6B). In addition, the qRT-PCR analyses revealed that compound 4
could down-regulate the level of TDO mRNA expression in a time-de-
pendent manner after treatment with 4 (10 μM) for 24, 48 and 72 h,
respectively (Fig. 6C). All of these results indicated that the targeted
compounds could effectively inhibit the expression of TDO protein,
especially compound 4 was optimal.

2.2.8. Cell-based kynurenine inhibition assay
Many studies suggested that inhibition of TDO protein expression

can block tryptophan to be catabolized to produce kynurenine, which
leads to the improvement of system immunity to enhance the efficacy of
cancer treatments [27–31]. Hence, we examined the level of kynur-
enine production in HepG2 cells by HPLC after treatment with com-
pound 4 (10 μM) for 24 h. The result was showed in Fig. 7A, compound
4, had a stronger effect to inhibit the expression of TDO, also obviously
down-regulated the level of kynurenine production compared to the
control group and compound 1. The result confirmed that 4 could re-
duce the level of kynurenine production via blocking TDO protein ex-
pression.

2.2.9. (q)RT-PCR of AHR mRNA expression level in HepG2 cells
It was reported that the Kyn-mediated activation of aryl hydro-

carbon receptor (AHR) could promote cancer cells survival and involve
in the regulation of anticancer immunity [32,40]. Compound 4 could
block TDO expression to inhibit kynurenine, which may lead to in-
activation of AHR. Hence, to support this hypothesis, the mRNA ex-
pression level of AHR in HepG2 cells was detected by qPCR analyses.
After HepG2 cells were treated with 4 at 10 μM for the appointed times,
the RNA in HepG2 cells was harvested for qPCR. As shown in Fig. 7B,
the mRNA expression levels of AHR were markedly decreased in a time-
dependent manner compared to the untreated group. This result sup-
port that 4 could inactivate the downstream of AHR, thereby destabi-
lizing TDO-AHR pathway.

2.2.10. Evaluation of T-cell immune responses
To investigate the immunomodulatory capacity of compound 4, a

mixed leukocyte reaction (MLR) was carried out to examine the cellular
immune response. Here, peripheral blood mononuclear cells (PBMCs),
which from unrelated healthy donors, co-cultured with HepG2 cells
after stimulated with a lectin of phytohemagglutinin and stained with
carboxyfluorescein succinimidyl ester (CFSE). After treated with the
measured compounds, the PBMCs were harvested and stained with anti-
CD3+ antibodies (CD3+ is a marker representing the development of T-
cell). Then the proliferation of CD3+ T-cell were analyzed by flow cy-
tometry. As shown in Fig. 8, all the tested compounds (10 μM) can ef-
fectively stimulate CD3+ T-cell proliferation. Significantly, HepG2/
MLR co-cultured with compound 4 (proliferative rate of 54.54%) was
the most effective system in stimulating CD3+ T-cell proliferation
compared to the other groups. These results demonstrated that com-
pound 4 might improve antitumor immune response by stimulating
CD3+ T-cell activation and proliferation.

Fig. 2. Annexin V-FITC and PI double staining to evaluate HepG2 cells apoptosis after treatment with the measured compounds. HepG2 cells were treated with
compounds (10 μM) for 24 h, incubated with Annexin V-FITC and PI and analyzed using flow cytometry. Data represent three independent experiments.
(Mean ± SD, *P < 0.05, vs control group, ANOVA).

S. Hua, et al. Bioorganic Chemistry 92 (2019) 103191

4



3. Conclusions

In conclusion, we present a strategy of checkpoint inhibitor plat-
form that dual suppression of the immunosuppressive enzyme TDO and
glutathione S-transferase to enhance antitumor immune response. The
cytotoxicity assays showed that the two novel conjugates displayed
significantly antitumor activity against HepG2 cancer cells and low
toxicity against normal human cell line (HUVEC) in vitro. Further me-
chanistic evaluations revealed that compound 4 could inhibit GSTs
expression, increase the G1 population and induce apoptosis in cancer
cells via a mitochondrial-dependent apoptosis pathway. Interestingly, 4
displayed more effectively inhibition of TDO protein expression than 5
and led to the decrease of Kyn production and the deactivation of AHR,
which may improve immune response via boosting CD3+ T-cell acti-
vation and proliferation. Consequently, such an immuno-chemother-
apeutic strategy via combining TDO and GSTs inhibitors may regulate
antitumor immune response by inhibiting TDO and GSTs. This rational
design offers a potential strategy for HCC treatment.

4. Experimental section

4.1. Chemistry

All the analytical grade of chemical reagents and solvents were
acquired from commercial resources and used without further pur-
ification, unless noted specifically. All cancer cell lines included cancer
and normal were purchased from Nanjing KeyGEN BioTECH Company
(China). 1H NMR and 13CNMR were recorded on a BRUKER AV-400/
600 spectrometer in CDCl3 or DMSO‑d6 with TMS as an internal stan-
dard. Mass spectra were measured with an Agilent 6224 TOF LC/MS
instrument. Cell cycle and apoptosis assay were carried out by using
flow cytometry (FAC Scan, Becton Dickenson). Human peripheral blood
mononuclear cells (PBMCs) were from unrelated healthy donors of
blood (approved by donors themselves), all procedures were performed
in compliance with relevant laws and institutional guidelines. CFSE-
conjugated anti-CD3+ antibody (Abcam) and anti-TDO2 (Abcam) were
purchased for flow cytometry and western bloting. The β-acitn, Bax,
Bcl-2, caspase-3, PAPR antibodies were purchased from Imgenex, USA.

4.1.1. Synthesis of compound 1
Compound 1 was prepared according to the method of a literature

reported [28]. The pyrid-3-ylacetic acid hydrochloride (0.9 g, 5.2mM)
and triethylamine (1.4 g, 13.1 mM) were dissolved in dioxane (15mL),
and the mixture was stirred at room temperature for about 10min.
Then 1H-indole-3-carbaldehyde (0.5 g, 3.5mM) and piperidine (0.6 g,
15.2 mM) were added, and the resulting mixture was stirred at reflux
temperature for one day. After the reaction was completed, the solution
was diluted with ethyl acetate, evaporated with silica and purified by
flash chromatography to give the product. Yield: 1.06 g (83%). 1H NMR
(400MHz, DMSO‑d6) δ 11.42 (s, 1H), 8.77 (d, J=2.1 Hz, 1H), 8.38
(dd, J=4.7, 1.5 Hz, 1H), 8.06 (d, J=7.8 Hz, 1H), 8.02 (dt, J=8.0,
1.9 Hz, 1H), 7.69 (d, J=2.6 Hz, 1H), 7.57 (d, J=16.6 Hz, 1H), 7.45
(d, J=8.0 Hz, 1H), 7.36 (dd, J=7.9, 4.7 Hz, 1H), 7.21–7.17 (m, 1H),
7.16–7.10 (m, 2H). HRMS (ESI) m/z calculated for C15H12N2 [M+H]+:
221.10375, found: 221.10375.

4.1.2. Synthesis of compound 2
A mixture of 1 (0.5 g, 2.3mM), succinic anhydride (0.4 g, 3.5 mM),

DMAP (28mg, 0.23mM) and CH2Cl2 (40mL) was charged in a 100mL
flask, then triethylamine (0.7 g, 6.9mM) was added at room tempera-
ture. The resulting solution was heated to 45 °C and then maintained at
45 °C for 24 h. Upon completion of the reaction, the mixture was con-
centrated to remove the solvent and the title compound was obtained
by flash chromatography to give 2 as a pale yellow solid (0.6 g, 73%).
1H NMR (400MHz, DMSO‑d6) δ 12.27 (s, 1H), 8.83 (d, J=2.1 Hz, 1H),
8.46 (dd, J=4.7, 1.5 Hz, 1H), 8.40 (dd, J=7.2, 1.4 Hz, 1H), 8.32 (s,
1H), 8.13 (dd, J=6.8, 1.6 Hz, 1H), 8.10 (dt, J=7.9, 1.8 Hz, 1H), 7.58
(d, J=16.7 Hz, 1H), 7.44–7.37 (m, 4H), 3.32 (d, J=6.8 Hz, 2H),
2.73–2.68 (m, 2H). HRMS (ESI) m/z calculated for C19H16N2O3 [M
+H]+: 321.12104, found: 321.12104.

4.1.3. Synthesis of compound 3
Similar to the preparation of 2, glutaric anhydride instead of suc-

cinic anhydride was used to carry out the reaction to give compound 3
as a pale yellow solid (0.7 g, 78%). 1H NMR (400MHz, DMSO‑d6)δ
12.15 (s, 1H), 8.82 (d, J=2.0 Hz, 1H), 8.46 (dd, J=4.7, 1.3 Hz, 1H),
8.43 (d, J=7.9 Hz, 1H), 8.25 (s, 1H), 8.12 (d, J=7.5 Hz, 1H), 8.09 (d,
J=8.0 Hz, 1H), 7.57 (d, J=16.7 Hz, 1H), 7.45–7.42 (m, 1H),
7.42–7.39 (m, 2H), 7.38–7.36 (m, 1H), 3.13 (t, J=7.3 Hz, 2H), 2.41 (t,
J=7.3 Hz, 2H), 1.96 (p, J=7.3 Hz, 2H). HRMS (ESI) m/z calculated
for C20H18N2O3 [M+H]+: 335.14297, found: 335.14297.

4.1.4. Synthesis of NBDHEX
The compound of NBDHEX was prepared following the reported

protocols [16]. NBD-Cl (0.50mg, 2.5 mM) and 6-mercapto-1-hexanol

Fig. 3. (A) AO/EB staining of compounds NBDHEX, 4 and 5 in HepG2 cells at
10 μM for 24 h with an untreated group as control. (B) Mean fluorescence in-
tensity of apoptotic cells (red). The apoptotic cells (red) and live cells (green)
after treatment with compounds for 24 h (10×magnification). Data represent
three independent experiments. (Mean ± SD, *P < 0.05, vs control group,
ANOVA).
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(0.67mg, 5mM) were dissolved in 40mL of a 1:1 (v/v) mixture of
ethanol and 0.1M potassium phosphate buffer in a closed vessel, and
stirred at 25 °C for 6 h. The pH was adjusted by suitable addition of 1M
KOH to keep neutral. Upon completion of the reaction, the excess of 6-
mercapto-1-hexanol was removed by adding 1.5 mM of 3-bromopyr-
uvate. The target product of NBDHEX (dark yellow) was collected by
filtration and washed with cold distilled water (2×15mL). 1H NMR
(600MHz, CDCl3) δ 8.40 (d, J=7.9 Hz, 1H), 7.14 (d, J=7.9 Hz, 1H),
3.67 (t, J=6.4 Hz, 2H), 3.27 (t, J=7.4 Hz, 2H), 1.87 (dt, J=15.1,
7.4 Hz, 2H), 1.61–1.56 (m, 4H), 1.49–1.44 (m, 2H), 1.24 (s, 1H).

4.1.5. Synthesis of compound 4
Compound 2 (100mg, 0.31mM), TBTU (150mg, 0.47mM) and

triethylamine (48mg, 0.47mM) were dissolved in dried DMF (10mL)
and stirred for 10min, then NBDHEX (100mg, 0.33mM) was added to
the mixture. The resulting solution was stirred at room temperature for
overnight. After completion, the solution was diluted with CH2Cl2
(120mL) and washed with water (3× 150mL), dried over with an-
hydrous Na2SO4. The crude product was purified by column chroma-
tograph using petroleum ether/ethyl acetate (2:1 v/v) as the eluent to

give a dark yellow solid (145mg, 73.2%). 1H NMR (600MHz,
DMSO‑d6) δ 8.83 (d, J=4.4 Hz, 1H), 8.52–8.43 (m, 2H), 8.33 (d,
J=6.8 Hz, 1H), 8.27 (d, J=6.3 Hz, 1H), 8.19 (s, 1H), 8.05 (s, 1H),
7.59–7.50 (m, 2H), 7.40–7.30 (m, 4H), 4.06 (d, J=5.9 Hz, 2H), 3.36
(d, J=4.4 Hz, 2H), 3.20 (d, J=6.6 Hz, 2H), 2.77 (d, J=4.5 Hz, 2H),
1.63 (d, J=6.2 Hz, 2H), 1.56 (d, J=5.9 Hz, 2H), 1.39 (s, 2H), 1.32 (s,
2H). 13C NMR (150MHz, DMSO) δ 172.57, 171.37, 149.42, 146.92,
146.75, 142.94, 140.56, 136.13, 134.44, 134.36, 132.64, 132.29,
128.42, 125.82, 125.65, 124.89, 124.82, 124.37, 122.96, 122.23,
120.67, 119.53, 116.48, 64.36, 30.87, 30.79, 28.78, 28.43, 28.25,
27.67, 25.26. HRMS (ESI) m/z calculated for C31H29N5O6S [M+H]+:
600.19833, found: 600.19833.

4.1.6. Synthesis of compound 5
Prepared 5 according to the procedure described for compound 4.

NBDHEX was stirred with 3, and then purified on silica to give com-
pound 5 as a dark yellow solid (152mg, 76.4%). 1H NMR (600MHz,
CDCl3) δ 8.74 (s, 1H), 8.48 (d, J=20.0 Hz, 2H), 8.32 (t, J=6.5 Hz,
1H), 7.85 (d, J=6.5 Hz, 2H), 7.66 (d, J=4.5 Hz, 1H), 7.41–7.31 (m,
3H), 7.27–7.21 (m, 1H), 7.15 (dd, J=16.5, 5.1 Hz, 1H), 7.09–7.03 (m,

Fig. 4. Compounds induced cell cycle arrest at S phase. HepG2 cells were pretreated with 10 μM compounds for 24 h. Then cells were fixed, stained with propidium
iodide (PI), and assessed by flow cytometry. The untreated cells were used for comparison. The experiments were performed three times, and the results of the
representative experiments are shown. (Mean ± SD, *P < 0.05, vs control group, ANOVA).

Fig. 5. Western blotting analysis of the expression of related proteins after treatment with the tested compounds at 10 μM for 24 h. (Mean ± SD, *P < 0.05, vs
control group, ANOVA).
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1H), 4.12 (d, J=5.4 Hz, 2H), 3.22 (d, J=5.9 Hz, 2H), 3.04 (d,
J=5.7 Hz, 2H), 2.54 (d, J=5.5 Hz, 2H), 2.18 (d, J=5.9 Hz, 2H), 1.83
(d, J=6.1 Hz, 2H), 1.68 (d, J=5.9 Hz, 2H), 1.55 (d, J=5.6 Hz, 2H),
1.44 (d, J=5.3 Hz, 2H). 13C NMR (150MHz, CDCl3) δ 173.15, 170.54,
149.13, 148.06, 147.76, 142.43, 141.83, 136.44, 133.35, 132.79,
132.37, 130.74, 128.24, 125.88, 125.58, 124.19, 123.84, 123.27,
121.92, 120.22, 120.12, 119.84, 116.88, 64.39, 34.78, 33.02, 31.64,
28.48, 28.39, 27.71, 25.53, 19.73. HRMS (ESI) m/z calculated for
C32H31N5O6S [M+H]+: 614.21099, found: 614.21099.

4.2. Biology

4.2.1. Cytotoxicity analysis
Cell culture. HepG2 (human hepatoma cancer cell line), A549

(human lung cancer cell line), HCT-116 (human colorectal cell line),
U87 (Human glioma cell line), and HUVEC (normal human umbilical
vein endothelial cell line) were purchased from Nanjing KeyGEN
BioTECH Company (China). The cells were maintained in DMEM
medium containing 10% fetal bovine serum, 100mg/mL of penicillin
and 100mg/mL of streptomycin at 37 °C in a 5% carbon dioxide at-
mosphere.

MTT assay. All tested compounds were prepared as 2mM solution in
DMSO and diluted in culture medium at six different concentrations.
The in vitro cytotoxicity of the tested compounds was determined by the
MTT assay. Briefly, about 5×104 cells/mLin DMEM medium with 10%
FBS in each well of 96-well plates and incubated overnight at 37 °C in

5% CO2. The various concentrations of compounds were added to the
test well, then incubated at 37 °C (5% CO2 atmosphere). After 72 h, the
medium in each well was replaced by the serum-free medium con-
taining 1mg/mL MTT and incubated for an additional 4 h. The medium
was removed and subsequently 100 μL of DMSO was added. The UV
absorption intensity was detected with an ELISA reader at 490 nm.
Cytotoxicity was determined on the percentage of cell survival com-
pared with the negative control. The IC50 values were calculated by the
Bliss method, the reported IC50 values are the average at least three
independent experiments.

4.2.2. GSTs activity
The activity of GSTs was analyzed at 340 nm by spectrophotometer

assay to measure the conjugation rate of CDNB with GSH as a function
of time according to the reported previously [38]. Briefly, GSTs were
extracted from HepG2 cells and the tested compounds were added to
0.1M potassium phosphate buffer (pH 6.5), and the mixture was in-
cubated at room temperature for 5min. Then CDNB and GSH were
added and quickly mixed well. Absorbance was measured at 340 nm for
5min at 20 °C. Before each experiment, the baseline of the UV spec-
trometer was corrected by replacing GST solution with phosphate
buffer. All of the tests were repeated in triplicate.

4.2.3. AO/EB staining
The AO/EB dual staining was carried out to evaluate the live and

apoptotic cells. The tested compounds were prepared in DMSO at the

Fig. 6. (A) Western blotting of TDO ex-
pression level in HepG2 cells after treatment
with the tested compounds at 10 μM for
24 h. (B) Western blotting of the time-de-
pendent (12, 24, 36 h) inhibition of TDO
expression by 4 in HepG2 cells. (C) qRT-PCR
of time-dependent (24, 48, 72 h) TDO
mRNA after treatment with 4 (10 μM). Data
represent three individual experiments
(Mean ± SD, *P < 0.05, vs control group,
ANOVA).

Fig. 7. (A) The inhibition of kynurenine after treatment of HepG2 cells with 4 (10 μM) in comparison to 1 and an untreated control. (B) qRT-PCR of AHR mRNA after
treatment with 4 (10 μM) for 24 h, 48 h and 72 h. Data represent three individual experiments (Mean ± SD, *P < 0.05, vs control group, ANOVA).
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indicated concentration. HepG2 cells were seeded into 6-well plates in
10% FBS-DMEM and cultured overnight in 5% CO2 at 37 °C. Then, the
medium was removed and added into fresh medium plus 10% fetal
bovine serum and treated with 10 μM of the tested compounds. After
treatment for 24 h, the cells were harvested, suspended in PBS, then the
cover slip with monolayer cells was inverted on a glass slide with 20mL
of AO/EB stain. Fluorescence was read on an Nikon ECLIPSETE2000-S
fluorescence microscope (OLYMPUS Co., Japan).

4.2.4. Apoptosis analysis
The flow cytometry analysis of Annexin V and PI staining assay was

performed to evaluate apoptotic rates. HepG2 cells were seeded into 6-
well plates at the density of 2× 106/well in 10% FBS-DMEM to the
final volume of 2mL. After cultured overnight, the tested compounds
(10 μM) were added and incubated for 24 h. The cells were digested
with trypsin and washed twice with cold PBS, then collected and re-
suspended cells in binding buffer at a concentration of 1× 106 cells/

mL. To 100 μL of the solution in a 5mL culture tube, 5mL of FITC
Annexin V (BD, Pharmingen) and 5mL propidium iodide (PI) were
added, then annexin-V FITC apoptosis kit was used. The cells were
gently vortexed and incubated for 30min at room temperature in the
dark. The apoptotic experiment was analyzed using the system software
(Cell Quest; BD Biosciences).

4.2.5. Cell cycle measurement
HepG2 cells were seeded in 6-well plates and cultured overnight at

37 °C in 5% CO2, and then treated with 10 μM of the tested compounds.
After co-incubated for 24 h, cells were collected with centrifugation and
washed twice with ice-cold PBS. The cell pellets were resuspended and
fixed with ice-cold 70% ethanol at 4 °C overnight. The cells were wa-
shed with ice-cold PBS and pretreated with 100 μg/mL RNase at 37 °C
for 30min, and finally stained with 50 μg/mL propidium iodide (PI) in
the dark at 4 °C for 30min. Cell cycle was measured by flow cytometry
(FAC Scan, Becton Dickenson) using Cell Quest software and recording

Fig. 8. Mixed leukocyte reaction to evaluate CD3+ T-cell proliferation after compounds (10 μM) incubated with PBMCs and HepG2 cells for 6 days. Data represent
three individual experiments (Mean ± SD, *P < 0.05, vs control group, ANOVA).
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propidium iodide (PI) in the FL2 channel.

4.2.6. Western blotting analysis
The HepG2 cells (1× 106) were cultured with 10 μM of the tested

compounds for 24 h at 37 °C. After for 24 h, cells were collected and
washed twice with ice-cold PBS. And then the cells were lysed in cell
lysis buffer containing PMSF for 30min, lysates were centrifugated and
collected at 4 °C for 10min. The concentration of protein was measured
by the BCA (bicinchoninic acid) protein assay reagents. Equal amounts
of protein per line was separated on 12% SDS polyacrylamide gel
electrophoresis and transferred to PVDF Hybond-P membrane (GE
Healthcare). Membranes were incubated with 5% skim milk in Tris-
buffered saline with Tween 20 (TBST) buffer for 1 h and then the
membranes being gently rotated overnight at 4 °C. Membranes were
incubated with primary antibodies at 4 °C overnight. Next, membranes
incubated with peroxidase labeled secondary antibodies for 2 h at 25 °C.
The protein blots were detected by chemiluminescence reagent
(Thermo Fischer Scientifics Ltd.). β-actin was used as the loading con-
trol.

4.2.7. The level of kynurenine determined by HPLC
The level of kynurenine was detected according to literature method

[26]. HepG2 cells (2× 105 cells) were seeded in a 6-well plate with
2mL medium (containing 10% FBS, 100 U/mL penicillin, and 100 μg/
mL streptomycin). Next day, the medium was removed and replaced
with fresh medium, then the tested compounds were added. After 48 h
of incubation, the cells were collected by centrifugation, and mixed
with the 100 µL 20% trichloroacetic acid for protein precipitation. After
incubated for 30min at 50˚C, the sample was centrifuged for 10min at
3000g to remove the sediments, and the supernatant was analyzed by
HPLC. Reversed phase HPLC was implemented on a 250× 4.5mm ODS
column and the HPLC profiles were recorded on UV detection at
360 nm. Mobile phase consisted of acetonitrile/water, and flow rate
was 1mL/min. The samples were taken for HPLC analysis after filtra-
tion by 0.45 μm filter.

4.2.8. Quantitative (q)RT-PCR
The mRNA levels of TDO and AHR were detected by qRT-PCR assay

as described previously [26]. After incubated with the targeted com-
pounds, HepG2 cells were collected to obtain the RNA for further
analysis. Total RNA isolated with the Qiagen RNAeasy kitand cDNA was
synthesized with the Applied Biosystems reverse-transcription-kit. (q)
RT-PCR was performed in a Lightcycler 480 II thermo cycler with SYBR
Green PCR Mastermix (Roche). All primers were separated by at least
one intron on the genomic DNA to exclude its amplification. PCR re-
actions were checked by including no-RT controls, by omission of
templates, and melting curves. Standard curves were generated for each
gene. Relative quantification of gene expression was determined by
comparison of threshold values. All samples were analyzed in duplicate
at two different dilutions. All results were normalized to GAPDH.

Primer sequences were (5′-3′ forward, reverse):
TGTTGCCATCAATGACCCCTT; CTCCACGACGTACTCAGCG (GAPDH)
GGCCGTGTCGATGTATCAGT; GCCTGGCAGTACTGGATTGT (AHR)
CGGTGGTTCCTCAGGCTATC; CTTCGGTATCCAGTGTCGGG (TDO)

4.2.9. T-cell proliferation analysis
A mixed leukocyte reaction (MLR) assay was performed to evaluate

T cells proliferation as described previously [26]. HepG2 cells were
seeded in 6-well plates (1× 105 cells/well). After cultivation for 24 h,
the cells were replaced with fresh DMEM and treated with indicated
concentrations of compounds. The HepG2 cells were incubated with
different compounds for 2 d at 37 °C. PBMCs (2×105 cells/well)
stained with CellTraceTM Far Red Cell Proliferation Kit (CFSE) were
subsequently inserted after PHA-M stimulation. After co-cultured for
6 days at 37 °C, the PBMCs were centrifuged and collected for further
analysis. The cell pellets were resuspended in PBS and stained with

FITC-conjugated anti-CD3 antibody. The T-cell proliferation was mea-
sured by flow cytometry.

4.3. Statistical analysis

All experiments were replicated three independent experiments and
data was presented as mean ± SD. Differences between groups were
assessed using one-way ANOVA. P < 0.05 was set as the criterion of
statistical significance.
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