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The incorporation of triphenylphosphine (PPhs) can enhance the antiproliferative activity of complexes. Herein,
four Rh(III) complexes GUPT1-GUPT4 were synthesized. GUPT4 exhibited stronger anticancer activity than
HGU, cisplatin, and GUPT1-GUPT3 against human non-small cell lung A549 and its cisplatin-resistant A549 cell
line (CR-A549), with ICs values of 6.73 £ 0.41 and 5.11 + 0.16 pM, respectively. The antiproliferative activity
of the four Rh™ complexes increased with different 5-substituted ligands in the following order: —H (GUPT1) <

—Br (GUPT2) < —Cl (GUPT3) < —F (GUPT4). GUPT3 and GUPT4 induce CR-A549 mitochondrial autophagy
and ATP blockade, leading to apoptosis. In addition, the inhibition rate of GUPT4 on A549 was 39.1 %, showing
potential antitumor efficacy. Thus, GUPT3 and GUPT4 can be considered as promising non-Pt drug candidates

for lung cancer treatment.

1. Introduction

Platinum-based drugs, such as cisplatin and its clinically successful
derivatives, have been widely used to treat various types of cancers, with
their success driving the development of new Pt(II/IV) and non-Pt(II/IV)
chemotherapeutics that can overcome drug resistance with minimal side
effects [1-4]. Meanwhile, Rhodium complexes are a class of metal
compounds with unique and diverse biological activities, especially in
the field of anti-cancer (including overcoming drug resistance and light
activation strategies) show great potential. Its light response charac-
teristics (photodynamic therapy and photoactivated chemotherapy) are
the most concerned and characteristic research directions[5-14]. In line
with this, various rhodium(II/III) complexes with different organic li-
gands such as thiabendazole—/benzimidazole-based derivatives [5a],
benzol[ildipyrido[3,2-a,2,3"-c]phenazine [6], 1,3-dimethylbenzimida-
zolium iodide or 1,3-dibenzylbenzimidazolium bromide [7], N-(3-
halogen-phenyl)picolinamide ligands [8], 2-phenylpyridinate de-
rivatives [9], 1,2,4-triazole [10], 2-pyridinecarbothioamide (PCA)

ligand [11], triazolopyrimidines [12], pyrazolopyrimidine derivatives
[13], and sulfonated iminopyridine ligands [14] have been explored for
their anticancer and anti-inflammatory activities. However, the anti-
proliferative mechanisms of rhodium(IIll) derivatives remain poorly
understood, limiting their application in clinical chemotherapy.

A series of 8-hydroxyquinoline (HGU) metal derivatives have been
developed as antiproliferative agents and extensively studied by several
research groups [15-25]. In particular, rhodium(III) complexes [26]
featuring various ligands, such as 8-hydroxyquinoline or 5-bromo-8-
hydroxyquinoline [27], 8-hydroxyquinoline-5-sulfonate or 7-(1-piper-
idinylmethyl)-8-hydroxyquinoline [28], (S)-5-chloro-7-((proline-1-yl)
methyl)8-hydroxyquinoline derivatives [29], and 8-hydroxy-2-methyl-
quinoline [30], have demonstrated remarkable anticancer activity.

Highlights PPhs is a ligand with strong o-donating, moderate
n-accepting and large steric hindrance. Its bonding to metals involves
the synergy of ¢-giving and feedback n-bonding. Strong c-giving affects
the electron density of the metal, which in turn affects its redox, reac-
tivity, and ligand exchange rate.[31-35] at the same time, n-acceptance
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helps stabilize metal centers in low oxidation states. On the other hand,
huge steric hindrance is its most prominent feature, which protects the
metal center (improves kinetic inertness), controls coordination geom-
etry and ligand dissociation, and profoundly affects the binding mode
and efficiency of complexes with biological targets (such as DNA).
[31-35] meanwhile, hydrophobic phenyl groups significantly increase
lipid solubility and promote cellular uptake. Therefore, when designing
metal complexes with specific biological activities, choosing PPhg or
modifying their structure (such as introducing different substituents to
change electronic effects and steric hindrance) is a key strategy for
regulating the physical and chemical properties of drugs (solubility,
stability), pharmacokinetics (absorption, distribution) and pharmaco-
dynamics (target binding, reactivity).[31-35] the balance between its
electronic and spatial properties is critical to the final biological activity.
Additionally, the antiproliferative activity of several metal complexes
increased with the introduction of triphenylphosphine (—PPhs) and
halogen (—X) co-ligands [15e,36-38]; however, their water solubility
was not significantly improved [15e,36-38]. In this context, the high
antiproliferative  activity of GUPT1-GUPT4, which combine
HGU1-HGU4 with PPhs, has yet to be reported and remains largely
unexplored [20e,36-38]

Thus, we designed and synthesized four rhodium(IIl)-
triphenylphosphine complexes GUPT1-GUPT4 with high anticancer
activity. These compounds, namely [Rh(GU1)(PPh3),Cl;] (GUPT1), [Rh
(GU2)(PPh3)2Clo] (GUPT2), [Rh(GU3),(PPh3)Cl] (GUPT3), and [Rh
(GU4),(PPh3)Cl] (GUPT4), (HGU = 5-R-8-hydroxyquinoline, R = H,
HGU1; R = Br, HGU2; R = Cl, HUG3, R = F, HGU4), were derived from
8-hydroxyquinoline derivates (HGU1-HGU4) and tris(triphenylphos-
phine)rhodium(I) chloride ((PPh3)sRhCl). In addition, the cytotoxicity
and antitumor mechanisms of GUPT1-GUPT4 against A549 and CR-
A549 tumor cells were evaluated.

2. Results and discussion
2.1. Synthesis and characterization

The reactions of the precursor ((PPhs)sRhCl, CAS number:
14694-95-2) with the HGU1-HGU4 ligands in a mixture of methanol,
dichloromethane, and triethylamine at 65 °C for 1.0 day and subse-
quently at 80 °C for 3.0 days in a 15-mL high-temperature resistant tube
afforded the target compounds GUPT1-GUPT4 in isolated yields of
40.8-60.5 % (Scheme 1). In addition, GUPT1-GUPT4 were character-
ized by electrospray ionization mass spectrometry (Figs. S1 and $2), 'H
NMR (Figs. S3-S5), elemental analysis, and X-ray diffraction analysis
(Figs. 1,2 Fig. S6 and Tables 1-2). The structures of GUPT1-GUPT4 are
striking similar except that they have different amounts of GU, PPhg
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Fig. 1. Crystal structures of GUPT1 and GUPT2 with the H atoms were omitted
for clarity. Displacement ellipsoids are drawn at the 30 % probability level.

Fig. 2. Crystal structure of GUPT3 with the H atoms were omitted for clarity.
Displacement ellipsoids are drawn at the 30 % probability level.
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Scheme 1. Synthesis of GUPT1-GUPT4.
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Table 1
Crystallographic data for GUPT1-GUPT4.
Complexes GUPT1 GUPT2 GUPT3 GUPT4
Formula C45H36CloNOP,Rh C45H3sBrCl,NOP,Rh Ca6Ha5CI3N,0,PRh Ca6HasCIF,N,0,PRh
Mr 842.50 921.40 757.81 724.91
Crystal size(mm) 0.39 x 0.21 x 0.12 0.22 x 0.21 x 0.18 0.26 x 0.25 x 0.19 0.23 x 0.20 x 0.18
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group P2,/c C2/c P-1 P2,/n
a/A 15.471(1) 24.7490(4) 11.517(1) 12.345(1)
b/A 20.319(1) 12.2019(2) 11.612(1) 15.913(8)
c/A 24.651(1) 26.4634(3) 13.389(1) 16.713(1)
a/° 90 90 76.915(1) 90
B/° 101.800(2) 106.366(1) 66.095(1) 104.625(6)
v/° 90 90 77.051(1) 90
Volume/A® 7585.0(6) 7667.7(2) 1576.69(10) 3176.6(3)
zZ 8 8 2 4
F(000) 3440 3712 764 1464
Dc(g/cm®) 1.476 1.596 1.596 1.516
u/mm~? 0.713 7.187 0.884 0.720
26 range (°) 4,95-121.79 6.96-151.65 4.10-50.20 4.72-50.20
Ref. Meas./indep. 101,842/17384 25,857/7357 35,688/5541 11,254/5645
Obs.Ref.[I > 26 (D] 14,890 6654 4902 4110
Rint 0.0624 0.0436 0.0293 0.0552
R; [I > 26 (DT° 0.0467 0.0316 0.0356 0.0521
@R, (all data)” 0.1180 0.0864 0.0818 0.1650
Goof 1.002 1.006 1.000 1.138
Ap(max, min) (eA~3) 1.027, —1.459 0.516,-0.653 1.558, —0.482 0.906,-1.064
* Ry = Z[|Fo| — |Fe||/Z|F|.
® WRy = [Zw(|F3| — |FZ)*/Zw(|F3))*1"/>.
(Brl---Br1?, 3.858(2) A, symmetry code: (a) 1 — x, 2 —y, 1 — 2.) and
’;‘alble i bond lenths (&) and angles (°) for GUPT1_GUPTA C—H---Cl hydrogen bonds (C43—H43.--C11°, 3.520(2) A; symmetry
elected bond lengths (A) and angles (*) for GUPT1-GUPT4. code: (b) 1 — x, y, 0.5 — z. Fig. S7). Furthermore, the CCDC deposition
Complexes GUPT1 GUPT2 GUPT3 GUPT4 numbers for GUPT1-GUPT4 are 2,325,993-2,325,996, respectively.
Rh1—01 2.025(2) 2.038(2) 2.039(2) 2.030(4)
Rh1—N1 2.037(3) 2.057(2) 2.012(3) 2.084(4) 2.2. Cytotoxicity against cancer cells
Rh1—X2 2.3554(9) 2.3629(6) 2.022(2) 2.027(3)
Rh1—Cl1 2.3613(8) 2.3550(6) 2.3923(9) 2.355(1) . .. .
Rhi—P1 2.3942(9) 2.4022(7) 2.3071(9) 2.292(1) The cytotoxic activity of .GU?TI—GUPT4 was evaluated against non-
Rh1—Y2 2.3867(8) 2.3919(7) 2.019(3) 2.011(4) malignant Human Embryonic Kidney (HEK293), cancerous human non-
01—Rh1—N1 82.66(10) 81.61(7) 82.06(10) 81.19(17) small cell lung A549, and cisplatin-resistant CR-A549 human cell lines
O1—Rh1—X2 87.71(7) 173.90(5) 176.18(10) 170.47(15) using CCK-8 assays [15¢,41,42]. In CR-A549 cells, GUPT4 exhibited the
N1—Rh1—X2 170.35(8) 92.40(6) 96.63(10) 92.35(16) . . - L }
O1—Rh1—CI1 175.96(7) 89.82(5) 89.12(7) 93.19(12) highest fmtltumor potency '(ICSO = 5.11 £+ 0.16 pM), significantly out
N1—Rhi1—cl1 93.30(8) 171.40(6) 89.14(8) 88.15(13) performing HGU1-HGU4 ligands (>50 pM), (PPhg)sRhCl (>50 pM),
X2—Rh1—Cl1 96.32(3) 96.18(2) 87.27(8) 93.60(11) cisplatin (>50 pM), GUPT1 (14.59 + 0.26 pM), GUPT2 (12.07 + 0.44
O1—Rh1—Y2 89.06(7) 92.10(6) 98.98(10) 90.09(17) pM), and GUPT3 (8.74 + 1.02 uM) (Table 3). The antiproliferative ac-
g;:RR}}H:;{; gg‘zgg :5"1‘88 ;2%2(21((1))1) :2';82 tivities of the rhodium(III)-triphenylphosphine complexes against A549
Cli—Rh1—Y2 90.80(3) 87.28(2) 87.04(8) 176.06(13) cancer cells .also followed the order: QUPT4 > GUPT3 > GUPT2 >
0O1—Rh1—P1 91.83(7) 91.29(6) 86.53(7) 95.39(12) GUPT1 > c1sp1at1n ~ HGU1-HGU4 hgands ~ (PPh3)3RhC1 GUPT4
N1—Rh1—P1 89.73(8) 92.40(6) 91.65(8) 175.40(13) demonstrated greater potency than previously reported rhodium(III)-8-
X2—Rh1—P1 91.34(3) 90.15(2) 97.11(8) 91.40(11) hydroxyquinoline derivatives [26-30] in CR-A549 cancer cells
Cl1—Rh1—P1 88.24(3) 86.81(2) 175.42(4) 88.97(5) : . ~ . ..
Y2 Rh1—P1 178.58(3) 173.17(2) 92.25(8) 92.89(12) (Table 3). Interestingly, GUPT1-GUPT4 showed promising selectivity

GUPT1: X=CL Y=P,GUPT2:X =Cl, Y =P; GUPT3: X =0, Y =N, GUPT3: X =
O,Y=N.

ligands, Cl ions or different directions of extension of the ligands in the
space. Therefore, only GUPT2 is analyzed here.

Single-crystal X-ray diffraction analysis reveals that GUPT2 belongs
to the monoclinic space group C2/c, and it consists of one Rh™ atom,
two PPhj ligands, one GU2 ligand and two counter-anion Cl™ ions. The
Rh1 atom in GUPT2 is six-coordinated to P atom (P1, P2) in two PPhg
ligands (Rh1—P1 = 2.3942(9) A; Rh1—P2 = 2.3867(8) A), and to one N,
one O atom belonging to one GU2 ligand (Rh1—O01, 2.025(2) A;
Rh1—N1, 2.037(3) A), and to two Cl ions (Rh1—Cl1, 2.3613(8) A;
Rh1—ClI2, 2.3554(9) A), in line with the results obtained for previously
reported rhodium compounds [26-30,39,40], resulting in a slightly
distorted octahedron geometry (Fig. 1, Table 2). The GUPT2 molecule
exists intramolecular hydrogen bond (C29—H29..-01, 3.111(1) i\)
which further formed 3D network through abundant Br---Br interaction

toward CR-A549 cells (Table 3), exhibiting a 3.4-9.8-fold lower cyto-
toxicity against HEK293 noncancerous cells than cisplatin. This suggests
that their antiproliferative effects may involve a cell death/apoptosis
mechanism different from that of cisplatin. Among the rhodium(III)-8-

Table 3
Cytotoxicity (ICso, pM) of GUPT1-GUPT4 in HEK293, A549, and CR-A549 cell
lines after 48 h treatment (CCK-8 assay).

CR-A549 A549 HEK293
HGU1 >50 >50 >50
GUPT1 14.59 + 0.26 25.09 + 0.94 >50
HGU2 >50 >50 >50
GUPT2 12.07 + 0.44 19.35 + 0.88 >50
HGU3 >50 >50 >50
GUPT3 8.74 +1.02 10.36 + 0.11 >50
HGU4 >50 >50 >50
GUPT4 5.11 + 0.16 6.73 + 0.41 >50
(PPh3)3RhCl >50 >50 >50
Cisplatin >50 12.07 + 0.77 16.11 + 0.89
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hydroxyquinoline metal derivatives, GUPT4, containing-PPhs and —F
ligands, was the most effective metal complex. Under the same condi-
tions, the cytotoxic activity of GUPT1-GUPT4 in CR-A549 cells followed
the order: GUPT4 > GUPT3 > GUPT2 > GUPT1 > HGU1-HGU4 li-
gands ~ (PPh3)3RhCl = cisplatin. Thus, GUPT4 and GUPT3 were chosen
as the model rhodium(III)-8-hydroxyquinoline derivatives to elucidate
the antineoplastic mechanism. Comparing complexes GUPT1 and
GUPT2, we found that the ICs5¢ of the rhodium complex decreased in the
presence of an electron-withdrawing substituent on the 8-hydroxyqui-
noline ligand. Comparing complexes GUPT3 and GUPT4, we found
that a greater electronegativity of the substituent on the 8-hydroxyqui-
noline ligand correlated with a lower ICso of the rhodium complex.
That is to say, the greater the electronegativity of the substituent on the
ligand, the better the anticancer activity of the metal complex. This
provides theoretical guidance for the synthesis of metal complexes with
good anticancer activity.

2.3. Apoptosis

To study the model of cell apoptosis induced by GUPT4 (5.11 pM)
and GUPT3 (8.74 pM), we assessed their pro-apoptotic effects on CR-
A549 cells using flow cytometry (FCM) with Annexin V-APC and 7-
AAD staining [43]. As depicted in Fig. 3, the treatment of CR-A549
cells with GUPT4 (5.11 pM) and GUPT3 (8.74 pM) resulted in
apoptosis rates of 58.95 % and 37.60 %, respectively, indicating that
both complexes induce apoptosis, with GUPT4 being more effective
(GUPT4 > GUPT3). The results also indicated that the greater the
electronegativity of the ligand substituent, the greater the ability of the
complex to induce apoptosis. To be emphasized, the proportion of early
and late apoptotic cells in the GUPT4 treatment group was 52.93 % and
6.02 %, respectively, while 29.34 % in the early apoptotic and 8.26 % in
the late apoptotic for GUPT3, indicating that GUPT4 and GUPT3 mainly
induced cell death through early apoptosis. In addition, the proportion
of necrotic cells in the GUPT4 and GUPT3 groups was only 6.45 % and
2.34 %, respectively. The cell necrosis rate were very low, indicating
that the type of cell death in the GUPT4 and GUPT3 groups was
apoptosis rather than necrosis.

2.4. Loss of the mitochondrial membrane potential (Aypmp)

After stimulation, various coordination metal derivatives can
decrease Ay, an initiator of apoptosis [44,45]. To confirm this idea,
the loss of Ayy,, induced by GUPT4 and GUPT3 was assessed by the
increase in green-to-red fluorescence ratio. As rhodium(III)-8-
hydroxyquinoline derivatives can penetrate CR-A549 cells within 48 h

control
Tube1 : P1

0.48% =

108

GUPT3

Tube2:P1
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(Fig. 4), the green fluorescence intensity for GUPT4 (5.11 pM) and
GUPT3 (8.74 pM) reached approximately 65.50 % and 37.33 %,
respectively, according to the FCM data. The results indicate that The
greater the electronegativity of the substituent on the ligand, the greater
the loss of the membrane potential Ay, of the cell caused by the metal
complex.

2.5. Analysis of reactive oxygen species (ROS) and [Ca®'] levels

The destruction of Ay, could also influence [Ca®*] and intracel-
lular ROS levels [46,47]. Thus, to evaluate the involvement of intra-
cellular [Ca2+] and ROS in CR-A549 cells, their levels following
treatment with GUPT4 (5.11 pM) and GUPT3 (8.74 uM) were measured
using Fluo-3AM and DCFH-DA assays, respectively. As illustrated in
Figs. 5 and 6, compared with untreated cells, GUPT4 and GUPT3
significantly increased [Ca®] and ROS levels by 65.16 % and 66.92 %
(GUPT4) and 37.42 % and 39.57 % (GUPT3), respectively. These results
suggest that the elevation of [Ca%"] and ROS levels contributed to the
induction of apoptosis in CR-A549 cancer cells.

2.6. Evaluation of cellular respiration, ATP, and mitochondrial
dysfunction

Mitochondrial dysfunction, characterized by the loss of Ay,
modulation of apoptosis-inducing factors/proteins, and reductions in
mitochondrial state I/IV respiration and ATP production [48-50], is
involved in apoptotic cell death. Western blot analysis was performed to
study the apoptosis-inducing factors/proteins in apoptosis induced by
GUPT4 (5.11 pM) and GUPT3 (8.74 pM) treatment. The ratios of
cleaved-caspase-3/GAPDH, caspase-9/GAPDH, and cytochrome c/
GAPDH increased in CR-A549 cells after treatment with GUPT4 (5.11
pM) and GUPT3 (8.74 pM), indicating that the apoptosis-inducing fac-
tors, cleaved-caspase-3, caspase-9, and cytochrome c, were released into
the cytosol (Fig. 7). Additionally, we further tested whether GUPT4
(5.11 pM) and GUPT3 (8.74 pM) would inhibit state I/IV respiration and
ATP production in CR-A549 cells using state I/IV respiration and ATP
production kits [15e,48-50]. In GUPT4-and GUPT3-treated cells, a
significant decrease in state I/IV respiration was observed (Tables 4 and
S1-S3), and ATP synthase activity was inhibited. According to the re-
sults, both GUPT4 and GUPT3 can decrease state I/IV respiration and
ATP production by targeting mitochondrial dysfunction.

2.7. Mitophagy determination

Mitophagy is a key mechanism for controlling mitochondrial damage

GUPT4

8.26% = Tube3 : P1 6.02%
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10°
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10°
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L ol
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Fig. 3. Cell apoptosis induced by GUPT4 (5.11 yM) and GUPT3 (8.74 pM) after 48 h treatment in CR-A549 cells.
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Fig. 4. Loss of Ayp,;, in CR-A549 cells induced by GUPT4 (5.11 uM) and GUPT3 (8.74 pM) after 48 h incubation.
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Fig. 5. Analysis of [Ca®*] in CR-A549 cells upon treatment with GUPT4 (5.11 pM) and GUPT3 (8.74 uM) for 48 h.
control GUPT3 GUPT4
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Fig. 6. Generation of ROS in CR-A549 cells were incubated with GUPT4 (5.11 uM) and GUPT3 (8.74 pM) for 48 h.

[15e,51-53]. Because rhodium(IIl)-8-hydroxyquinoline metal de-
rivatives disrupt mitochondrial function, reduce state I/IV respiration,
and decrease ATP production, they may induce mitophagy, which can
subsequently trigger autophagy or cell apoptosis [15e,51-53]. To
analyze the mitophagy process, the protein expressions of six known
mitophagy markers, LC3B II/LC3B I, Beclin-1, P62, FUNDC1, PINKI,
and Parkin, were evaluated in CR-A549 cells after treatment with
GUPT4 (5.11 pM) and GUPT3 (8.74 uM) using Western blot analysis

(Fig. 7). After 48 h of treatment, most key mitophagy-related markers
were upregulated in GUPT4-and GUPT3-treated CR-A549 cells, while
the levels of P62/GAPDH and FUNDC1/GAPDH were downregulated
(Fig. 7), suggesting that mitochondrial mitophagy persisted for 48 h or
longer. The results confirmed that GUPT4 and GUPT3 induced
apoptosis in CR-A549 cells by triggering mitophagy and mitochondrial
dysfunction, as well as by reducing state I/IV respiration and ATP
production.
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Fig. 7. Expression levels of mitophagy-and apoptosis-inducing factors/proteins in CR-A549 cells after GUPT4 (5.11 yuM) and GUPT3 (8.74 pM) treatment for 48 h.

GAPDH was used as the loading control for untreated (control) cells.

Table 4

Cellular state I/1V respiration and ATP production in CR-A549 cells treated with
GUPT4 (5.11 uM) and GUPT3 (8.74 uM) for 48 h, as determined using state I/IV
respiration and ATP production Kkits.

Groups Complexes Values
Control 95.59 + 4.04 U/mg prot
State I respiration GUPT3 40.83 + 2.15 U/mg prot
GUPT4 26.29 + 1.52 U/mg prot
Control 83.69 + 4.03 U/mg prot
State IV respiration GUPT3 37.27 + 1.25 U/mg prot
GUPT4 24.64 + 1.37 U/mg prot
Control 6.26 + 0.34 M
ATP GUPT3 2.68 £+ 0.14 pM
GUPT4 1.52 4+ 0.13 pM

2.8. In vivo antiproliferative activity

To evaluate the in vivo therapeutic efficacy of GUPT4 (5.0 mg/kg),
an A549 tumor xenograft model was established, and the compound was
administered intraperitoneally every 2 days for 21.0 days [48c,d].
GUPT4 treatment resulted in significant tumor growth inhibition
(~39.1 %) (Fig. 8), with no significant changes in body weight
(Tables S4-S6), suggesting that GUPT4 exhibits anticancer efficacy and
safety in A549 tumor-bearing mice.

3. Conclusion

Four 5-halogenate-8-hydroxyquinoline rhodium(III)-triphenylphosp
hine complexes GUPT1-GUPT4 have been presented. The anticancer
activities of GUPT1-GUPT4 against A549 and CR-A549 cells were
investigated. GUPT3 and GUPT4 showed better anticancer activity than
HGU1-HGU4, cisplatin, GUPT1, and GUPT2. Our investigation
revealed that GUPT3 and GUPT4 induced oxidative stress (ROS) inside
mitochondria, leading to mitophagy-mediated apoptosis in CR-A549
cells, with effectiveness in the following order: GUPT3 < GUPT4. This
mechanism highlights their potential as promising chemotherapeutic
agents for apoptosis-resistant CR-A549 cell tumors. Moreover, the
increased electronegativity of the ligand substituent correlates with the
stronger anticancer activity of the rhodium complexes. In addition,
GUPT4 demonstrated significant anticancer activity (~39.1 % inhibi-
tion) and safety in A549 tumor-bearing mice. These findings provide
theoretical guidance for the synthesis of rhodium complexes with high
anticancer activity.

4. Experimental methods
4.1. Materials and instruments
4.1.1. Materials

The HGU1-HGU4 ligands and (PhsP)3-RhCl were purchased from
Energy Chemical and Aladdin. In addition, the Tris, gel loading bulffer,
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Fig. 8. Antiproliferative effect of GUPT4 (5.0 mg/kg) on mice bearing A549 xenografts.

RNase A, Annexin V-APC, 7-AAD and propidium iodide (PI) were pur-
chased from Sigma and BD. The antibody of cleaved-caspase-3, caspase-
9, cytochrome ¢, LC3B II/LC3B I, Beclin-1, P62, FUNDCI1, PINK1, Parkin,
P62, GAPDH and FUNDC1 were purchased from Abcam. The Kits of
ROS, Ca%" and JC-1 were purchased from Jiangsu Kaige Biotechnology
Co., Ltd. The CR-A549, A549 and HEK293 cell lines were obtained from
the Shanghai Institute for Biological Science (China). The ATP assay kit
(United Kingdom, Abcam ab113849) and state I/IV respiration assay
kits (Beijing Solarbio, China, BC0515 and BC0945) were obtained from
Abcam and Beijing Solarbio Science & Technology Co., Ltd.

4.1.2. Instruments

Elemental analyses (C, H and N) were carried out on a PerkinElmer
series I CHNS/O 2400 elemental analyzer. The 'H NMR spectra was
recorded on a Bruker AV-400 NMR spectrometer. ESI-MS spectra was
performed on Thermofisher Scientific Exactive LC-MS spectrometer
(Thermal Elctronic, USA). Apoptosis assay, ROS, Ca2* and JC-1 analysis
were recorded on Flow cytometer (BECKMAN COULTER CytoFLEX).
The absorbance of CCK-8 assay was determined by measuring the optical
density at 450 nm using a multifunctional enzyme marker (n = 5,
Switzerland, TECAN SPARK).

4.2. Synthesis of GUPT1

The ligand HGU1 (0.05 mmol, 7.3 mg) and (Ph3P)3RhClI (0.05 mmol,
46.3 mg) were dissolved in MeOH (0.6 mL), CHCly (0.1 mL) and trie-
thylamine (0.1 mL), and then, the mixture in the HTRT (15.0 mL) was
sealed and placed in an oven at 65 °C for 1.0 day and at 80 °C for 3.0
days (Scheme 1). After 1.0 day, the reddish-brown lumpy crystals of
GUPT1 were obtained. Yield: 60.5 %. Elemental analysis: caled (%) for
RhC4sH360CIoNP,: C 64.15, H 4.31, N 1.66; found: C 64.16, H 4.35, N
1.65. 'H NMR (400 MHz, DMSO-dg, Fig. S3): § 7.66-7.59 (m, 8H), 7.55
(m, 6H), 7.44-7.37 (m, 6H), 7.36-7.31 (m, 3H), 7.24 (m, 7H), 7.19-7.13
(m, 2H), 6.97 (m, 4H).

4.3. Synthesis of GUPT2

Replacing HGU1 (0.05 mmol, 7.3 mg) with HGU2 (0.05 mmol, 11.2
mg) with the procedure for GUPT1 gave rise to GUPT2. Yield: 54.2 %.
Elemental analysis: calcd (%) for RhC45H350BrCloNPo: C 58.66, H 3.83,
N 1.52; found: C 58.63, H 3.81, N 1.55. 'H NMR (400 MHz, DMSO-dg,
Fig. S4): 6 7.65-7.59 (m, 8H), 7.58-7.52 (m, 6H), 7.42-7.38 (m, 5H),
7.36-7.32 (m, 3H), 7.30-7.23 (m, 6H), 7.20-7.14 (m, 3H), 6.99-6.94
(dd, J = 8.5, 3.0 Hz, 4H). ESI-MS (positive ion mode, Fig. S1): m/z:
713.85 [M + 4(DMSO) + 3(H,0) + H]™.

4.4. Synthesis of GUPT3

Replacing HGU1 (0.05 mmol, 7.3 mg) with HGU3 (0.10 mmol, 18.0
mg) with the procedure for GUPT1 gave rise to GUPT3. Yield: 40.8 %.
Elemental analysis: caled (%) for RhC36H2502Cl3N2P: C 57.06, H 3.33, N
3.70; found: C 57.07, H 3.35, N 3.73. ESI-MS (positive ion mode,
Fig. S2): m/z: 1126.56 [M-(PhsP) + 3(H20) + H].

4.5. Synthesis of GUPT4

Replacing HGU1 (0.05 mmol, 7.3 mg) with HGU4 (0.10 mmol, 16.3
mg) with the procedure for GUPT1 gave rise to GUPT4. Yield: 56.7 %.
Elemental analysis: calcd (%) for RhC3¢H2502CIFoNoP: C 59.65, H 3.48,
N 3.86; found: C 59.66, H 3.50, N 3.85. 'H NMR (400 MHz, DMSO-dg,
Fig. S5): 6 7.65-7.59 (m, 7H), 7.58-7.54 (m, 4H), 7.42-7.35 (m, 5H),
7.30-7.23 (m, 3H), 7.18 (m, 2H), 7.01-6.96 (m, 4H).

4.6. Biological experiments

The A549 and CR-A549 cells were cultured in six-well plates (SWP)
at a density of 5.0 x 10> cells per well for 24 h. After incubation with
GUPT4 (5.11 pM) and GUPT3 (8.74 uM) for 48 h, the CR-A549 cells
were harvested from SWP, and Annexin V-APC (5.0 pL)/7-AAD (5.0 pL)
double dyeing (for apoptosis test), Fluo-3AM (1.0 pM) fluorescence
probe (for [Ca2+]), DCFH-DA (10.0 pM) fluorochrome (for ROS), and JC-
1 (1.0 pL) staining (for Ayy,p) were added to the CR-A549 cells and
incubated for 30.0 min at 37.0 °C. And then the fluorescence intensity
for SWP sample was measured by FCM analysis. In addition, The release
of the state I/IV respiration and ATP in the GUPT4 (5.11 pM)-and
GUPT3 (8.74 pM)-treated cells were detected with state I/IV respiration
and ATP assay system bioluminescence detection kit.

4.7. The other methods

The other methods of GUPT1-GUPT4 were similar to those illus-
trated in previous work [15e,48,54]. In addition, the detailed anti-
proliferative activity of GUPT4 (5.0 mg/kg) in vivo as regards A549 cells
can be found in the ESI.
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