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Metallodrugs exhibiting distinct mechanisms of action compared with cisplatin hold promise for overcoming
cisplatin resistance and improving the efficacy of anticancer drugs. In this study, a new series of rhodium (Rh)
(III) complexes containing tris(triphenylphosphine)rhodium(I) chloride [(TPP)3RhCl] (TPP = triphenylphos-
phine, TPP=0 = triphenylphosphine oxide) and 8-hydroxyquinoline derivatives (H-XR1-H-XR4), namely [Rh
(XR1)2(TPP)CI]-(TPP=0) (Yulin Normal University-la [YNU-1a]), [Rh(XR2)(TPP)CI] (YNU-1b), [Rh
(XR3)2(TPP)Cl] (YNU-1c¢), and [Rh(XR4)o(TPP)Cl] (YNU-1d), was synthesized and characterized via X-ray
diffraction, mass spectrometry and IR. The cytotoxicity of the compounds YNU-1a-YNU-1d in Hep-G2 and
HCC1806 human cancer cell lines and normal HL-7702 cell line was evaluated. YNU-1c exhibited cytotoxicity
and selectivity in HCC1806 cells (ICso = 0.13 & 0.06 pM, selectivity factor (SF) = 384.6). The compounds YNU-
1b and YNU-1c¢, which were selected for mechanistic studies, induced the activation of apoptotic pathways and
mitophagy. In addition, these compounds released cytochrome c, cleaved caspase-3/pro-caspase-3 and down-
regulated the levels of mitochondrial respiratory chain complexes I/IV (M1 and M4) and ATP. The compound
YNU-1c, which was selected for in vivo experiments, exhibited tumor growth inhibition (58.9 %). Importantly,
hematoxylin and eosin staining and TUNEL revealed that HCC1806 tumor tissues exhibited significant apoptotic
characteristics. YNU-1a-YNU-1d compounds are promising drug candidates that can be used to overcome
cisplatin resistance.

1. Introduction

Transition metals have major advantages over organic compounds
for the development of new therapeutic drugs, including varying ge-
ometries, coordination numbers, oxidation states, and thermodyna-
mic—kinetic characteristics [1-3]. Metal complexes may be used as
scaffolds, and a desired therapeutic value can be obtained by incorpo-
rating different metal ions and active organic ligands. In vivo, metal ions
exist in the form of electron-deficient cations and are readily linked to
biological targets of electron-rich biomolecules, such as proteins and

DNA, through noncovalent interactions [3,4]. In the 1960s, cisplatin
was accidently discovered and demonstrated to possess potent anti-
cancer properties [1,5]. Since then, metal-based chemotherapeutic
drugs have gained widespread attention from chemists. Although the
rhodium (Rh)(III) center is kinetically inert, a few studies have exam-
ined its biological effects [6]. Recent studies have indicated that the
incorporation of appropriate ligands increases the reactivity of Rh
complexes toward biological targets [6]. These complexes exhibit
promising anticancer activity and distinct mechanisms of action (MoAs)
compared with platinum drugs. For example, several Rh(III) complexes
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inhibit cell proliferation through various mechanisms, such as mito-
chondrial dysfunction, autophagy, or immunological pathways [6-13].
Rh-based anticancer complexes can be categorized into two types based
on their structure: half-sandwich complexes and cyclometalate com-
plexes [14]. Notably, Guo et al. synthesized a series of organometallic
half-sandwich Rh(III) complexes with the structural formula [(n6-are-
ne)/(ns—Cp*)Rh(XY)Cl]o/ * (Cp*: Cs(CH3)s; XY: bidentate chelating li-
gands), which resulted in cell cycle arrest, disruption of lysosomal
integrity [15], and generation of reactive oxygen species (ROS) [12,16].

A survey by Njardarson revealed that nitrogen heterocycles account
for 59 % of the small molecule drugs approved by the FDA in 2014 [17],
with each drug containing at least one nitrogen heterocycle. The com-
pound 8-hydroxyquinoline (8-OHQ) contains a pyridine ring that pro-
vides an N-donor ligand fused with a phenol, which further provides an
O-donor ligand; 8-OHQ is the backbone of drugs that form (N, O)
five-membered chelate rings with metal ions [18-20]. Derivatives of
8-OHQ exhibit biological activity in several diseases (e.g., 5-nitro-8--
OHQ for infectious diseases and 5-chloro-7-iodo-8-OHQ for neuropa-
thies) [18-20]. Recently, many novel quinoline metal complexes, which
have shown promising anticancer activity in vitro and in vivo, have been
reported, including ruthenium(II) [21-24], copper(Il) [25-27], cobalt
(ID) [25,28], nickel(Il) [25,29], zinc(I) [26,30], lanthanide(III) [31],
iron(III) [32], platinum(I) [33], vanadium(IV) [34], and Rh(III) [8,
35-38] complexes. Enyedy reported the activity of 8-OHQ-amino acid
hybrids and their [Rh(ns-CsMes) (H20)3]2+ complexes, which exhibited
high stability and were more effective in treating drug-resistant Colo
320 cells than drug-sensitive Colo 205 cells [35]. Moreover, they
interacted with calf thymus DNA (ct-DNA) as well as human serum al-
bumin, but DNA cleavage was not observed [36]. In addition, Chen and
Liang synthesized the novel 8-OHQ-Rh complex and found that the
unsubstituted and methyl-substituted 8-OHQ-Rh(III) complex can
induce tumor cell death by disrupting mitochondrial-related mecha-
nisms [37,38]; however, the specific underlying MoAs remain unknown.

Compounds conjugated to lipophilic cations, such as triphenyl-
phosphine (PhsP", TPP), can accumulate in the mitochondria driven by
plasma membrane potential (Ay,) and mitochondrial membrane po-
tential (Ayy,) [39-42]. Thus, TPP has been used as a mitochondrial
targeting moiety. In this study, we synthesized and characterized four
mitochondria-targeting  Rh(III) complexes: [Rh(XR1)y(TPP)Cl]-
(TPP=0) (YNU-1a), [Rh(XR2)(TPP)Cl] (YNU-1b), [Rh(XR3)>(TPP)Cl]
(YNU-1c¢), and [Rh(XR4)2(TPP)Cl] (YNU-1d), bearing 2-methylquinoli-
n-8-ol (H-XR1), 5,7-dichloro-8-OHQ (H-XR2), 5,7-dichloro-2-methy-
1-8-OHQ (H-XR3), 2-methyl-5,7-dibromo-quinoline-8-ol (H-XR4), and
(TPP)3RhCl. The anti-proliferative activities of these complexes on
Hep-G2 and HCC1806 tumor cells and human normal liver HL-7702
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cells were evaluated via the MTT assay, and a series of in vitro and in
vivo experiments were performed using YNU-1a-YNU-1d compounds
with promising activity.

2. Results and discussion
2.1. Synthesis and stability of YNU-1a-YNU-1d

YNU-1a-YNU-1d compounds were synthesized via the reaction of H-
XR1-H-XR4 (0.2 mmol) and (TPP)3RhCl (0.1 mmol; CAS number:
14694-95-2) in mixtures of CH30H (1.5 mL) and CH>Cl, (0.1 mL),
respectively, and the mixtures were heated at 80 °C for 72 h. The
red-brown products of YNU-1a-YNU-1d eventually appeared, which
were isolated and characterized (Scheme 1).

The structure of the novel YNU-1a-YNU-1d complexes was char-
acterized via X-ray crystallography (Figs. 1-4 and Tables S1-S12), IR
(Figs. S1-54), ESI-MS (Figs. S5-S12) and HNMR (S13-S15). As shown in
Figs. 1-4, the Rh(III) center in YNU-la-YNU-1d adopted a six-
coordinated octahedral geometry. Furthermore, YNU-la-YNU-1d
compounds were tested for stability in Tris-HCl buffer via ESI-MS
(Figs. S5-S12). The main peaks in the mass spectra of YNU-1a-YNU-
1d compounds were detected at 681.35, 791.00, 819.15, and 996.95,
respectively, at 0 h, which remained unchanged even after 48 h
(Figs. S5-512), indicating that YNU-1a-YNU-1d compounds were stable

Fig. 1. ORTEP drawing of YNU-1a.
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Scheme 1. Synthesis of YNU-1a-YNU-1d compounds.
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Fig. 4. ORTEP drawing of YNU-1d.
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in Tris-HCI buffer for 48 h.
2.2. Crystallography

The crystal structures of YNU-1a-YNU-1d compounds were deter-
mined for Rh(III) complexes using the 8-OHQ derivatives H-XR1-H-
XR4. The deposition numbers 2327096-2327099 indicate the CCDC
numbers for YNU-1a-YNU-1d. Data regarding the Rh(III) complexes
YNU-1a-YNU-1d are available for free at http://www.ccdc.cam.ac.uk.
For these four Rh(III) complexes YNU-la-YNU-1d formed via
N02PCIRh, Rh(III) demonstrated a slightly distorted six-coordinated
octahedral structure surrounded by two 8-OHQ derivative ligands
(N"O-Rh), one Cl atom, and one P atom (Figs. 1-4). The lengths of Rh—N,
Rh-Cl, and Rh-O bonds (Tables S1-S12), ranging from 2.015(3) to
2.083(8), 2.3951(10) to 2.408(2), and 2.003(3) to 2.0379(19) A,
respectively, were within the normal range.

2.3. In vitro antiproliferative activity

The test compounds YNU-la-YNU-1d, parental compounds H-
XR1-H-XR4, and cisplatin as a control were evaluated for their anti-
proliferative activity in Hep-G2 (hepatocellular carcinoma cells),
HCC1806 (breast squamous carcinoma cells), and normal liver cell line
HL-7702 using the MTT assay [43,44]. The test compounds YNU-1a-
-YNU-1d exhibited high antiproliferative activity against the tumor cell
lines (ICsp = 0.13-3.71 pM), whereas the parental compounds
H-XR1-H-XR4 showed low cytotoxicity with an ICsq value of >50 pM. In
particular, the compound YNU-1c showed the highest cytotoxicity
against HCC1806 cells with an ICs value of 0.13 & 0.06 pM (Table 1),
which was 69.38-fold higher than that of cisplatin, but it was less toxic
to the normal cell line HL-7702 (IC5¢ > 50 pM). The overall trend in the
potency of the compounds was as follows: YNU-le¢ > YNU-1d >
YNU-1b > YNU-1a > cisplatin > H-XR1-H-XR4. Moreover, for the
YNU-1c-treated group, the ratio of ICsg for HL-7702 to that for HCC1806
(i.e., selectivity factor [6]) was the highest at 384.6, which indicates the
selectivity of YNU-1c for the tumor cell line HCC1806. The multi-
substituted 8-OHQ complexes (YNU-1b-YNU-1d) exhibited better ac-
tivity than the single-substituted complex (YNU-1a). Furthermore, the
addition of a methyl group at 2-position of 8-OHQ increased the potency
of the compound YNU-1c¢ by 3.6-fold compared with that of compound
YNU-1b for HCC1806 tumors. The methyl group may contribute to its
potency. Importantly, compared with the previously reported Rh com-
plex containing 2-methyl-substituted 8-OHQ ligands [38], YNU-1c¢
exhibited a higher potency against Hep-G2 and HCC1806 cells. More-
over, the coordination of TPP to the metal Rh plays a key role [39-42].
For a better comparison and considering the antitumor activity effects of
compounds YNU-1b and YNU-1c, it is reasonable to select these

Table 1
Antiproliferative activity (ICso’, pM) of YNU-la-YNU-1d against HepG2,
HCC1806, and HL-7702 cells for 48 h.

Hep-G2 HCC1806 HL-7702 SF1° SF2°
H-XR1 >50 >50 >50 ~1.0 1.0
YNU-1a 3.71 £0.61 3.01 £0.75 >50 >16.6 >13.5
H-XR2 >50 >50 >50 ~1.0 ~1.0
YNU-1b 0.59 + 0.22 0.47 + 0.46 >50 >106.4 >84.7
H-XR3 >50 >50 >50 ~1.0 ~1.0
YNU-1c 0.19 + 0.08 0.13 + 0.06 >50 >384.6 >263.2
H-XR4 >50 >50 >50 ~1.0 ~1.0
YNU-1d 0.35 £ 0.11 0.31 + 0.09 >50 >161.3 >142.9
cisplatin 9.89 +1.28 9.02 + 0.49 18.37 £ 1.12 2.0 1.9

# ICsp values are expressed as the mean + standard deviation of three inde-
pendent experiments. Stock solutions of YNU-1a-YNU-1d (2 mM) were made in
DMSO. cisplatin (1.0 mM) was prepared in 0.154 M NaCl. All the experiments
contained media with 0.5 % DMSO.

b SF1 (selectivity factor 1) = ICso (HL-7702)/ICso (HCC1806).

¢ SF2 (selectivity factor 2) = ICso (HL-7702)/ICso (Hep-G2).


http://www.ccdc.cam.ac.uk

X.-Q. Huang et al.

compounds for further biological activity studies.

2.4. Release of cytochrome c and caspase-3 cellular activation

It was previously reported that apoptosis induced by the 2-methyl-8-
hydroxyquinoline Rh(III) complex occurred by disrupting mitochondria
function [38]. Mitochondrial dysfunction involves the release of cyto-
chrome c into the cytoplasm, which subsequently activates the
caspase-dependent death pathway, leading to apoptosis [45-50].
Therefore, we measured the expression of cytochrome ¢ and cleaved
caspase-3 via Western blot analysis to determine whether YNU-1b and
YNU-1c induce apoptosis in HCC1806 cells through the mitochondrial
pathway. As expected, YNU-1c prominently upregulated the expression
of cytochrome ¢ and cleaved caspase-3 compared with YNU-1b
following exposure to HCC1806 cells (Fig. 5). In addition, the ratio of
cleaved caspase-3/pro-caspase-3 was increased (Fig. 5). These results
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Fig. 5. Levels of mitophagy-related proteins induced by YNU-1¢ (0.13 pM) and
YNU-1b (0.47 pM) in HCC1806 cells at 48 h, as determined via Western blot
analysis. (*) p < 0.05.
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suggest that cytochrome c initiates the activation of caspase-3. To
confirm these observations, the release of cytochrome ¢ was examined
by immunofluorescence analysis. Fluorescence images were captured by
confocal microscopy. HCC1806 cells were treated with YNU-1c (0.13
pM) and YNU-1b (0.47 pM) for 48 h. The green fluorescent intensity was
increased (Fig. 6), which suggests that cytochrome ¢ was released and
further confirmed that YNU-1c and YNU-1b induces apoptosis through
the mitochondrial pathway. Similarly, the intensity of fluorescence
produced by YNU-1c-treated cells was significantly higher compared
with that of the YNU-1b-treated cells.

2.5. Mitophagy studies

Autophagy occurs in response to stressful conditions such as hypoxia,
starvation, and radiation and acts as a cytoprotective mechanism [51].
In general, autophagy is maintained at a basal level, which contributes
to cell survival and homeostasis [51]. A crucial form of autophagy,
known as mitophagy, selectively removes damaged mitochondria via
the PINK1-Parkin pathway [52]. When mitochondria are depolarized,
PINK1 and Parkin accumulate in the mitochondria, ubiquitylate mito-
chondrial outer membrane proteins, and recruit autophagy-associated
proteins, such as p62 and LC3, ultimately leading to mitophagy
[53-55]. To determine whether YNU-1b and YNU-1c promote auto-
phagy, Western blot analysis was used to detect autophagy-related
proteins.

The expression levels of PINK1 and Parkin were higher in both YNU-
1b- and YNU-1c-treated groups than in the control group (Fig. 5),
indicating that the PINK1-Parkin pathway was activated. The conver-
sion of LC3-I to its lipidation form LC3-II, a specific marker of auto-
phagy, was observed in cells treated with YNU-1b and YNU-1c. YNU-1¢
showed a higher conversion rate of LC3-I to LC3-II (n = 3) than YNU-1b.
YNU-1c also downregulated the expression of p62, further confirming
the autophagic process in HCC1806 cells. In addition, the levels of
FUNDCI protein did not change significantly, but the expression of
Beclin-1 was upregulated by YNU-1c. These results indicated that YNU-
1b and YNU-1c can induce mitochondrial autophagy, with YNU-1c
exerting a greater effect. This finding highlights the importance of
adding the 2-methyl group to 8-OHQ in YNU-1c.

2.6. Mitochondrial respiratory complex activities and ATP energy

As an important organelle involved in cellular metabolism, mito-
chondria play a vital role in providing the primary source of ATP. The
electron transport chain is a series of enzyme complexes that is present
within mitochondria. Because some metallic chemotherapeutic agents
inhibit M1, M4, and ATP [55-58], we hypothesized that YNU-1b and
YNU-1c may exhibit similar effects. To determine the effect of YNU-1b
and YNU-1c on mitochondrial respiration, the levels of M1, M4, and
ATP were measured in HCC1806 cells using M1, M4, and ATP assay Kkits,
respectively.

After 48 h of exposure, the activities of M1 and M4 were decreased in
the YNU-1c-treated group, with values of 37.38 + 2.29 U/mg protein
and 31.84 + 1.35 U/mg protein (Table 2 and S13-S15), respectively,
which were significantly lower compared with the control sample
(66.67 + 4.00 U/mg protein, 53.18 + 3.09 U/mg protein) and the YNU-
1b-treated group (49.03 + 1.29 U/mg protein, 40.69 + 0.98 U/mg
protein). In addition, the YNU-1c-treated group exhibited a decrease in
ATP content to 1.77 + 0.03 uM after 48 h of exposure, which was lower
compared with that in the control group (3.51 + 0.10 pM) and the YNU-
1b-treated group (2.08 £+ 0.10 pM). This decrease in ATP content in-
dicates that YNU-1b and YNU-1c disrupt mitochondrial function and
impede energy production in HCC1806 cells (Table 2 and S13-S15),
ultimately leading to cancer cell death. Moreover, it was observed that
both YNU-1b and YNU-1c affected mitochondrial respiration to varying
degrees by inhibiting M1, M4, and reducing ATP levels, with YNU-1¢
exhibiting a greater effect.
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Fig. 6. The release of cytochrome ¢ was assessed after exposure of HCC1806 cells to YNU-1c (0.13 pM) and YNU-1b (0.47 uM) for 48 h via confocal microscopy.

Table 2
Levels of M1, M4, and ATP in HCC1806 cells treated with YNU-1¢ (0.13 pM) and
YNU-1b (0.47 pM) for 48 h (n = 3, p < 0.05).

Group Complex Values

M1 Untreated cells 66.67 + 4.00 U/mg prot
YNU-1b 49.03 + 1.29 U/mg prot
YNU-1c 37.38 + 2.29 U/mg prot

M4 Untreated cells 53.18 + 3.09 U/mg prot
YNU-1b 40.69 + 0.98 U/mg prot
YNU-1c 31.84 + 1.35 U/mg prot

ATP Untreated cells 3.51 £ 0.10 pM
YNU-1b 2.08 £+ 0.10 pM
YNU-1c 1.77 £ 0.03 yM

2.7. Apoptosis assay

The MTT assay revealed that YNU-1b and YNU-1c have a significant
effect on the survival of HCC1806 cells. Therefore, apoptosis was
assessed by flow cytometry using Annexin V-FITC and PI as indicators of
apoptotic and dead cells, respectively [59]. Fig. 7 shows the population
of viable cells (FITC—/PI-), early-stage apoptotic cells (FITC+/PI-),
and late-stage apoptotic cells (FITC+/PI+) [60] after treatment with
YNU-1c¢ (0.13 pM) and YNU-1b (0.47 uM). HCC1806 cell apoptosis was
28.45 + 0.88 % for YNU-1b and 44.39 + 1.54 % for YNU-1c (Fig. 7).
The results indicated that YNU-1c¢ was significantly (p < 0.05) more
effective in promoting HCC1806 cell apoptosis than YNU-1b. The results
suggest that the observed cytotoxicity of YNU-1b and YNU-1c in cancer
cells primarily occurs through the apoptotic pathway (see Fig. 8).

2.8. In vivo antitumor efficacy

To determine the cytotoxic effect of YNU-1c¢ in vivo, HCC1806
tumor-bearing nude mice (Balb/c) were established. These mice were
randomly categorized into two groups (n = 6 in each group): control and
test groups. YNU-1c was intraperitoneally injected at a dose of 5.0 mg/
kg every 2 days, and intraperitoneal saline was administered to the
control group. In the control group, the growth rate of HCC1806 tumors
was extremely high, with the tumor volumes increasing ~16-fold after
21 days. However, the average tumor volume of the YNU-1c-treated

group increased by only 6.8-fold, revealing that the indicated dose of
YNU-1c effectively inhibited HCC1806 tumor growth (Tables S16-518).
Furthermore, the tumor weight of the YNU-lc-treated group was
significantly reduced, resulting in a tumor growth inhibition rate of 58.9
% (Fig. 9). No notable body weight loss was observed in the YNU-1c-
treated group (Tables S16-S18), suggesting that the mice could tolerate
the dose of 5 mg/kg. Taken together, YNU-1c may serve as a theranostic
platform for inhibiting tumor growth.

2.9. Tumor pathology

The HCC1806 tumor tissues were harvested from the xenograft
model for pathological analysis. Hematoxylin and eosin (H&E) staining
was done. Hematoxylin causes the nuclear chromatin and cytoplasmic
nucleic acids to appear purple-blue, whereas eosin stains the extracel-
lular matrix and cytoplasm red [60,61].

In mice administered YNU-1c (5 mg/kg dose), the tumor tissue
showed significantly different histological characteristics compared
with that of the untreated mice. As shown in Fig. 10, the tumor cells in
the control group were uniformly stained without obvious necrotic
areas; however, in the YNU-1c-treated group, significant cell damage
(large pink-stained area) was observed, indicating that YNU-1c¢ had
visible antitumor effects by inducing apoptosis in vivo. In addition, the
TUNEL method was used to identify and quantify apoptotic cells [60,
61], which were labeled brown. Fig. 10 shows that the HCC1806 tumor
cells exhibited clear characteristics of apoptosis (brown-stained areas),
consistent with the results of H&E staining. Statistical analysis revealed
that the apoptosis rate of tumors after treatment with YNU-1c was
25.11 %, which indicates that YNU-1¢ induces tumor tissue necrosis.

3. Conclusion

We designed and synthesized a series of selective and potent Rh(III)
complexes, YNU-1a-YNU-1d, featuring H-XR1-H-XR4 and (TPP)3RhCl,
and investigated their antiproliferative effects in vitro and in vivo. The
MTT assay revealed that YNU-1b and YNU-1c exerted higher anticancer
activity than cisplatin in the tested cancer cells. The methyl group may
contribute to its potency. In terms of the underlying mechanism,
immunofluorescence analysis, Western blot analysis, and apoptosis as-
says revealed that YNU-1b and YNU-1c induce apoptosis in HCC1806
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Fig. 7. Apoptosis of HCC1806 cells induced by exposure to YNU-1¢ (0.13 pM) and YNU-1b (0.47 pM) for 48 h.

cells. Furthermore, YNU-1b and YNU-1c¢ induced the release of cyto-
chrome c from the mitochondrial intermembrane space into the cyto-
plasm and further activated caspase-3. Finally, YNU-1b and YNU-1c
induced apoptosis. This indicates the occurrence of mitochondrial
dysfunction, and YNU-1b exhibited higher potency than YNU-lc.
Moreover, Western blot analyses revealed that YNU-1b and YNU-1c
activated PINK1-Parkin signaling, inhibited the expression of p62 pro-
tein, and further increased the LC3-1I/LC3-I ratio and Beclin1, indicating
that YNU-1b and YNU-1c¢ induce mitophagy. In addition, the levels of
M1, M4, and ATP were decreased. YNU-1c induced apoptosis in a higher
proportion of HCC1806 cells in vitro and in vivo than YNU-1b. Overall,
YNU-1c containing a methyl group on its ligand exhibits the strongest
antitumor activity and is a potential anticancer metallodrug candidate
for treating HCC1806 cells.

4. Experimental methods
4.1. Synthesis of Rh complexes

YNU-1a-YNU-1d compounds were synthesized via the reaction of H-
L1-H-L4 (0.2 mmol) and [(C¢Hs)s P]3RhCl (0.1 mmol) in mixtures of
CH3OH (1.5 mL) and CHCl; (0.1 mL), respectively, and the mixtures
were heated at 80 °C for 72 h. The red—brown products of YNU-1a-YNU-
1d eventually appeared, which were isolated and characterized (Scheme
1).

Data regarding YNU-la. ESI-MS: m/z = 681.35 for [M-Cl-
(TPP=0)]"; IR (KBr): 3399, 3053, 1634, 1563, 1505, 1482, 1463, 1434,
1377,1332,1283,1177,1161, 1113, 1093, 1070, 1038, 997, 885, 831,
751, 722, 693, 641, 581, 542, 531, 513, 498, 482, and 460 cm™'; 'H
NMR (400 MHz, DMSO-dg): 6 8.01 (d, J = 8.4 Hz, 2H), 7.64-7.59 (m,
20H), 7.55 (m, 10H), 7.28-7.25 (m, 2H), 7.23-7.18 (m, 2H), 7.10-7.05
(m, 2H), 6.79 (m, 2H), 3.10 (s, 6H).

Data regarding YNU-1b. ESI-MS: m/z = 791.05 for [M — cllt; IR
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Fig. 8. Populations for the apoptotic HCC1806 cells treated by YNU-1c¢ (0.13
pM) and YNU-1b (0.47 pM) for 48 h.

(KBr): 3428, 3057, 1962, 1904, 1816, 1620, 1555, 1493, 1483, 1450,
1435, 1399, 1375, 1364, 1289, 1253, 1221, 1195, 1159, 1144, 1118,
1093, 1056, 1028, 998, 978, 887, 848, 812, 777, 749, 694, 660, 619,
547, 519, 499, 463, 440, and 417 cm™ L.

Data regarding YNU-1c. ESI-MS: m/z = 819.15 for [M — cilt; IR
(KBr): 3447, 3055, 2987, 2154, 1603, 1582, 1573, 1550, 1499, 1482,
1431, 1368, 1324, 1282, 1266, 1197, 1158, 1121, 1092, 1029, 999, 972,
947, 873, 830, 783, 754, 746, 707, 695, 618, 529, 519, 499, 459, and
438 cm™'; 'H NMR (400 MHz, DMSO-de): 6 8.21 (d, J = 8.6 Hz, 2H),
7.58 (s, 2H), 7.46 (d, J = 8.7 Hz, 2H), 7.33 (td, J = 7.4, 1.8 Hz, 3H),
7.28-7.23 (m, 6H), 7.14 (td, J = 8.2, 2.8 Hz, 6H), 3.24 (s, 6H).

Data regarding YNU-1d. ESI-MS: m/z = 996.95 for [M — cit; IR
(KBr): 3856, 3819, 3804, 3748, 3673, 3445, 3055, 1572, 1547, 1492,
1482,1426,1364,1321,1263,1191,1151,1119, 1091, 1028, 999, 952,
936, 870, 829, 760, 746, 695, 675, 529, 514, and 497 cmfl; 'H NMR
(400 MHz, DMSO-d): 6 8.14 (d, J = 8.7 Hz, 2H), 7.79 (s, 2H), 7.47 (d, J
= 8.7 Hz, 2H), 7.33 (t, J = 7.9 Hz, 3H), 7.28-7.23 (m, 6H), 7.13 (td, J =
8.2, 2.7 Hz, 6H), 3.25 (s, 6H).

4.2. Other experimental methods
The antitumor mechanism of YNU-1a-YNU-1d in HCC1806 cells
was determined as previously described [28,62]. In addition, the

detailed data relating to YNU-1a-YNU-1d and information about ex-
periments can be found in the Electronic Supporting Information
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Materials.
Abbreviations
SF selectivity factor
M1 mitochondrial respiratory chain complexes I
M4 mitochondrial respiratory chain complexes IV
ATP adenosine triphosphate
8-OHQ 8-hydroxyquinoline
Ayp plasma membrane potential
Ph3P™, TPP triphenylphosphine
TPP=0 triphenylphosphine oxide
(TPP)3RhCl tris(triphenylphosphine)rhodium(I) chloride
Ay mitochondrial membrane potential
H-XR1 2-methylquinolin-8-ol
H-XR2 5,7-dichloro-8-OHQ
H-XR3 5,7-dichloro-2-methyl-8-OHQ
H-XR4 2-methyl-5,7-dibromo-quinoline-8-ol
Hep-G2 hepatocellular carcinoma cells
HCC1806 breast squamous carcinoma cells
HL-7702 normal liver cell line
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
SF1 selectivity factor 1
SF2 selectivity factor 2
H&E hematoxylin and eosin (H&E) staining
MoAs mechanisms of action
ROS reactive oxygen species
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Fig. 10. Effect of YNU-1c on tumor tissue compared with the control group.

Inhibition of tumor growth (%):
58.9%

Fig. 9. YNU-1c (5.0 mg/kg/q2d) exhibits antitumor effects in an in vivo HCC1806 mouse model.***p < 0.05.
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