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Hepatocellular carcinoma (HCC) is one of the most common cancers and a leading cause of death
worldwide. Increased thioredoxin reductase (TrxR) levels were recently identified as possible prognostic
markers for HCC. Here, four gold(Ill) complexes 1b-4b bearing Schiff base ligands were synthesized,
characterized, and screened for antitumor activity against HCC. All complexes triggered significant
antiproliferative effects against HCC cells, especially the most active complex 1b induced HepG2 cells

apoptosis by activating the endoplasmic reticulum stress (ERS). 1b could clearly inhibit the TrxR activity
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and inflammation level.

to elevate reactive oxygen species (ROS), mediate ERS and lead to mitochondrial dysfunction. Notably,
treatment of 1b improved the CCls-induced liver damage in vivo by down-regulation of TrxR expression

© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common and high
incidence disease in all types of cancer [1]. It is associated with
underlying chronic liver disease, accounting for 85—90% of primary
liver cancer [2,3]. Although significant progress has been achieved
in traditional treatment for HCC, it remains the most lethal ma-
lignancies globally due to limited restricted therapeutics, high
recurrence rate and poor prognosis [4]. Thus, identifying the safest
and most effective treatments for HCC have never been more
urgent.

Thioredoxin reductase (TrxR), as a major cellular protein
transfers the electron for reactive oxygen species (ROS) scavenging,
has been suggested as a prognostic marker for human HCC patients
[5]. Many studies have shown that TrxR was involved in multifar-
ious physiological and pathological processes, including apoptosis,
chronic inflammation and cancer [6]. Increasing evidences show
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that TrxR is an irreplaceable modulator during the development of
tumor [7,8]. Thus, increased expression of TrxR in clinical samples
positively correlated with advanced clinical staging and poorer
patient survival. TrxR level has also been recognized as a promising
survival indicator in patients with HCC [9,10]. These results strongly
suggest that inhibition of TrxR is a very significant clinical goal. TrxR
is therefore a novel potential target for the treatment of HCC.

In this regard, gold complexes and particularly auranofin (an
anti-rheumatoid arthritis drug), which are the most efficacious
TrxR inhibitors, have been essayed as biological active products in
cancers including HCC [11]. Auranofin has high affinity for seleno-
cysteine residues within the redox-active domain of TrxR, and it
forms an irreversible and stable adduct, blocking the activity of
TrxR [5,12—16]. In addition, auranofin is nowadays actively being
repurposed in pilot trials and clinical studies for anticancer therapy
against chronic lymphocytic leukaemia (NCT01419691) and ovarian
cancer (NCT01747798) among others [11,17].

However, most of gold complexes including auranofin are
insufficient physiological stability. They are readily metabolized by
thiol-containing biomolecules [18—21]. Besides, the coordinated
ligands of these gold complexes are mostly lost before target en-
zymes such as TrxR are reached [22]. Therefore, there is a growing
interest in the development of more stable gold-based agents and
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Abbreviations used

CD circular dichroism

CDKs cyclin dependent protein kinases
CHOP C/EBP homologous protein
CT-DNA  calf thymus DNA

ER endoplasmic reticulum

ERS endoplasmic reticulum stress
GRP78 glucose-regulated protein 78
GSH glutathione

HCC hepatocellular carcinoma

LDH lactate dehydrogenase

MMP mitochondrial membrane potential
NAC N-acetylcysteine

ROS reactive oxygen species

Sal salubrinal

TrxR thioredoxin reductase

the fine tuning of their ligands due to the strong metabolization of
gold metallodrugs [18,23—27].

Here, in order to find an improved, more stable, gold-based TrxR
inhibitor, we developed a series of gold(lll) complexes bearing
Schiff base ligands and evaluated their antitumor activity against
HCC. They might be potential TrxR inhibitors which can effectively
inhibit the overexpression of TrxR in HCC. In addition, the ion
gold(IlI) which has a d® electronic configuration is isoelectronic
with platinum(Il) indicating gold(Ill) complexes hold promise as
anticancer agents like cisplatin. Besides, these Schiff base ligands
which are formed by the reaction of 1,2-bis(2-hydroxylphenyl)-1,2-
diaminoethane and p-fluorobenzaldehyde have been capable of
forming stable complexes with platinum and cobalt ions [28,29].

2. Results and discussion
2.1. Synthesis and characterization

Schiff base ligands 1a-4a were synthesized from the corre-
sponding diastereomerically pure 1,2-bis(2-hydroxyphenyl)-1,2-
diaminoethane and two equivalents of p-fluorobenzaldehyde in
the presence of ethanol [30]. Then, 1a-4a, NH4PFs and
NaAuClys-2H>0 were mixed in a dichloromethane and ethanol so-
lution under a nitrogen atmosphere to obtain complexes 1b-4b
(Scheme 1) [31].

The structures of Schiff base ligands 1a-4a and gold(IIl) com-
plexes 1b-4b were characterized by NMR and MS spectra. It should
be noted that there is a free rotation around the central C—C bond
for our Schiff base ligands 1a-3a. It leads to three staggered con-
formations: two structures with a gauche (1a and 2a) and one with
an anti-conformation (3a). The N—CH- protons of 1a and 2a showed
aresonance in the '"H NMR spectra at 3 = 8.16 compared to 5 = 8.34
in 3a. The coordination of Schiff base ligands with gold(IIl), and the
construction of square planar chelate complexes led to the com-
plete disappearance of the resonance signals of the phenolic hy-
droxyl groups in the '"H NMR spectra, which can characterize the
compounds (Figs. S1a and b). This confirms the combination of
oxygen with metal ions (C—O—Au). The resonance signals of the 1,2-
diarylethane moiety and the signal of the N—CH- proton shifted in
different directions. Those of the aromatic protons and the azo-
methine proton suffered a diamagnetic shift, while the ones at the
ethane bridge are paramagnetic shifted.

The 3C NMR spectra of 1a-3a and 1b-3b were also studied.
Upon coordination of 1a-3a with gold(IIl), the azomethine carbons

as well as the fluorine bound carbons (F-Ca,) suffered an upfield
shift, while the CH resonances of 1b-3b appeared at a lower field.
These changes in the >C NMR were only minimal and different
from the shifts observed in the '"H NMR spectra. In addition, posi-
tive mode ESI mass spectrometry documented a base peak corre-
sponding to the [M-PFg]™ fragment for gold(Ill) complexes 1b-4b.
Besides, the '"H NMR spectra of 1b did not change significantly
within 7 days, indicating that gold(Ill) Schiff base complexes were
relatively stable in DMSO-dg/D,0 (V/V = 9: 1) (Fig. S2).

To gain insight into structural parameters and the coordination
chemistry of gold(Ill) Schiff base complexes, crystals of 4b was
grown by slowly diffused methanol into a thick 4b dichloro-
methane solution. As shown in Fig. 1, the gold atom of 4b, which
resides in a square-planar geometry, is four-fold coordinated via
the azomethine nitrogen and the oxygen atom of the phenolic
hydroxyl group. In addition, the space group of single crystals for 4b
is Cmc24, indicating that the stereochemistry of 4b is a mixture of
R,R-, or S,S-isomers (Table S1).

Besides, space coupling of chromophores in a chiral molecule
gives rise to bisignate circular dichroism (CD) curves (Cotton effect)
which enables one to determine absolute configuration and
conformation of small molecules. To verify inversion of stereo-
chemistry for the rearrangement reaction, selected compounds
were determined by CD spectroscopy. As shown in Fig. S1c, there
are strong cotton effects of the same amplitude but of opposite
signs in ingredient 1a, 1b, 2a, and 2b. Thus, the CD spectra
confirmed that the stereostructure of 1b and 2b is different.

2.2. Reaction with glutathione (GSH) and N-acetylcysteine (NAC)

Next, we further examined the stability of the gold(Ill) Schiff
base complex in the presence of biological thiols. As shown in the
Fig. S3A, when 1b was treated with equivalent GSH, the UV ab-
sorption curve changed significantly, indicating the existence of
reactions between 1b and GSH. The interaction of 1b with NAC
was also investigated (Fig. S3B). When 1b was treated with NAC
for 24 h, the peak at 2.9 ppm (-S—CH,—) was split. In addition, the
formation of a yellow precipitate was observed within 10 min
after dissolving in NAC. It can be seen that 1b can still react with it
although the reduction potential of NAC is much higher than that
of GSH, suggesting that the oxidation reaction has occurred.
Therefore, we speculated that 1b can interact with mercapto
biomacromolecules and have a certain oxidation property.
Gold(Ill) may be reduced to gold(I) by reductive substances such
as GSH in vivo.

2.3. In vitro antiproliferative activity

Initially, the antiproliferative activity of 1b-4b and the selected
intermediate 1a against human HCC cells (HepG2, SMMC-7721 and
Hep3B) were tested by MTT assay after 72 h incubation, cisplatin
and auranofin were used as the positive control. As expected,
similar to cisplatin and auranofin, low ICsq values (5.4—12.1 uM) of
1b-4b for the cytotoxicity assay were reached against HCC cells. It
should be noted that the stereoisomerization of the 1,2-diimino-
1,2-diarylethane bridge did not affect their antitumor activity
much. The inactivity (ICsg values > 20 uM) of the Schiff base ligand
1a indicated that the gold center of 1b was important to obtain its
bioactive species.

As outlined in Table 1, HepG2 cell line was the most sensitive to
1b with an ICsg value of 5.40 uM compared to other HCC (SMMC-
7721 and Hep3B) cell lines. Further, we investigated the cytotox-
icity of 1b in other cancer cells (MCF-7 and HT-29). 1b showed
higher 1C5¢ values in MCF-7 (ICso: 10 pM) and HT-29 (ICsp:
10.81 uM) than in HepG2 cells (Fig. S4A).
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Scheme 1. Synthesis of gold(Ill) complexes 1b-4b.

To obtain the safe dose of 1b for further study, we tested the
cytotoxicity of 1b in a normal liver cell line (LO;). Interestingly, 1b
exhibited a slight selectivity towards tumor (5.40 uM in HepG2 cells)
over non-tumor cell lines (10.28 uM in LO, cells) (Fig. S4B). ALT and
LDH release are seen as important indicators of cell membrane
integrity and are widely used for cytotoxicity testing, so we evaluated
the ALT and LDH levels of 1b in LO, cells. 10 pM of 1b caused minimal
harm to normal cell (Figs. S4C and D). In other words, these doses
(2.5 uM, 5 uM, 10 pM) are safe in the follow up studies.

2.4. Interaction with TrxR

As mentioned above, the selenoenzyme TrxR has been consid-
ered to be a putative target for gold complexes. Thus, we studied
the TrxR inhibitory of 1b on isolated enzyme using the DTNB assay.
Interestingly, the activity of purified TrxR was dramatically inhibi-
ted by 1b (ICso = 0.37 uM) (Fig. 2A), suggesting TrxR as a possible
biological target for 1b. This complex is comparably active as most
of gold complexes such as gold N-heterocyclic carbene complexes,
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Fig. 1. X-ray crystal structure conformation of 4b.

Table 1
The antiproliferative activity of 1b-4b against HepG2, SMMC-7721 and Hep3B cell
lines (n = 3, ICsp values, mean + SD [uM]).

Compounds HepG2 SMMC-7721 Hep3B

1b 5.40 + 0.99 10.05 + 1.19 10.89 + 1.26
2b 7.50 +£0.77 10.17 + 1.88 12.01 + 1.82
3b 10.29 + 1.14 8.25+1.29 9.03 + 1.26
4b 6.49 + 0.89 945 +1.89 9.48 + 1.86
1a >20 >20 >20
Cisplatin 142 + 0.21 2.76 + 0.41 132 +0.14
Auranofin 1.74 £ 0.32 224+ 024 1.93 + 0.21

but slightly less active than auranofin (ICsp = 82.6 nM) [32]. It
should be mentioned that though auranofin has the good inhibitory
effect in TrxR, it showed the rapid metabolization and conjugated
to serum proteins before reaching the target enzyme [19,24,33,34].
In addition, these gold(Ill) complexes may act through a different
mechanism such as oxidative damage to the enzyme [35].

Next, we measured the TrxR inhibitory activity of 1b in HepG2
cells. In this assay, 1b showed a TrxR inhibitory activity (with an
IC50 = 6.51 uM) (Fig. 2B), showing that it may represent a fresh kind
of TrxR inhibitor with potential for the further research. Besides, we
also evaluated the mRNA levels of TrxR by real-time PCR analysis
after treatment of 1b (2.5 uM, 5 uM, and 10 uM) for 24 h in HepG2
cells. As shown in Fig. 1C, 1b reduced TrxR activity in HepG2 cells.
The immunofluorescence and Western blot analysis further
confirmed these alterations (Fig. 2D—E). The TrxR expression was
highly expressed in control (DMSO), and the expression was dose-
dependently decreased after treatment with 1b. Overall, all these
results confirmed that the selenoprotein TrxR could be a possible
target for our gold(Ill) Schiff base complexes.

2.5. 1b induced HepG2 cells apoptosis by mitochondrial dysfunction
and ROS production

Gold complexes have been reported to bring out computable
mitochondrial dysfunction, and cause cancer cell death through
inhibiting TrxR activity [15,22,36]. Therefore, we used the JC-1 kits
to test the mitochondrial membrane potential (MMP) with the
treatment of 1b (2.5 uM, 5 uM, and 10 pM). After treated HepG2
cells with 1b for 24 h, the green (monomeric) fluorescence was
increased compared to the control (DMSO) (Fig. 3A), indicating that
the mitochondrial dysfunction might be important in death
processing.

The damage of mitochondrial could cause the increase of ROS
[37]. The imbalanced ROS after treated with 1b (2.5 pM, 5 pM, and
10 uM) for 24 h in HepG2 cells triggered cellular dysfunction
consequently (Fig. 3B). Then, the ability of 1b to induce nuclear
apoptosis morphology was further detected by Hoechst 33258
staining (Fig. 3C). The nuclei of HepG2 cells appeared hyper
condensed (brightly stained) in 1b-treated group. In addition, try-
pan blue staining revealed that 1b induced HepG2 cells death dose-
dependently (Fig. 3D). These results indicated that 1b could impair
mitochondrial function effectively and induce the strong apoptosis
in HepG2 cells.

2.6. 1b-induced cells arrest in G2/M and apoptotic pathways

The effect of 1b (2.5 uM, 5 uM, and 10 pM) on cell cycle pro-
gression was further investigated. The proportion of cells that
accumulated in the G2/M phase increased compared to the GO/G1
and S phases after treated with 1b for 72 h (Fig. 4A and B). Inter-
estingly, as shown in Fig. 4C and D, the expression cycle-related
proteins’ levels of G2/M phase (Cyclin A and CDK2) were signifi-
cantly reduced after treatment of 1b (10 uM) compared to the
DMSO control.



M. Bian et al. / European Journal of Medicinal Chemistry 193 (2020) 112234 5
A B 15- ¢
037 Control £ 1.5
0.125 pM = n
= 0.25 M £ 2 101 2=
i s 3%
£ 1M = 23
2 04 2 t’E ke 0.5+ - E
% T8 22
ko
0.0 ; ; . ; : . -
200 400 600 800 1000 1200 0.0- o
Time (second) o & @& & @
R R
D E
15
TrxR 5
TR | - 35
DAPI @5
" o 05
Pactn | SEESC——— | 2 =
& ~
DMSO 25 5 10 o
Merge :
b (M R
o‘é) @ 2

DMSO

1b (uM)

Fig. 2. 1b inhibited the expression of TrxR. (A) Inhibition of the purified TrxR by 1b. (B) Quantification of TrxR activity in HepG2 cells treated with 1b at 37 °C for 24 h. (C) mRNA
level of TrxR in HepG2 cells treated with 1b. (D) Immunofluorescence analysis of TrxR (original magnification, 40 x ). (E) Western blot analysis of TrxR. Error bars: S.D., n = 3.
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In addition, the percentage of apoptotic cells was dose-
dependently increased after treatment with 1b for 72 h (Fig. 5A
and B). The number of apoptotic cells in 1b (10 uM) treatment is the
highest compared to other group. Besides, 1b increased the
expression of the pro-apoptosis proteins AIF, cytochrome ¢ and
cleaved-PARP/PARP (Fig. 5C and D). The level of apoptotic marker
(AIF) by immunofluorescence analysis is consistent with Western
blot (Fig. 5E). Collectively, these data supported that the inhibition
of HepG2 proliferation and promotion of apoptosis were significant
in anti-HCC.

2.7. 1b activated endoplasmic reticulum stress (ERS) in HepG2 cells

Next, we studied the further mechanism of downstream
signaling molecules involved in 1b-induced mitochondrial activa-
tion. Gold(IIl) complex was recently reported to display cytotoxicity
through ER damage [38,39]. Thus, we tested the intracellular ROS
and ERS in HepG2 cells. It was noticed that a clear colocalization of
ROS with the ER after incubating with 1b (2.5 uM, 5 uM, 10 uM). The
1b could significantly increase the fluorescence level, and activate
the colocalization of ROS and ERS dose-dependently (Fig. 6A). Thus,
the activation of ROS is accompanied by the ERS activation, and it is
extremely possible owing to the increased the membrane perme-
ability of ER after the drug stimulation.

To find the interesting pro-apoptotic pathway activated by 1b in
HepG2 cells, we tested the ERS-induced cancer cell apoptosis,
which becomes a novel signaling target. As shown in Fig. 6B and C,
C/EBP homologous protein (CHOP) and Calnexin, which are an ER
chaperone and a major marker of prolonged ERS respectively, were
up-regulated after treating HepG2 cells with 1b for 24 h. It is
indicated that 1b could activate the ERS in HepG2 cells effectively.
The level of protein by Western blot is consistent with immuno-
fluorescence analysis (Fig. 6D and E). All these results showed that
gold(Ill) complex 1b could induce ROS led to the activation of a
lethal ERS, at least partly contributing to the apoptosis in HepG2
cancer cells.

2.8. Activation of ERS and ROS is required for 1b to reduce the TrxR
level in HepG2 cells

To explore whether ROS and ERS play an important role in 1b-
induced apoptosis in HepG2 cells, we used the ERS-specific inhib-
itor salubrinal (Sal) (10 uM) and ROS-specific scavenger NAC
(2 mM) to inhibit the expression of ERS and ROS respectively. It was
observed that 1b inhibited the TrxR level by immunofluorescence
analysis, while Sal and NAC treatment can counteract this effect
observably (Fig. 7A and B). Western blot analysis is consistent with
the results (Fig. 7C and D). As high ROS levels can trigger the
rupture of mitochondrial membrane, we further surmised whether
inhibiting ERS activation could facilitate the TrxR expression. Re-
sults indicated that 1b (5 uM) could efficiently reduce the viability
of TrxR, however, this effect can be counteracted by treatment with
Sal (10 uM) obviously (Fig. 7E). Following, we used the NAC to offset
the generous accumulation of ROS. From the PCR analysis, 1b
reduced the TrxR activity, and NAC treatment was opposite trend
compared with 1b treatment (Fig. 7F). Subsequently, we explored
whether the ROS accumulation in the ER domain induced the
activation of ERS. Pretreatment of HepG2 cells with NAC, we found
specific ROS clearance in cells against 1b induced cell death
through ERS, the markers of ERS (CHOP and Calnexin) were all high
expressions in 1b treatment and reversion by NAC (Figs. S5A and B).
Western blot analysis is consistent with the results (Figs. S5C and
D). Accordingly, our studies clearly demonstrated that the biolog-
ical action of 1b in HepG2 cells is reliant on its interaction with TrxR
and ERS.

2.9. Interaction with DNA

DNA symbolizes a primary target for anticancer metal com-
plexes including gold complexes [40—42]. Thus, we studied the
DNA binding to identify the binding of our gold(Ill) Schiff base
complex 1b with the calf thymus DNA (CT-DNA). With the DNA
concentration increased, the absorption of 1b has an obvious
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hyperchromicity indicating that there may be a hydrogen bonding
action between CT-DNA and 1b (Fig. S6). Next, we investigated DNA
conformational changes induced by 1b in PBS buffer solution
(pH = 7.2) at various ratios (r, = [1b]/[DNA] of 0.0, 0.02, 0.05, 0.1) by
CD spectroscopy. Interestingly, the positive CD signal was remark-
ably reduced at 273 nm. These may show mw— interactions be-
tween the DNA nucleobases and the w-system of 1b, which need
further research to prove.

2.10. 1b improves liver damage and tumor microenvironment
in vivo

A great deal of animal models provide relevant information on
the pathogenesis of HCC [43—45]. Chronic treatment with carbon
tetrachloride (CCly) is a mature method to induce liver cancer
[4,45—47]. Hence, to further assess the anti-HCC activity of 1b
in vivo, we chose CCls-induced chronic HCC mice. Intraperitoneal
injection CCly into the mice for 16 weeks induced chronic liver
injury which led to pathological morphological changes in liver,
including inflammation, steatosis, and necrosis.

At the sixteenth week, mice liver in model group turned
yellowish-tan with diffuse uniform micronodules separated by
fibrous septa. Steatosis, severe centrilobular necrosis, porto-portal
and porto-central bridging fibrosis, rearrangement of blood circu-
lation and pseudolobule with macrophage infiltration were
observed in the model group. All animal livers dealt with CCl4 had
cirrhotic features, which indicated that the liver cirrhosis model
was successfully modeled (Figs. S8 and 8A). To test the protective
effect of 1b (20 mg/kg), we analysed biochemical markers of liver
injury after CCly treatment. H&E staining showed that treatment
with 20 mg/kg of 1b significantly ameliorated the morphological
changes in liver tissue. However, normal liver lobule destruction,
altered hepatic foci, hepatocellular edema, steatosis and marked
nuclear polymorphism in H&E staining were still observed in CCly
group (Fig. 8A). Collagen accumulation accompanies fibrogenesis,
therefore, liver tissue sections were stained with Masson’s and
Sirius red reagent to examine collagen expression in the mouse
liver. These results showed that collagen was obviously increased in
the CCly-injured liver but was decreased in the 1b treatment group
(Fig. 8B and C). The levels of liver injury factors, AST, ALT and LDH,
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were effectively increased in the CCl4; model group and decreased
by 1b treatment group (Fig. 8D). Interestingly, H&E staining anal-
ysis further indicated nontoxicity in mouse hearts, spleens, lungs
and kidneys at the dose of 20 mg/kg (Fig. 8E). Taken together, these
results can provide more in vivo evidence that treatment of 1b did
reduce the accumulation of collagen and inhibit the inflammation
in HCC model mice.

During chronic liver disease, inflammation is commonly
accompanied by hepatocellular injury [48]. Inflammatory cells and

1.

regulatory factors are present in the microenvironment of most
liver injury. The inflammatory microenvironment has direct
mutagenic effects [49]. As NFkB pathway plays an essential role
connecting inflammation and cancer, we tested the expression of
NFkB using Western blot and immunofluorescence analyses. It
shows that the higher NFkB level in model group than 1b treatment
group, indicating that NFkB pathway was activated during hep-
atocarcinogenesis (Fig. 9A and B). In addition, severe inflammatory
cell infiltration in livers exposed to CCly was suppressed by 1b, as
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characterized by a decrease in the number of TNFa and IL-1p.
Immunohistochemistry and immunofluorescence analysis showed
that 1b treatment could improve the inflammation level in CCly
model group (Fig. 9C—F). Thus, 1b treatment could improve
inflammation microenvironment and relieve liver injury.

Furthermore, we examined the effects of TrxR which is
expressed in inflamed sites might be involved in inflammatory
reactions via NFkB activation [50]. Immunohistochemistry and
immunofluorescence analysis were further tested to confirm the
level of TrxR, the expression of TrxR was high in CCls-injured liver,
and treatment with 1b significantly reversed these changes
(Fig. 10A and B). In liver tissue and serum, the analysis is consistent
with the results in immunohistochemistry and immunofluores-
cence analyses (Fig. 10C—E). Overall, these results can provide some
evidences that treatment of gold(IIl) Schiff base complex 1b could
improve the CCly induced the liver damage by down-regulation of
TrxR expression and inflammation level in HCC model mice.

3. Conclusion

In summary, a series of gold(lll) Schiff base complexes were
synthesized and exhibited very promising anti-HCC activity.
Among them, the most active complex 1b has a strong effective
TrxR inhibitory activity both in vitro and in vivo. As shown in Fig. 11,
the most active gold(Ill) Schiff base complex 1b targets TrxR to
induce ROS in HepG2 cells and finally activate ROS-dependent ERS
activation. Eliminating the ERS by the inhibitor Sal totally abolished
the anticancer effects. Moreover, excessive accumulation of ROS can
lead to mitochondrial dysfunction. In other words, 1b-induced ERS
is a secondary response to 1b-induced ROS and it could overstate
the cell death instead of being a mediator in HCC cells. The
considerable ROS release and TrxR inhibition of 1b induced a
prominent ERS response. Besides, 1b treatment was able to prevent

p < 0.001 compared with control, *p < 0.05, **p < 0.01 and ***p < 0.001 compared with group CCl,. (For interpretation of the references to colour in this figure legend, the

hepatocarcinogenesis and progression in mice models. In our study,
this complex could improve the CCls-induced liver damage and
inflammation level. Thence, 1b may represent a novel gold-based
TrxR inhibitor and a potential candidate for the treatment of HCC.

4. Experimental section
4.1. General materials and instrumentations

All reagents were obtained commercially and were used
without further purification. Solvent was dried and used according
to standard procedures. All chemical reactions were monitored by
TLC. Deuterated solvents were purchased from Cambridge Isotope
Lab Inc. (CIL). Solutions for all spectroscopic and biological studies
were prepared with solvents of HPLC grade and doubly distilled
water from Millipore (>18.2 MQ). Antibodies, such as TrxR were
purchased from Proteintech Co. (China), AIF and B-actin were pur-
chased from Wuhan Sevier Biotechnology Co. (China). JC-1 assay
kits were purchased from KeyGen Co. (China); ROS assay kit, ATP
assay kits and all secondary antibodies were purchased from
Beyotime Biotechnology (China). TrxR activity assay kits were
purchased from Solarbio (Beijing), purified TrxR (rat liver) was
purchased from Sigma-Aldrich Co. Antibodies against Calnexin and
CHOP were purchased from Wan Lei Biology Antibody (China). The
primers used in PCR were purchased from GenScript Co. Ltd.
(China). PBS, Dulbecco’s Modified Essential Medium (DMEM) and
trypsin-EDTA were bought from GIBCO BRL (USA).

TH and ¥C NMR data were acquired on a Bruker AV-500. HPLC
data were recorded on a Waters Arc. UV-2401PC spectrophotom-
eter was used for recording electronic absorption spectra. CD
spectra were recorded on circularly polarized fluorescence spec-
trometer CPL 300. Fluorescent microscopy was performed using a
Leica DMi8 fluorescence microscope. ESI-MS spectra were obtained
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by Agilent 6125 and HRMS spectra were acquired on Agilent 6210
ESI-TOF. Flow Cytometer was BD C6 Plus. MTT and protein assays
were quantified by Perkin-Elmer Fusion Reader (Packard BioSci-
ence Company). X-Ray Single Crystal Diffractometer was BRUKER
Smart APEX I CCD. The purity of the target compounds was eval-
uated using HPLC proving > 95% purity.

4.2. Synthesis and characterization

4.2.1. General procedure for the synthesis of Schiff base ligand 1a-
4a

2.4 mmol of p-fluorobenzaldehyde was added to a cloudy so-
lution of 220 mg (1 mmol) of 1,2-bis(2-hydroxylphenyl)-1,2-
diaminoethane in 3.3 mL of ethanol. The clear reaction mixture
was stirred for 12 h at room temperature to give 1a-4a as a yellow
precipitate. The yellow precipitate was filtered, washed with 10 mL
of ethanol, and dried in vacuum.

p < 0.001 compared with control, *p < 0.05, **p < 0.01 and ***p < 0.001 compared with group CCl4.

4.2.2. General procedure for the synthesis of gold(Ill) Schiff base
complexes 1b-4b

A solution of NH4PFg (0.14 mmol) in EtOH (1 mL) was added to a
suspension of NaAuClse2H;0 0.05 (mmol) in CH,Cl, (1 mL). After
the dropwise addition of a solution of Schiff base ligands 1a-4a
(0.2 mmol) in CH,CI, (1 mL), the reaction mixture was stirred for
24 h. Then, hexane was added to the action mixture to induce
precipitation. The precipitate was collected and washed with
chloroform. The collected precipitate was dissolved in CH3CN and
filtered. The filtrate was concentrated under reduced pressure and
dried in vacuum to give gold(Ill) Schiff base complexes 1b-4b.

2,2’-((1E,1’E)-(((1S,2S)-1,2-bis(4-fluorophenyl)ethane-1,2diyl)
bis(azanylylidene))bis(methanylylidene))diphenol (1a). Yield 69%;
Yellow solid; 'H NMR (500 MHz, CDCl3) 3 13.13 (s, 2H), 8.34 (s, 2H),
7.35—7.26 (m, 2H), 7.20—7.11 (m, 6H), 6.96 (dd, ] = 17.7, 8.7 Hz, 6H),
6.84 (t, ] = 7.5 Hz, 2H), 4.69 (s, 2H).>*C NMR (126 MHz, CDCl3)
0 166.41, 163.10, 161.14, 160.82, 134.96, 132.82, 131.86, 129.36,
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118.93, 118.43, 116.93, 115.49, 115.32, 79.54. ESI-MS: 4572 CD3CN) 8 7.97 (s, 2H), 7.79 (ddd, J = 8.7, 7.0, 1.7 Hz, 2H), 7.58 (dd,
(IM+H]™). J=81,1.6 Hz, 2H), 7.48—7.40 (m, 4H), 7.34 (d, ] = 8.6 Hz, 2H), 7.23

[2,2’~((1E,1’E)-(((1S,2S)-1,2-bis(4-fluorophenyl)ethane-1,2-diyl) (dd, J = 12.2, 5.4 Hz, 4H), 7.05—6.96 (m, 2H), 5.74 (s, 2H).>C NMR
bis(azanylylidene))bis(methanylylidene))diphenol]gold(Ill) hexa- (126 MHz, CD3CN) 8 164.77, 162.79, 160.86 , 140.10, 136.48, 132.19,
fluorophosphate (1b). Yield 16%; Red solid; '"H NMR (500 MHz, 127.20, 119.89, 119.02, 118.14 , 116.93, 116.75, 80.08. ESI-MS: 651.0
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([M-PFg] ™).
2,2’-((1E1E)-(((1R,2R)-1,2-bis(4-fluorophenyl)ethane-1,2-diyl)
bis(azanylylidene))bis(methanylylidene))diphenol (2a). Yield 53%;
Yellow solid; 'H NMR (500 MHz, CDCl3) 3 13.13 (s, 2H), 8.34 (s, 2H),
7.34—7.26 (m, 2H), 7.16 (ddd, J = 13.9, 8.1, 3.3 Hz, 6H), 6.96 (dd,
J = 17.7, 8.8 Hz, 6H), 6.84 (t, ] = 7.4 Hz, 2H), 4.69 (s, 2H).>C NMR
(126 MHz, CDCl3) d 166.41, 163.10, 161.14 , 160.82, 134.97, 132.82,
131.86, 129.37, 118.93, 118.43, 116.93, 115.49, 115.32, 79.54. ESI-MS:
457.2 ([IM+H]™).
[2,2’-((1E,1’E)-(((1R,2R)-1,2-bis(4-fluorophenyl)ethane-1,2-diyl)
bis (azanylylidene))bis(methanylylidene))diphenol]gold(Ill) hexa-
fluorophosphate (2b). Yield 13%; Red solid; 'H NMR (500 MHz,
CD3CN) § 7.98 (s, 2H), 7.79 (ddd, J = 8.6, 7.1, 1.6 Hz, 2H), 7.59 (dd,
J =8.0,1.5 Hz, 2H), 7.43 (dd, ] = 8.7, 5.2 Hz, 4H), 7.34 (d, ] = 8.6 Hz,
2H), 7.24 (t, ] = 8.8 Hz, 4H), 7.01 (t, ] = 7.5 Hz, 2H), 5.74 (s, 2H).*C
NMR (126 MHz, CD3CN) 3 164.77, 162.79, 160.86, 140.10, 136.48,
132.19, 127.20, 119.89 , 119.02 , 118.13 , 116.93 , 116.75, 80.08. ESI-
MS: 651.0 ([M-PFg]™).
meso-2,2’-((1E,1’E)-((1,2-bis(4-fluorophenyl)ethane-1,2-diyl)
bis(azanylylidene))bis(methanylylidene))diphenol (3a). Yield 63%;
Yellow solid; "H NMR (500 MHz, CDCl3) 3 12.99 (s, 2H), 8.16 (s, 2H),
7.36—7.30 (m, 2H), 7.30—7.22 (m, 4H), 7.14 (dd, ] = 7.6, 1.2 Hz, 2H),
7.06—6.94 (m, 6H), 6.87 (t, ] = 7.4 Hz, 2H), 4.72 (s, 2H).>*C NMR
(126 MHz, CDCl3) d 166.11, 163.20, 161.24, 160.75, 135.12, 132.86,
131.82, 129.53, 118.93, 118.47, 116.93, 115.61, 115.44, 79.27. ESI-MS:
4572 (IM+H] ).
meso-2,2"-((1E,1’E)-((1,2-bis(4-fluorophenyl)ethane-1,2-diyl)
bis(azanylylidene))bis(methanylylidene))diphenol]gold(Illl)  hexa-
fluorophosphate (3b). Yield 17%; red solid; 'H NMR (500 MHz,
CDsCN) 8 8.36 (s, 2H), 7.81 (t, ] = 7.8 Hz, 2H), 7.61 (d, ] = 8.0 Hz, 2H),
7.35(d, ] = 8.6 Hz, 2H), 7.20—7.14 (m, 4H), 7.09 (t, ] = 8.7 Hz, 4H), 7.03
(t,J = 7.5 Hz, 2H), 5.81 (s, 2H). 3C NMR (126 MHz, CD3CN) § 164.38,
162.51, 162.41, 161.01, 140.40, 136.42 , 131.78, 128.12, 119.99, 119.40,
118.22, 115.96, 115.78, 78.68. ESI-MS: 651.0 ([M-PFs] ™).
d,I-2,2’-((1E,1’E)-((1,2-bis(4-fluorophenyl)ethane-1,2-diyl)
bis(azanylylidene))bis(methanylylidene))diphenol (4a). Yield: 72%;
yellow solid; 'H NMR (DMSO-dg): & 13.15 (s, 2H), 8.56 (s, 2H),
7.27—7.38 (m, 8H), 7.07—7.15 (t, 3 ] = 8.81 Hz, 4H); 6.81—6.89 (m,
4H); 5.11 (s, 2H). ESI-MS: 457.4 ([M+H]").
d,I-2,2’-((1E,1’E)-((1,2-bis(4-fluorophenyl)ethane-1,2-diyl)
bis(azanylylidene))bis(methanylylidene))diphenol]gold(Ill) hexa-
fluorophosphate (4b). Yield 56%; Red solid;'H NMR (DMSO-dg):
0 8.19 (s, 2H), 7.74—7.82 (m, 4H), 7.46—7.51 (m, 4H), 7.27—7.34 (m,
6H), 6.94—6.98 (m, 2H), 5.90 (s, 2H). ESI-MS: 651.1 ([M-PFg]™).

4.2.3. X-ray crystallographic analysis

Monocrystal of 4b was obtained by slowly diffusing methanol
into concentrated solution of 4b of dichloromethane. The data was
collected at 193 K on a BRUKER Smart APEX II CCD area-detector
diffractometer with graphite-monochromated Mo Ko radiation
(A = 0.71073 A). Single crystal structure analysis and correction
were performed using the SHELX-2014 kit program. More detail
data about complex 4b seen in supporting information via www.
ccdc.cam.ac.uk/structures at a CCDC number: 1975710 or at a DOI
number: 10.5517/ccdc.csd.cc249wly.

4.2.4. Stereostructure analysis

Complexes 1a, 2a, 1b, 2b and ingredients were dissolved in THF
(100 uM). CD spectra were recorded in a cuvette of 1 cm path
length, over the range of 200—800 nm, the scan rate of
200 nm min~"! and the slit width of 3000 pm.

4.2.5. Stability analysis
1b was mixed with 10% D,0+90% DMSO-dg over a period of
168 h and 'H NMR spectra were taken in different times.

4.2.6. Interaction with GSH and NAC

The solution with 50% DMSO-dg + 50% D,O containing the
complex 1b (0.25 mM) and GSH (0.25 mM) or NAC (0.25 mM) was
analysed by UV-Vis and 'H NMR at different times.

4.2.7. DNA binding test

The interaction of complex 1b with CT-DNA was studied by
UV—Vis and CD spectra in PBS buffer (10 mM, pH = 7.2). The CT-
DNA (1.24 mM) stock solution was stored in a refrigerator at 4 °C
and stored for less than 5 days before use.

4.2.8. UV—Vis spectral analysis

The stock solution of complex 1b was diluted 200 times with PBS
buffer to obtain 1.0 x 10~ M solution (3 mL). Then CT-DNA stock
solution was added gradually. When the mixture solution had
reacted sufficiently, the UV—Vis absorption spectra were recorded.

4.2.9. CD spectral analysis

Complex 1b was dissolved in PBS buffer (10 mM, pH = 7.2). A
series of samples containing CT-DNA (50 uM) and increasing con-
centrations of complex 1b (r, = [complex]/[DNA]), r, = 0.0, 0.02,
0.05, 0.1) were prepared and incubated for 24 h at 37 °C. CD spectra
was recorded in a cuvette of 1 cm path length, over the range of
200—500 nm, the scan rate of 200 nm min~! and the slit width of
3000 pm.

4.3. Growth inhibitory assay

Cells were seeded into 96-well plates at a density of 2 x 10% per
well and allowed to attach overnight in DMEM containing 10%
heat-inactivated FBS. 1b dissolved in DMSO and the control group
was treated with 0.1% DMSO. The antiproliferation effect of com-
pounds was measured using the MTT cytotoxicity assay. The spe-
cific steps are as follows: adding 5% MTT (5 mg/mL, PBS) reagent to
the cells treated with the compounds, incubating for 4 h at 37 °C,
adding 200 pL DMSO and shaking 10 min. Detected the absorbance
at 490 nm. The concentration range of each complex was selected
based on the cytotoxicity. The growth inhibitory rates of the com-
plexes were calculated as (ODcontro] — ODtest)/ODcontrol x 100%. Half
maximal inhibitory concentration (ICsg) value of the drug concen-
tration corresponding to the inhibition rate at 50% was calculated
using Graphpad Prism 5 statistical analysis. All experiments were
conducted three times to ensure the reproducibility of the results.

4.4. Purified TrxR enzyme assay

DMSO or with 1b (0.125 uM, 0.25 uM, 0.5 uM, 1 pM, 2 pM) and
rat liver TrxR (0.15 U) were dissolved in 50 pL reaction buffer. Added
225 uL of reaction mixture to each well. And the reaction was
started by adding 25 pL solution of 20 mM DTNB. After appropriate
mixing, record the absorption data at 405 nm with a microplate
reader. The increase in TNB concentration over time follows a linear
trend (r > 0.99), and the enzyme activity is calculated as its slope
(increased absorbance per 30 s). For each test compound, it was
confirmed by non-interference test components by using a nega-
tive control experiment without an enzyme solution.

4.5. PCR assay

Trizol reagent was used to extract HepG2 RNA according to the
manufacturer’s instructions. Real-time PCR was executed by 7500
RT-PCR system as described previously [51,52]. The mRNA levels of
the target genes were calculated and results are from triplicate
experiments. The following primers (GenScript, Nanjing, China)
were used: B-actin: (forward) 5'-TGTGGATCAGCAAGCAGGAGTA-3/,
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(reverse) 5'-TGCGCAAGTTAGGTTTT GTCA-3'.
TrxR: (forward) 5-GCCCTGCAAGACTCTCGAAATTA-3/,

(reverse) 5'-GCCCATAAGCATTCTCATAGACGA-3'.

4.6. Cellular activities of TrxR assay

HepG2 cells were treated with different concentrations of 1b for
24 h. Then, the culture was carefully discarded and washed twice
with PBS. Total cell protein was extracted by treatment with RIPA
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.5% deoxycholate,
2 mM EDTA, 0.1% SDS, 1% Triton X-100, 1 mM PMSF and 1 mM
NasVOg4) in an ice bath and quantified using the Bradford program.
The activity of TrxR in cells was determined according to the TrxR
activity detection kit (Beijing Solarbio Science & Technology).

4.7. Immunofluorescence staining

HepG2 cells were seeded in 24-well plates and cultured for 24 h,
then treated with 1b for another 24 h. Incubating with antibodies
overnight at 4 °C, followed by treating with anti-rabbit IgG for 2 h
and then the cells were washed for three times. The nuclei of
HepG2 cancer cells were dyed by 4’,6-Diamidino-2-phenylindole
(DAPI). Immunofluorescence was detected with a fluorescence
microscope (Leica DMi8).

4.8. Western blot analysis

HepG2 cells (1 x 108 cells/well) were inoculated into a 10 cm
diameter tissue culture dish (10 mL/well), and then treated with 1b
at different dose for another 24 h. Cell lysates were prepared using
protease and phosphatase inhibitors. BCA assay kits were used to
determine protein levels. After the separation process, the proteins
were imprinted onto the PVDF membranes and blocked overnight,
and incubated with the suitable secondary antibody for 2 h, then
washed with PBST, the bands of protein detected by chem-
iluminescence procedure (ECL, Amersham).

4.9. Intracellular ROS measurement and ROS-ERS colocalization

HepG2 cells (2 x 10* cells/well) were inoculated in 24-well
plates and treated with 1b incubated for 24 h, then washed with
PBS and 10 pM CM-DCFH2-DA for 20 min at 37 °C in darkness. ROS
generation in HepG2 cells was assessed by the fluorescent probe
CM-DCFH2-DA (Molecular Probes, Invitrogen). The ER-Tracker Red
was used to examine the effects of binding to sulfonylurea re-
ceptors in the ER. The fluorescence increase was visualized by a
Leica DMi8 fluorescent microscopy.

4.10. Measurement of MMP

HepG2 cells (2 x 10* cells/mL) were seeded on cover slips in a
24-well plate and incubated for 24 h in supplemental medium and
then treated with 1b or DMSO for 2 h. After that, the cells were
treated with JC-1 (5 uM) for 30 min, washed with PBS buffer for
three times, the cell staining was observed with a fluorescence
microscope.

4.11. Cell cycle arrest and apoptosis analysis
HepG2 cells (2 x 10* cellsjwell) were seeded in 6-well plates

and cultured for 24 h followed by the treatment with DMSO or 1b
for another 72 h. Cellular DNA flow cytometric kits (Nanjing Key

Gen Biotech) were used according to the manufacturer’s protocol to
determine the stage of the cell cycle, specifically GO/G1, S, or G2/M,
by flow cytometry (BD, Franklin Lakes, NJ, USA). Apoptosis was
determined by FITC-labeled annexin V/PI double staining. The
percentages of annexin-positive HepG2 cells without PI staining
were determined by flow cytometry (FACS Calibur; BD). The data
were analysed using cell quest software.

4.12. Assessment of LDH release

HepG2 cells were cultured in 96-well plates with the corre-
sponding treatment. LDH release was determined using commer-
cially available kits according to the manufacturer’s instructions
(Jiancheng, China). Absorbance was measured at a wavelength of
450 nm. The data were expressed as a percentage of the control
values. Each culture was performed in three duplicates.

4.13. Chronic liver cancer model caused by CCly

All experiments involving mice were approved by the institu-
tional and local ethics committee (Beijing Weitong Lihua Labora-
tory Animal Technology Co., Ltd., China). According to National
Institutes of Health guidelines, all mice were gained humane
sympathy. Four-week-old male ICR mice (18—22 g) were randomly
divided into 3 groups of 6 mice each, and all animals were fed under
standardized conditions with a light/dark cycle of appropriate hu-
midity at room temperature, and provided water and standard
pathogen-free feed. Group one was the vehicle control, in which the
mice were treated without CCl4 or 1b treatment. Group two was the
CCls model group. Group three was the drug treatment group, in
which the mice received CCl4 and 1b at the same time. Groups two
and three were injected with CCl4 (5 mL/kg) three times a week and
treated for 16 weeks to induce liver injury. Groups three was
intraperitoneally injected with 1b (20 mg/kg) daily for the last two
weeks. After 16 weeks, collected the liver and blood and the livers
were fixed in 4% paraformaldehyde buffer for subsequent Western
blot analysis and histological analysis.
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