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A B S T R A C T   

Hepatotoxicity caused by an overdose of acetaminophen (APAP) is the leading reason for acute drug-related liver 
failure. Nuclear factor erythroid-2-related factor 2 (Nrf2) is a protein that helps to regulate redox homeostasis 
and coordinate stress responses via binding to the Kelch-like ECH-associated protein 1 (Keap1). Targeting the 
Keap1-Nrf2 interaction has recently emerged as a potential strategy to alleviate liver injury caused by APAP. 
Here, we designed and synthesized a number of iridium (III) and rhodium (III) complexes bearing ligands with 
reported activity against oxidative stress, which is associated with Nrf2 transcriptional activation. The iridium 
(III) complex 1 bearing a bioactive ligand 2,9-dimethyl-1,10-phenanthroline and 4-chloro-2-phenylquinoline, a 
derivative of the bioactive ligand 2-phenylquinoline, was identified as a direct small-molecule inhibitor of the 
Keap1–Nrf2 protein-protein interaction. 1 could stabilize Keap1 protein, upregulate HO-1 and NQO1, and pro-
mote Nrf2 nuclear translocation in normal liver cells. Moreover, 1 reversed APAP-induced liver damage by 
disrupting Keap1–Nrf2 interaction and without inducing organ damage and immunotoxicity in mice. Our study 
demonstrates the identification of a selective and efficacious antagonist of Keap1–Nrf2 interaction possessed 
good cellular permeability in cellulo and ideal pharmacokinetic parameters in vivo, and, more importantly, val-
idates the feasibility of conjugating metal complexes with bioactive ligands to generate metal-based drug leads as 
non-toxic Keap1–Nrf2 interaction inhibitors for treating APAP-induced acute liver injury.   

1. Introduction 

Acetaminophen (APAP) is one of the most frequently used analgesics 
in the world [1]. Overdose of APAP is a leading factor for drug-related 
acute liver failure in developed nations, and is the second-most 
responsible reason for liver replacement [2]. The liver metabolizes 
APAP to generate the toxic quinone metabolite, N-acetyl-p-benzoqui-
none imine (NAPQI) [3,4]. Excess NAPQI adducts to biomolecules in the 

cell to produce NAPQI-protein complexes, leading to mitochondrial 
aberration, oxidative stress, and nuclear DNA damage, which drives 
hepatocyte damage and liver injury [5]. Currently, N-acetylcysteine 
(NAC) is the only FDA-approved treatment for hepatotoxicity induced 
by APAP [6]. However, some serious side effects of NAC include chest 
tightness, bronchoconstriction, and bleeding [7]. 

The transcription factor nuclear factor E2-related factor 2 (Nrf2) is 
activated in the presence of oxidative tension, where it binds to the 
antioxidant response element (ARE) within the promoter regions of 
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genes coding for a range of antioxidant products [8,9], including 
quinone oxidoreductase (NQO1) and heme oxygenase-1 (HO-1) [10,11]. 
NQO1 utilizes NADH and NADPH to reduce quinones to hydroquinones 
and to decrease NAPQI production [12]. HO-1 induction reduced 
pro-inflammatory cytokine levels, and limited liver damage in acute 
hepatic inflammation rodent models [13]. Normally, Nrf2 interacts with 
Kelch-like ECH-associated protein 1 (Keap1), a substrate adaptor, in the 
cytoplasm, forming a complex with a CUL3-containing E3 ubiquitin 
ligase [14]. This CUL3-Keap1-E3 ligase complex adds a polyubiquitin 
chain to Nrf2, targeting it for proteasomal degradation to maintain a low 
base level of Nrf2 [15]. The loss of Keap1 activity in the liver leads to 
constitutive activation of Nrf2 and the expression of its target antioxi-
dant genes [16]. Numerous natural (e.g. isothiocyanate, sulforaphane, 
and curcumin) and synthetic (e.g. dimethyl fumarate, bardoxolone 
methyl, and oltipraz) small molecules have been reported to activate 
ARE-dependent antioxidant gene transcription [17,18]. However, these 
reported activators of Nrf2 may have a higher potential for affecting 
multiple signaling pathways. ML334 (9), the first direct small-molecule 
antagonist of the Keap1–Nrf2 interaction, promotes Nrf2 nuclear 
translocation and induces ARE activity in vitro [19]. Following the dis-
covery of ML334, several other direct small-molecule antagonists of 
Keap1–Nrf2 interaction have been reported (Supplementary Table 1 and 
Fig. S1) [20–37], including tetrahydroisoquinoline, 1,4-diaminonaph-
thalene, and its analogs, phenyl pyrrole, phenyl pyrazole, phenyl tri-
azole, phenyl furan, and miscellaneous scaffolds. However, while some 
of this small-molecule the Keap1–Nrf2 protein-protein interaction (PPI) 
inhibitors exhibit nanomolar potency in vitro, they usually possess 
aliphatic acid groups, such as carboxylic acid (e.g. A1, B2–B4, B6–B8, 
B10–B11, B13, B18–B19, B23, B26–B29, C2–C3, D2), and hydroxamic 
acid (e.g. B14) groups. Although these aliphatic acid groups may play an 
important role for the recognition and interaction with Keap1 [33], they 
may also decrease membrane permeability in cellulo [33]. Moreover, 
while some studies have described the use of Keap1-Nrf2 inhibitors for 
treating APAP-induced liver injury have been reported [21,38], con-
cerns regarding pharmacokinetic parameters and relatively low in vivo 
efficacy still remain [24]. Several small-molecule antagonists without 
aliphatic acid groups have been reported [24,31,32], but they are all 
derived from the 1,4-diaminonaphthalene scaffold and none of these 
inhibitors, to our knowledge, have been investigated for treating 
APAP-induced hepatotoxicity in cellulo and in vivo. Moreover, assess-
ments of toxicity, including organ damage and immunotoxicity, for 
these compounds are still limited. 

While conventional inorganic anticancer drugs such as cisplatin and 
its derivatives act through binding to DNA, recent advantages in 
chemical biology have enabled the concept of selectively focusing on 
medicinally relevant proteins or protein-protein interactions (PPIs) 
using transition-metal complexes [39–43]. It is now recognized that 
metal compounds can be fine-tuned for non-covalent interactions, due to 
their ability to incorporate a flexible array of ligands in different 

oxidation states [44,45], structural configurations [46,47], and stereo-
chemical variations [48–50]. Many of these are based on Group 9 metal 
centers such as iridium and rhodium, which have the advantages of 
structural diversity [51,52], kinetic inertness [39,53], and tunable 
photophysical properties [54–58]. 

2-Phenylquinoline, an alkaloid, has potential antioxidant activity 
owing to its ability to inhibit detoxification enzyme depletion and as 
well as increase antioxidant levels [59–61]. Meanwhile, 2,9-dimethyl-1, 
10-phenanthroline has been described as a neuronal cell protector in 
oxidative stress, as it selectively chelates oxidative stress inducers such 
as copper ion [62]. Furthermore, metal complexes can possess various 
geometries depending on their oxidation status as well as the nature of 
both the auxiliary ligands and central metal ion [63–65]. Such com-
pounds can be readily adapted to specifically recognize the binding re-
gions of proteins through complementary interactions [66]. Specifically, 
conjugative bioactive ligands to metal scaffolds is an emerging design 
strategy for developing metal-based drug leads [54,63]. 

In this study, we synthesized a series of iridium (III) and rhodium 
(III) bearing ligands (2-phenylquinoline, 2,9-dimethyl-1,10-phenan-
throline, and their derivatives) with reported activity against oxidative 
stress, and evaluated their impact on the regulation of the Keap1-Nrf2 
pathway. This work led to the identification of the lead complex 1 as 
the first metal-based Keap1–Nrf2 inhibitor in the literature with the 
protective effect against APAP-induced hepatotoxicity. Thus, conju-
gating bioactive motifs to a metal scaffold to generate small-molecule 
inhibitors of Keap1–Nrf2 PPI is a powerful alternative strategy to 
obtain drug candidates against oxidative stress compared to conven-
tional approaches. 

2. Experimental section 

2.1. Reagents 

All compounds were analyzed by 1H and 13C NMR and high- 
resolution mass spectrometry. The purity of all complexes were vali-
dated by combustion using automatic analyzers (Atlantic Microlab Inc., 
Norcross, GA) to confirm the purity is ≥ 95%. Human liver LO2 cells 
were purchased from Shanghai institute of biochemistry and cell biology 
(Shanghai, China). A549, HUVEC, PC3, HeLa, and DU145 cells were 
obtained from ATCC (Manassas, USA). Fetal bovine serum (FBS) and 
Dulbecco’s modified Eagle’s medium (DMEM) were obtained from 
Gibco BRL (Gaithersburg, MD, USA). The Keap1–Nrf2 Inhibitor 
Screening Assay Kit was purchased from BSP Bioscience (San Diego, 
CA). The positive control ML334 was purchased from Merck KGaA 
(Darmstadt, Germany). 

2.2. General experimental 

Mass spectrometry was performed at the Mass Spectroscopy Unit at 
the Department of Chemistry, Hong Kong Baptist University, Hong Kong 
(China). Deuterated solvents for NMR purposes were obtained from 
Armar and used as received.1H and 13C NMR were recorded on a Bruker 
Advance 400 spectrometer operating at 400 MHz (1H) and 100 MHz 
(13C). 1H and 13C chemical shifts were referenced internally to solvent 
shift (Acetonitrile-d3: 1H, δ1.94, 13C, δ118.7; Acetone-d6: 1H, δ2.05, 13C, 
δ29.7). Chemical shifts (d) are quoted in ppm, the downfield direction 
being defined as positive. Uncertainties in chemical shifts are typically 
±0.01 ppm for 1H and ±0.05 for 13C. Coupling constants are typically 
±0.1 Hz for 1H–1H and ±0.5 Hz for 1H–13C couplings. The following 
abbreviations are used for convenience in reporting the multiplicity of 
NMR resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 
All NMR data were acquired and processed using standard Bruker soft-
ware (Topspin). 

Abbreviations 

APAP Acetaminophen 
ARE Antioxidant response element 
NAPQI N-acetyl-p-benzoquinone imine 
Co-IP Co-immunoprecipitation 
DMSO Dimethyl sulfoxide 
CETSA Cellular thermal shift assay 
FBS Fetal bovine serum 
HO-1 Heme oxygenase-1 
Keap1 Kelch-like ECH-associated protein 1 
NQO1 NAD(P)H: quinone oxidoreductase 
Nrf2 Nuclear factor E2-related factor 2  
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2.3. Synthesis of iridium(III) and rhodium(III) complexes 

2.3.1. Preparation of the precursor complexes [M2(C^N)4Cl2] 
A solution of rhodium (III)/iridium (III) chloride (200 mg, 0.88 

mmol) and corresponding C^N ligands (1.93 mmol, 2.2 eq.) in a mixture 
of methoxyethanol: water (3:1, 48 mL) was heated under reflux over-
night under a nitrogen atmosphere. The reaction mixture was cooled to 
room temperature. The solid was collected by filtration, washed with 
additional portions of water (2 × 100 mL) and diethyl ether (2 × 50 mL), 
and dried to yield the corresponding precursor complexes. 

2.3.2. Preparation of the final complexes 
A suspension of [Rh2(C^N)4Cl2] (0.2 mM) and corresponding N^N 

ligands (0.24 mmol) in a mixture of dichloromethane: methanol (1:1, 20 
mL) was refluxed overnight under a nitrogen atmosphere. The resulting 
solution was then allowed to cool to room temperature, and filtered to 
remove unreacted cyclometalated dimer. To the filtrate, an aqueous 
solution of ammonium hexafluorophosphate (excess) was added and the 
filtrate was reduced in volume by rotary evaporation until precipitation 
of the crude product occurred. The precipitate was then filtered and 
washed with several portions of water (2 × 50 mL) followed by diethyl 
ether (2 × 50 mL). The product was recrystallized by acetonitrile: 
diethyl ether vapor diffusion to yield the titled compounds. 

Complex 1: (Yield 61%) 1H NMR (400 MHz, Acetone) δ 8.57 (d, J =
9.2 Hz, 4H), 8.14 (t, J = 8 Hz, 4H), 7.83 (d, J = 8.1 Hz, 4H), 7.57–7.48 
(m, 4H), 7.14–7.07 (m, 4H), 6.85 (td, J = 7.7, 1.3 Hz, 2H), 6.55 (d, J =
7.6 Hz, 2H), 2.06 (s, 6H). 13C NMR (101 MHz, Acetone-d6) δ 170.8, 
164.6, 148.3, 148.5, 147.7, 146.0, 145.2, 138.7, 133.2, 131.6, 130.8, 
129.2, 127.7, 127.6, 127.6, 126.5, 125.1, 125.1, 124.4, 122.8, 117.7, 
24.4. HRMS: calcd. For C44H30Cl2IrN4 [M − PF6]+: 877.1459, found: 
877.1421; elemental anal. (C44H30Cl2N4IrPF6) C, H, N: calcd: 51.67, 
2.96, 5.48; found: 51.66, 3.06, 5.59. 

Complex 2: Reported [67]. 
Complex 3: Reported [68]. 
Complex 4: Reported [68]. 
Complex 5: (Yield: 49%) 1H NMR (400 MHz, acetone-d6) δ 8.51 (d, J 

= 8.3 Hz, 2H), 8.41 (d, J = 8.7 Hz, 2H), 8.28 (d, J = 8.8 Hz, 2H), 7.95 (d, 
J = 8.1 Hz, 2H), 7.85 (dd, J = 8.4, 1.6 Hz, 2H), 7.82–7.74 (m, 4H), 7.41 
(d, J = 8.8 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 6.89–7.01 (m, 4H), 6.36 (s, 
2H), 2.33–2.22 (m, 4H), 2.03 (s, 6H), 0.85 (t, J = 7.6 Hz, 6H). 13C NMR 
(101 MHz, Acetone) δ 171.8, 165.4, 149.7, 148.9, 148.6, 147.5, 144.8, 
140.7, 139.4, 133.5, 131.2, 130.0, 129.9, 128.4, 128.3, 128.0, 127.3, 
127.1, 124.7, 123.4, 118.1, 55.0, 25.1, 15.4. HRMS: calcd. For 
C48H40IrN4 [M − PF6]+: 865.2880, found: 865.2881. Anal. 
(C48H40IrN4PF6) C, H, N: calcd: 57.08, 3.89, 5.55; found: 55.61, 3.87, 
5.51. 

Complex 6: (Yield: 39%) 1H NMR (400 MHz, Acetone-d6) δ 8.58 (s, 
2H), 8.52 (d, J = 8.3 Hz, 2H), 8.21 (dd, J = 7.9, 1.5 Hz, 2H), 8.14 (dd, J 
= 8.4, 1.4 Hz, 2H), 7.83–7.72 (m, 6H), 7.51 (t, J = 8.3 Hz, 2H), 
7.22–7.11 (m, 4H), 6.93 (t, J = 7.9 Hz, 2H), 6.61 (dt, J = 7.9, 1.0 Hz, 
2H), 2.14 (s, 6H). 13C NMR (101 MHz, Acetone) δ 168.0, 164.6, 148.4, 
146.9, 146.8, 146.0, 139.6, 135.3, 132.2, 131.6, 129.5, 128.7, 128.4, 
128.4, 127.0, 126.3, 125.8, 125.5, 124.8, 119.0, 119.0, 24.9. HRMS: 
calcd. For C44H30RhCl2N4 [M − PF6]+:787.0892, found: 787.0882; 
elemental anal. (C44H30Cl2N4RhPF6+1.5H2O) C, H, N: calcd: 55.02, 
3.46, 5.83; found: 54.87, 3.59, 6.28. 

Complex 1a: (Yield: 46%) 1H NMR (400 MHz, CDCl3) δ 8.82 (d, J =
5.4 Hz, 2H), 8.76 (s, 2H), 8.41 (d, J = 7.1 Hz, 2H), 8.08 (m, 4H), 8.01 (s, 
2H), 7.63–7.52 (m, 12H), 7.457 (t, J = 7.6 Hz, 2H), 7.27 (t, J = 7.2 Hz, 
2H), 7.11 (t, J = 7.2 Hz, 2H), 6.93 (t, J = 7.5, 2H), 6.78 (dd, J = 7.7, 0.8 
Hz, 2H), 2.79 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 171.8, 164.9, 151.5, 
149.5, 149.3, 149.0, 146.8, 146.0, 136.6, 134.4, 132.6, 131.6, 130.6, 
130.4, 130.0, 128.6, 128.6, 128.4, 127.7, 126.1, 126.1, 125.7, 124.9, 
123.7, 118.6, 58.2, 54.9, 25.1. MALDI-TOF-HRMS: Calcd. For 
C56H38N4Cl2Ir [M − PF6]+: 1029.2103, Found: 1029.2114. Anal.: 
(C56H38IrCl2PF6N4) C, H, N: calcd. 57.24, 3.26, 4.77; found 57.41, 3.43, 

4.94. 
Complex 1b: (Yield: 61%) 1H NMR (400 MHz, Acetone-d6) δ 8.83 

(d, J = 5.4 Hz, 2H), 8.76 (s, 2H), 8.42 (dd, J = 7.8, 1.2 Hz, 2H), 
8.12–8.04 (m, 4H), 8.02 (s, 2H), 7.65–7.52 (m, 12H), 7.46 (ddd, J = 8.2, 
6.9, 1.0 Hz, 2H), 7.28 (ddd, J = 8.1, 7.2, 1.2 Hz, 2H), 7.12 (ddd, J = 8.7, 
6.9, 1.5 Hz, 2H), 6.94 (td, J = 7.4, 1.3 Hz, 2H), 6.78 (dd, J = 7.8, 1.1 Hz, 
2H). 13C NMR (101 MHz, Acetone) δ 171.4, 152.3, 151.8, 149.6, 149.1, 
148.1, 147.0, 146.3, 136.3, 135.7, 132.7, 132.0, 130.7, 129.9, 129.5, 
128.9, 128.8, 128.2, 126.7, 126.1, 126.1, 125.8, 124.1, 119.3. MALDI- 
TOF-HRMS: Calcd. For C54H34Cl2IrN4 [M − PF6]+: 1001.1790 Found: 
1001.1834; Anal.: (C54H34Cl2IrN4PF6) C, H, N: calcd. 56.55, 2.99, 4.88; 
found 56.06, 2.66, 4.94. 

Complex 1c: (Yield: 51%) 1H NMR (400 MHz, CDCl3) δ 8.73 (s, 2H), 
8.33 (d, J = 8.0 Hz, 2H), 8.26 (d, J = 8.3 Hz, 2H), 8.17 (dd, J = 8.3, 1.1 
Hz, 2H), 8.10 (s, 2H), 7.96–7.89 (m, 2H), 7.62–7.52 (m, 4H), 7.30–7.17 
(m, 4H), 6.86 (td, J = 7.6, 1.3 Hz, 2H), 6.62 (dd, J = 8.0, 0.8 Hz, 2H), 
2.28 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 171.4, 166.5, 152.3, 151.4, 
149.0, 148.6, 148.5, 147.1, 146.9, 146.8, 146.6, 146.5, 146.3, 137.8, 
136.5, 135.9, 135.7, 134.5, 133.3, 132.7, 132.6, 132.4, 132.1, 132.0, 
132.0, 129.2, 128.8, 128.8, 128.7, 128.2, 127.6, 126.7, 126.0, 125.8, 
125.7, 125.6, 124.1, 121.0, 119.3, 15.3. MALDI-TOF-HRMS: Calcd. For 
C42H30Cl2IrN4 [M − PF6]+: 853.1477 Found: 853.1459; Anal.: 
(C42H30Cl2IrN4PF6+H2O) C, H, N: calcd. 49.61, 3.17, 5.51; found 49.72, 
3.09, 5.71. 

Complex 1d: (Yield: 58%) 1H NMR (400 MHz, CDCl3) δ 8.87 (dd, J 
= 8.6, 1.2 Hz, 2H), 8.73 (s, 2H), 8.69 (dd, J = 5.1, 1.2 Hz, 2H), 8.38 (d, J 
= 7.0 Hz, 2H), 8.10–8.01 (m, 4H), 7.41 (t, J = 8.4 Hz, 4H), 7.29–7.21 
(m, 2H), 6.96 (td, J = 8.4, 1.6 Hz, 2H), 6.90 (td, J = 7.5, 1.3 Hz, 2H), 
6.73 (dd, J = 7.7, 0.7 Hz, 2H), 2.70 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 
171.4, 166.5, 152.3, 151.4, 149.0, 148.6, 148.5, 147.1, 146.9, 146.8, 
146.6, 146.4, 146.3, 137.8, 136.5, 135.9, 135.7, 134.5, 133.3, 132.7, 
132.6, 132.4, 132.1, 132.0, 132.0, 129.2, 128.8, 128.8, 128.7, 128.2, 
127.6, 126.7, 126.0, 125.8, 125.7, 125.6, 124.1, 121.0, 119.3, 15.3. 
MALDI-TOF-HRMS: Calcd. For C44H30Cl2IrN4 [M − PF6]+: 877.1459 
Found: 877.1472; Anal.: (C44H30Cl2IrN4PF6+H2O) C, H, N: calcd. 50.77, 
3.10, 5.38; found 50.97, 3.06, 5.58. 

Complex 1e: (Yield: 53%) 1H NMR (400 MHz, CDCl3) δ 8.54 (s, 2H), 
8.30 (dd, J = 8.4, 1.1 Hz, 2H), 8.10 (dd, J = 7.9, 1.2 Hz, 2H), 7.95 (t, J =
7.8 Hz, 2H), 7.83 (t, J = 7.9 Hz, 4H), 7.68 (d, J = 8.2 Hz, 2H), 7.50 (d, J 
= 7.6 Hz, 2H), 7.34 (t, J = 7.2, 2H), 7.07 (t, J = 8.0 Hz, 2H), 6.83 (t, J =
7.2 Hz, 2H), 6.50 (dd, J = 7.8, 0.8 Hz, 2H), 1.81 (s, 6H). 13C NMR (101 
MHz, CDCl3) δ 171.5, 164.1, 159.2, 148.9, 148.5, 147.1, 145.8, 140.5, 
133.8, 132.8, 131.7, 129.2, 128.8, 128.5, 126.3, 126.3, 126.2, 123.7, 
122.5, 118.6, 24.5. MALDI-TOF-HRMS: Calcd. For C42H30N4Cl2Ir [M −
PF6]+: 853.1477, Found: 853.1488. Anal.: (C42H30IrCl2PF6N4+ 2H2O) 
C, H, N: calcd. 48.75, 3.31, 5.41; found 48.29, 3.05, 5.51. 

Complex 10: (Yield: 39%) 1H NMR (400 MHz, Acetone-d6) δ 8.52 (d, 
J = 5.3 Hz, 2H), 8.50–8.38 (m, 4H), 8.24–8.16 (m, 4H), 7.89 (d, J = 5.2 
Hz, 2H), 7.77 (dd, J = 8.1, 1.4 Hz, 2H), 7.36 (d, J = 8.9 Hz, 2H), 7.25 (t, 
J = 8.0 Hz, 2H), 7.07 (dd, J = 8.0, 1. Hz, 2H), 6.87 (dt, J = 8.7, 1.6 Hz, 
2H), 6.55 (d, J = 1.6 Hz, 2H), 2.87 (s, 6H), 2.28 (q, J = 7.6 Hz, 4H), 0.82 
(td, J = 7.6, 1.3 Hz, 6H). 13C NMR (101 MHz, Acetone) δ 206.3, 206.1, 
205.95, 171.2, 152.7, 149.8, 148.9, 148.5, 147.6, 147.3, 144.8, 140.7, 
135.0, 131.2, 131.0, 129.9, 128.3, 128.3, 128.1, 127.2, 125.1, 125.0, 
123.7, 118.7, 29.3, 18.9, 15.3. MALDI-TOF-HRMS: Calcd. For 
C48H40IrN4 [M − PF6]+: 865.2882 Found: 864.9313. Anal.: 
(C48H40IrN4PF6) C, H, N: calcd. 57.08, 3.99, 5.55; found 56.66, 3.97, 
5.60. 

Complex 11: Reported [69]. 
Complex 12: Reported [70]. 
Complex 13: (Yield: 42%) 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J =

8.0 Hz, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.79 (m, 4H), 7.64 (d, J = 8.0 Hz, 
2H), 7.57 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.43 (t, J = 6.0 
Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 7.08 (t, J = 8.0 Hz, 2H), 6.84 (d, J =
8.0 Hz, 2H), 2.27 (q, J = 8.0 Hz, 4H), 1.67 (s, 6H), 0.87 (t, J = 8.0 Hz, 
6H). 13C NMR (101 MHz, CDCl3) δ 170.3, 162.5, 158.2, 147.7, 147.5, 
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147.1, 142.9, 139.6, 139.4, 132.5, 130.5, 129.1, 127.3, 126.6, 126.5, 
124.4, 122.5, 121.6, 116.6, 28.8, 24.0, 14.9. HRMS: Calcd. For 
C46H40IrN4 [M − PF6]+: 841.2879 Found: 841.2893. 

Complex 14: Reported [71]. 
Complex 15: Reported [72]. 
Complex 16: Reported [49]. 
Complex 17: (Yield: 42%) 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J =

8.0 Hz, 2H), 7.95 (d, J = 8.0 Hz, 2H), 7.76 (d, J = 8.0 Hz, 2H), 7.70 (d, J 
= 8.0 Hz, 2H), 7.55 (m, 9H), 7.46 (s, 2H), 7.43 (d, J = 6.0 Hz, 2H), 7.37 
(m, 5H), 6.97 (t, J = 6.0 Hz, 2H), 6.88 (d, J = 8.0 Hz, 2H), 6.31 (s, 2H), 
2.30 (q, J = 8.0 Hz, 4H), 1.96 (s, 6H), 0.89 (t, J = 8.0 Hz, 6H). 13C NMR 
(101 MHz, CDCl3) δ 167.1, 160.8, 159.6, 150.6, 149.6, 148.0, 141.6, 
137.8, 135.9, 131.2, 129.7, 128.8, 128.0, 122.3, 121.8, 118.6, 116.3, 
107.9, 54.8. HRMS: Calcd. For C60H48IrN4 [M − PF6]+: 1017.3507, 
Found: 1017.3554. 

Complex 18: (Yield: 42%) 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J =
8.0 Hz, 2H), 8.17 (d, J = 8.0 Hz, 1H), 8.06 (t, J = 10.0 Hz, 2H), 7.84 (s, 
2H), 7.71 (d, J = 8.0 Hz, 2H), 7.64 (m, 4H), 7.47 (d, J = 8.0 Hz, 2H), 
7.33 (t, J = 8.0 Hz, 2H), 7.11 (t, J = 8.0 Hz, 4Hz, 2H), 6.99 (t, J = 8.0 Hz, 
2H), 6.90 (m, 2H), 6.49 (s, 7H), 6.43 (d, J = 8.0 Hz, 2H), 5.61 (s, 2H), 
2.00 (q, J = 8.0 Hz, 4H), 0.80 (t, J = 8.0 Hz, 6H). 13C NMR (101 MHz, 
CDCl3) δ 170.3, 163.3, 147.4, 146.5, 146.4, 144.8, 140.8, 139.0, 137.6, 
136.8, 136.3, 131.2, 129.8, 129.1, 128.9, 128.3, 128.1, 127.5, 126.8, 
126.7, 126.4, 126.0, 125.8, 125.7, 125.5, 125.4, 124.9, 122.6, 120.8, 
115.7, 27.5, 13.4. HRMS: Calcd. For C58H44IrN4 [M − PF6]+: 989.3194 
Found: 989.3167. 

Complex 19: (Yield: 43%) 1H NMR (400 MHz, DMSO‑d6) δ 13.88 (s, 
2H), 8.44 (s, 2H), 8.13 (s, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 
Hz, 2H), 7.10 (m, 4H), 6.88 (t, J = 8.0 Hz, 2H), 6.74 (t, J = 8.0 Hz, 2H), 
6.34 (d, J = 8.0 Hz, 2H), 5.35 (d, J = 8.0 Hz, 2H), 2.83 (s, 6H), 2.36 (s, 
6H). 13C NMR (101 MHz, CDCl3) δ 164.2, 151.1, 150.4, 146.2, 139.2, 
134.7, 134.2, 133.0, 132.7, 130.3, 128.8, 124.4, 124.2, 123.4, 123.0, 
121.9, 113.0, 112.6, 17.7, 14.8. 

Complex 20: Reported [73]. 
Complex 21: (Yield: 52%) 1H NMR (400 MHz, CDCl3) δ 9.06 (s, 2H), 

8.93 (d, J = 8.0 Hz, 2H), 8.25 (d, J = 8.0 Hz, 2H), 8.00 (d, J = 8.0 Hz, 
2H), 7.77 (m, 4H), 7.60 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 
7.42 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.10 (t, J = 8.0 Hz, 
2H), 6.88 (t, J = 6.0 Hz, 2H), 6.26 (d, J = 8.0 Hz, 2H), 1.49 (s, 18H). 13C 
NMR (101 MHz, CDCl3) δ 169.0, 164.6, 155.7, 154.2, 149.7, 145.5, 
140.4, 137.0, 132.2, 131.6, 130.8, 130.6, 128.6, 127.7, 126.9, 126.3, 
124.9, 123.1, 122.1, 36.0, 30.5. HRMS: Calcd. For C48H44IrN4 
[M–PF6]+: 869.3195 Found: 869.1659. 

Complex 22: Reported [74]. 
Complex 23: Reported [75]. 

2.4. Fluorescence polarization assay 

The disruption of the Keap1/Nrf2 peptide interaction by the lead 
compounds was tested following the manufacturer’s instruction (BPS 
Bioscience, San Diego, CA). Briefly, the tested compounds were dis-
solved in the kit assay buffer. To each test well, 24 μL of the diluted 
binding assay buffer, 0.5 μL Nrf2 peptide (1 μM), 0.5 μL BSA (10 mg/mL) 
and 5 μL tested inhibitor (50 μM) and 20 μL diluted Keap1 (15 ng/mL) 
were then added and incubated for 0.5 h at ambient temperature. The 
change in fluorescent polarization can then be measured using a fluo-
rescence reader capable of excitation at 485 nm and detection at 535 
nm. Competitive assays were performed using a Corning 384-well plate 
as described in the procedures above. Wells were treated with bio-
tinylated Nrf2 and with 1 at the indicated concentrations. 

2.5. Protein thermal shift assay using purified recombinant Keap1 and 
Nrf2 

Purified recombinant Keap1 and Nrf2 were firstly treated with 1 (5 
μM) at room temperature for 30 min. The proteins were then heated at 

different temperatures ranging from 25 ◦C to 75 ◦C for 5 min. The 
collected protein samples were then detected by Western blotting using 
either Keap1 or Nrf2 antibodies. Densitometry analysis of Keap1 and 
Nrf2 levels was performed. 

2.6. Cellular thermal shift assay 

Cellular thermal shift assay was performed to monitor the target 
engagement of 1 in LO2 cell lysates. Briefly, cell lysates from 2 × 106 

LO2 cells were collected, diluted in PBS, and separated in the same al-
iquots. Each aliquot was treated with 1 (5.0 μM) or DMSO. 30 min after 
incubation at room temperature, the compound-treated lysates were 
divided into 50 μL in each of the PCR tubes and heated individually at 
different temperatures (Veriti thermal cycler, Applied Biosystems/Life 
Technologies). The heated lysates were centrifuged and the superna-
tants were analyzed by SDS-PAGE followed by immunoblotting analysis 
by probing with the indicated antibody. 

2.7. Isothermal titration calorimetry 

ITC experiments were carried in a MicroCal PEAQ-ITC Isothermal 
Titration Calorimeter (Malvern Panalytical) as previously described 
with minor modification [76–78]. Briefly, complex 1 and recombinant 
proteins (Keap1 and Nrf2) were dialyzed into ITC buffer (20 mM 
Bis-Tris, 150 mM NaCl, 2 mM DTT). Complex 1 (200 μM) was titrated 
against 20 μM of proteins, over 19 injections of 2 μL complex 1 solution 
at a rate of 2 s/μL at 150 s time intervals. The assay was performed out at 
25 ◦C with agitation at 750 rpm. The generated data was analyzed using 
the Setup MicroCal PEAQ-ITC Analysis Software. Three control titra-
tions, in which (1) 1 is titrated into the buffer; (2) buffer is titrated into 
proteins; (3) buffer is titrated into the buffer, were also analyzed by 
using the composite model. 

2.8. Expression and purification of Keap1 and Nrf2 proteins 

The plasmids pET28a-His6-Keap1 (Addgene plasmid #62454) and 
pET28a-His6-Nrf2 (Addgene plasmid #62455) were extracted using 
TIANprep Rapid Mini Plasmid Kit (DP105), and then transformed into 
the expression strain E. coli (BL21) (DE3), respectively. The transformed 
E. coli (BL21) (DE3) cells were cultured in lysogeny broth (LB) medium 
with 50 μg/mL kanamycin and grew at 37 ◦C until the OD600 reached 
0.5–0.8. Then, cells were induced with 1 mM isopropyl-β-D-thio-
galactopyranoside (IPTG) at 37 ◦C for 4 h. Cells were harvested by 
centrifugation at 4000g for 20 min and then homogenized by sonication 
in buffer (20 mM sodium phosphate, 500 mM NaCl, 5 mM imidazole, pH 
7.4) and precleared lysates were applied to His GraviTrap columns (GE 
Healthcare), following kit protocols for purifications. The protein was 
assayed by SDS-PAGE by staining with Coomassie brilliant blue R250. 

2.9. Mitochondrial dysfunction 

Evaluation of mitochondrial depolarization was performed by 
rhodamine 123 staining, as described previously [79]. LO2 cells were 
cultured in the 6-well plates and allowed to attach overnight. After 
cellular adhesion, were treated for 8 h with compounds. For microscopic 
observation, after treatment with the compounds, cells were incubated 
in complete medium containing 5 μg/mL rhodamine 123 for 30 min and 
washed twice with PBS, and then analyzed using an inverted fluores-
cence microscope. For spectrofluorometer measurement, cells were 
harvested and adjusted to 1.0 × 105 cells/mL, washed twice with PBS, 
and then incubated with 5 μg/mL rhodamine 123 staining solution at 
37 ◦C in the dark for 30 min. Afterward, cells were washed twice with 
PBS and centrifuged at 500×g for 10 min. Finally, absorbance was 
determined using a spectrofluorometer at an excitation wavelength of 
505 nm and an emission wavelength of 534 nm. 
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2.10. ROS detection 

LO2 cells seeded into 6-well plates were treated with H2O2 (800 μM) 
for 3 h, and 1 (5 μM) or 9 (5 μM) for 8 h. Cells were collected and labeled 
with 5 μM of H2DCF-DA in serum-free DMEM at 37 ◦C for 30 min. Cells 
were washed twice with PBS, and the fluorescence intensity of the cells 
was measured a confocal microscopy with excitation at 488 nm and 
emission at 525 nm. 

2.11. Measurement of proteasome activity 

The effect of complex 1 on proteasome activity was determined using 
a commercial Proteasome Activity Fluorometric Assay Kit (BioVision 
Incorporated, CA, USA). 

2.12. Animals and treatments 

C57BL/6 male mice (8–10 weeks old) were obtained from the Fac-
ulty of Health Science, University of Macau (Macau, China). Mice were 
housed under identical conditions in a controlled environment with a 
12:12 h light/dark cycle and fed with water and a standard laboratory 
rodent diet (Teklad 2018SX, Envigo) as following a previous study [80]. 
After a week acclimation, mice were randomly assigned to four groups 
(n = 10) as following: CON, APAP, APAP + 1–2.5 mg kg− 1, APAP +
1–5.0 mg kg− 11 treatment groups were administrated with 2.5 mg kg− 1 

or 5.0 mg kg− 1 (dissolved in PEG 400: distilled water = 4:6, v/v) 
intraperitoneally (i.p.) once daily for five days. APAP was dissolved in 
warm phosphate buffer at 55–60 ◦C and cooled to 37 ◦C before injection. 
Mice fasted overnight before 400 mg kg− 1 APAP injection. After the last 
dose of 1 pretreatment for 1 h, all the mice except the CON group were 
injected i.p. With APAP at a dose of 400 mg kg− 1. The CON group 
received the same volume of vehicle solution (PEG 400: distilled water 
= 4:6, v/v). All mice were anesthetized after 6 h after the APAP chal-
lenge, and samples including blood and liver were immediately har-
vested and stored at − 80 ◦C for further analysis. The experimental 
procedures (ICMS-AEC-031-2017) were performed in accordance with 
the animal care guidelines of the University of Macau and were 
approved by the ethics committee. 

2.13. Measurement of serum aminotransferase levels 

Serum aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT), the makers for liver injury [81], were determined using 
colorimetric kits according to the manufacture’s protocols (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). 

2.14. Histopathological analysis 

The identical lobe of the liver and other organs (spleen, heart, lung, 
and kidney) in each group were fixed in 4% phosphate-buffered poly-
oxymethylene for 24 h. The fixed organ tissues were processed routinely 
by being dehydrated in alcohol with progressively increased concen-
trations and embedded in paraffin. Sections (4 μm thickness) were 
stained with hematoxylin and eosin (H&E) according to the manufac-
turer’s instructions. The pathological changes of organ sections were 
photographed and analyzed by an Olympus CX-31 light microscope 
(Olympus Corp., Tokyo, Japan). Necrotic area analysis was performed 
using ImageJ software (version 1.53e, National Institutes of Health). 

2.15. Immunofluorescence assay 

To determine whether the protection of complex 1 against APAP 
hepatotoxicity was involved in Nrf2 nuclear translocation, an immu-
nofluorescence assay was performed. In brief, the cryostat sections (8 
μm) of the liver were fixed in ice-cold 4% paraformaldehyde for 15 min 
and rehydrated with PBS three times. After permeabilization with 0.1% 

Triton-X-100 in PBS for 20 min, followed by blocking endogenous 
peroxidase with 5% goat serum in PBS at room temperature for 1 h, the 
slides were incubated with rabbit anti-mouse Nrf2 (1:50, Santa Cruz 
Biotechnology Inc., Santa Cruz, CA) overnight at 4 ◦C, then incubated 
with Alexa Fluor® 568 goat anti-rabbit IgG (1:200, Life Technologies, 
Carlsbad, CA, USA) for 2 h at 37 ◦C in dark. Nuclear were counterstained 
with DAPI. All fluorescent images were visualized and captured by a 
Leica TCS SP8 confocal microscope (Leica Microsystems). 

2.16. Drug release experiments 

After fasting overnight prior to the test, mice were intraperitoneally 
administered with complex 1 (5.0 mg kg− 1), and blood was collected at 
the indicated time points (0, 0.5, 1, 2, 6, 12, 24, and 48 h) and placed 
into tubes containing EDTA-2Na. After centrifugation, plasma samples 
were used to determine the complex 1 concentration for the appropriate 
administration time using inductively coupled plasma mass spectrom-
etry (ICP-MS). 

2.17. Toxicity evaluation 

Mice were intraperitoneally administrated with complex 1 (2.5 mg 
kg− 1 or 5.0 mg kg− 1) for 6 h, anesthetized, and body weight was 
recorded. Fresh organs (liver, kidney, lung, spleen, and heart) were 
weighed and photographed. Organ index was calculated by the 
following formula: organ index (%) = organ wet weight/body weight ×
100% respectively. Approximately 100 mg organs were ground in liquid 
nitrogen and were digested by nitric acid. The concentration of complex 
1 in each organ was determined using ICP-MS. 

2.18. Flow cytometry determination 

Mice were administrated with or without complex 1 (5.0 mg kg− 1) 
for 6 h, anesthetized, and T cells were extracted from the spleen as 
previously described [82]. T cells were incubated with antibodies for 
surface markers, including anti-mouse-CD3-PE-Cy7, anti--
mouse-CD4-FITC, and anti-mouse-CD8-PE antibodies (BioLegend, 
Shanghai, China) for 20 min, then the cells were accounted 104 cells and 
determined using flow cytometry analysis. The acquisition was per-
formed with FACSpCanto II using the FACSDiva software (BD Bio-
sciences) and data was analyzed with FlowJo software (Tree Star, 
Ashland, OR, USA). 

2.19. Statistical analysis 

All data were analyzed by using GraphPad Prism 6.0. Error bars 
represent the standard deviations of the results from three independent 
experiments unless otherwise noted. Significant differences between 
groups were determined using a one-way analysis of variance (ANOVA) 
unless otherwise noted. P < 0.05 was considered statistically significant 
throughout the study. 

3. Results and discussion 

3.1. Synthesis and screening of metal complexes as Keap1–Nrf2 
interaction inhibitors 

Fluorescence polarization (FP) is commonly used to investigate the 
interactions between various biomacromolecules in solution. We 
employed fluorescent Nrf2 tracer peptides carrying the ETGE motif to 
track Keap1–Nrf2 interaction inhibition. We synthesized iridium (III) 
and rhodium (III) complexes (1–6) with diverse C^N and N^N ligands 
(Fig. 1A). From the screening results, the iridium (III) complex 1 [Ir 
(clpq)2 (2,9-dmphen)](PF6) (where clpq = 4-chloro-2-phenylquinoline 
(7) and 2,9-dmphen = 2,9-dimethyl-1,10-phenanthroline (8)) was 
identified as the most effective compound at disrupting the Keap1–Nrf2 

G. Li et al.                                                                                                                                                                                                                                        



Redox Biology 48 (2021) 102129

6

interaction, with an IC50 value of 1.09 μM. In contrast, the positive 
control ML334 (9) showed an IC50 value of 1.58 μM (Fig. 1A). 

3.2. Structure-activity relationships 

From the FP results, preliminary structure-activity relationships 
(SARs) could be drawn. Comparing iridium (III) complexes 1 and 2 
suggests that having chlorine groups on the C^N ligand is desirable for 
activity since complex 1 bearing the clpq ligand showed higher potency 
(IC50 = 1.09 μM) than complex 2 (IC50 = 5.66 μM) with the 2-phenylqui-
noline (pq) ligand or complex 5 (IC50 = 4.19 μM) with the 2-(4-ethyl-
phenyl)quinoline (epq) ligand. Interestingly, complexes containing the 
2-phenylbenzothiazole (pbt) C^N ligand (11 and 16) and fluorine 
groups (20 and 22) showed quite potent inhibition of Keap-Nrf2 bind-
ing. Together with the lead complex 1, which bears the clpq ligand, this 
result suggests that having heteroatoms in the C^N ligand could be 
beneficial for Keap1-Nrf2 potency. Changing from 2,9-dmphen (as in 5) 
to 1,10-phenanthroline (phen, as in 3) or 4,7-diphenyl-1,10-phenan-
throline (dpphen, as in 4) led to drastically reduced activity. 

To test the importance of the 2,9-dmphen N^N ligand, a focused li-
brary of five cyclometalated iridium (III) complexes bearing clpq 
(1a–1e) C^N ligands were designed and synthesized. These were tested 
against for Keap1–Nrf2 inhibitory activity using the FP assay as above. 
However, none of these complexes (1a-1e) exceeded the potency of 

complex 1 in the second round of screening, indicating that the com-
bination of the clpq C^N ligand and 2,9-dmphen N^N ligand were 
optimal for activity. Interesting SAR trends could be deduced from this 
focused library. For example, increasing the steric bulk of the N^N ligand 
by appending phenyl rings (1a and 1b) led to drastic decreases in ac-
tivity, which is also demonstrated when considering the complexes 15, 
17, and 18. On the other hand, reducing the size of the N^N ligand from 
2,9-dmphen to 5,5′-dimethyl-2,2′-bipyridine (1c) or 6,6′-dimethyl-2,2′- 
bipyridine (6,6′-dmbpy, as in 1e) only slightly reduced activity, indi-
cating that having small substituents at the N^N ligand may be important 
for Keap1-Nrf2 PPI inhibition. Taken together, these data suggest that 
the size of the complex may be an important determinant of activity, 
with larger complexes being less effective. Adding methyl groups at 
other positions (as in 1d, 10, and 16) reduced activity, which showed 
the position of the methyl groups is also important for inhibition of 
Keap-Nrf2 binding. Moreover, the identity of the metal center is critical 
for activity, since the rhodium (III) congener (6) of the lead iridium (III) 
complex 1 showed substantially weaker activity. Finally, the isolated 
ligands 7 and 8 showed poor activity at inhibiting the Keap1–Nrf2 
interaction, even when incubated together simultaneously as a mixture 
(IC50 = 67.61 μM) with ligand 7 being raised to twice the concentration 
as in the initial screen (Fig. 1A). These data highlight the key role of the 
iridium (III) ion in organizing the co-ligands into a medicinally potent 
configuration. The overall SAR trends of these complexes are 

Fig. 1. (A) Chemical structures and Keap1–Nrf2 binding inhibition IC50 values of the cyclometalated iridium (III) and rhodium (III) complexes 1–6, 1a–1e, 10–23, 
the ligands 7 and 8, and positive control 9 (ML334) evaluated in this study using a FP assay. (B) Summary of SAR for these complexes. 
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summarized in Fig. 1B. 

3.3. 1 possesses good cellular permeability in cellulo 

Complex 1 showed good stability in 4:1 acetonitrile/aqueous me-
dium for seven days as revealed by UV–Vis (Supplementary Fig. S2A) 
and 1H NMR (Supplementary Fig. S2B). In 80% acetonitrile/20% buffer 
solution, the complex had an excitation peak at 365 nm and an emission 
peak at 591 nm, respectively, giving a Stokes shift of approximately 226 
nm (Supplementary Fig. S2C). The luminescence lifetime was 1.16 μs 
(Supplementary Fig. S2D). Subsequently, the cellular uptake of 1 in LO2 
cells was investigated by ICP-MS. As shown in Fig. 2A and B, cells 
treated with complex 1 displayed higher iridium levels in the nucleus 
and cytoplasm, indicating that 1 possesses good cellular permeability. 

3.4. 1 enhances the nuclear accumulation of Nrf2 in cellulo 

A co-immunoprecipitation experiment was conducted to test the 
ability of 1 to disrupt the Keap1–Nrf2 interaction in cellulo. Treatment of 
LO2 cells with complex 1 led to a reduction of Nrf2 co-precipitated with 
Keap1, indicating that the complex could inhibit the Keap1–Nrf2 

interaction in living cells (Fig. 2C). Inhibition of the Keap1–Nrf2 inter-
action in response to pro-oxidant stimuli allows the liberated Nrf2 to 
move into the nuclear region and bind to the ARE, thereby activating 
antioxidant genes. As shown in Fig. 2D, 1 induced Nrf2 accumulation in 
the nucleus of LO2 cells after 1 h has been observed using immunoflu-
orescence. This result was further supported by Western blotting data 
which showed that complex 1 enhances the nuclear accumulation of 
Nrf2 in the LO2 cell line (Fig. 2E). 

3.5. 1 engages Keap1 in cellulo 

To investigate the ability of 1 to target Keap1 and Nrf2 in cellulo, the 
cellular thermal shift assay (CETSA) was conducted (Fig. 3A) [83,84]. 
Complex 1 significantly stabilized Keap1 and shifted the Keap1 melting 
curve by ca. 6 ◦C, whereas no significant shift for Nrf2 was detected 
(Fig. 3B), This result indicates that 1 can target Keap1 even within cell 
lysates, and further suggests that the ability of complex 1 to antagonize 
the Keap1–Nrf2 interaction in the FP assay could be attributed to its 
ability to bind to Keap1. 

To exclude the influence of cellular factors, human recombinant 
Keap1 and Nrf2 proteins were firstly expressed from E. coli (BL21) (DE3) 

Fig. 2. Effects of 1 on Nrf2 translocation. (A) ICP-MS quantification of cell uptake for 1. LO2 cells were incubated with 5 μM of 1 at different times. Error bars 
represent the standard deviations of the results from three independent experiments. P values were calculated using a one-way ANOVA with Tukey’s multiple 
comparison test. **P < 0.01 vs. 45 min group. NS (not significant, P > 0.05) vs. 45 min group. (B) ICP-MS comparison of 1 in the nucleus and cytoplasm from LO2 
cells. (C) Interactions between Keap1 and Nrf2 in LO2 cells were examined by Western blotting and co-IP. This experiment was repeated twice with similar results. 
(D) 1 induces nuclear translocation of Nrf2 in LO2 cells. (E) Western blot analysis of Nrf2 in the nucleus and cytoplasm in LO2 cells. This experiment was repeated 
twice with similar results. 
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(Supplementary Fig. S3). To understand the nature of inhibition of 
Keap1 and Nrf2 binding by complex 1, a competitive assay was also 
performed (Supplementary Fig. S4). The double-reciprocal plot showed 
that 1 was a competitive inhibitor of Keap1 and Nrf2 binding with a Ki 
value of 1.03 μM. Isothermal titration calorimetry (ITC) was used to 
characterize the thermodynamic parameters of complex 1 binding to 
Keap1 or Nrf2. The results showed that complex 1 bound to Keap1 with 
an approximate 1:1 stoichiometry (N = 0.962 ± 0.026) and with a 
dissociation constant of Kd = 0.71 ± 0.79 μM (Fig. 3C). Moreover, the 
binding between 1 and Keap1 could be driven by enthalpy/entropy 
compensation (ΔG = − 8.39 kcal/mol, ΔH = − 6.75 kcal/mol, -TΔS =
− 1.64 kcal/mol), suggesting that noncovalent interactions may play a 
key role in the binding. However, no binding was observed between 
complex 1 and Nrf2 by ITC (Fig. 3D). 

To further investigate the mechanism of action of complex 1, we 
evaluated the binding mode of complex 1 to Keap1 via molecular 
docking using the X-ray co-crystal structure of the Keap1 dimer with 
ML334 9 (PDB code: 4L7B). Docking was performed using the Molsoft 
ICM method (ICM version 3.9-1b molecular docking software). In the 

lowest-energy binding pose of 1 to the Keap1 dimer, 1 is observed to 
occupy the same binding pocket as the positive control 9 (Fig. 3E and 
Supplementary Fig. S5A). The predicted binding mode of between 
complex 1 and Keap1 is expected to be stabilized by noncovalent in-
teractions, including van der Waals, π-π stacking, and hydrophobic in-
teractions. The quinoline moiety of one C^N ligand forms partial π-π 
interactions with Tyr334, van der Waals interactions with Arg 380, and 
hydrophobic interactions with Asn387. Another C^N ligand forms van 
der Waals interactions with Arg 483, and multiple hydrophobic in-
teractions with Gly 386, Tyr525, Gln 530, Ala556, Tyr572, Phe 577, and 
Ser602. The phenanthroline N^N ligand interacts with Arg415, Asn387, 
and Arg 382 through van der Waals interactions. Interestingly, amino 
acids such as Tyr334, Arg415, Ala556, Tyr572, and Ser602 that are 
important for the binding of positive control 9 [85] are also critical for 
maintaining the interactions between complex 1 and Keap1 dimer. One 
of the clpq C^N ligands of 1 is located at the same position of the tet-
rahydroisoquinoline and phthalimide moieties of 9. Meanwhile, the 
other 4-clpq ligand and the 2,9-dmphen N^N ligand of 1 overlap with the 
cyclohexane ring of 9. In contrast, the inactive complex 4 occupies only 

Fig. 3. Complex 1 engages Keap1 in cellulo. (A and B) Thermal stabilization of Keap1 and Nrf2 by 1 and densitometry analysis. Proteins were detected by Western 
blotting using the corresponding antibodies. Error bars represent the standard deviations of the results from three independent experiments. *P < 0.05 vs. DMSO 
group. (C and D) ITC thermograms showing titration of 200 μM of 1 into (C) Keap1 (20 μM) and (D) Nrf2 (20 μM). (E) Docking pose of complex 1 with Keap1 (PDB 
code: 4L7B) which is depicted as a space-filling representation showing carbon (yellow), nitrogen (blue), chlorine (green) atoms. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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part of the binding area engaged by 9 (Supplementary Fig. S5B), prob-
ably due to its larger size and incorrect geometry. 

3.6. 1 exerts its cellular effects via blocking the Keap1–Nrf2 interaction 
and activating HO-1 and NQO1 

Mitochondria generated higher ROS levels during oxidation damage, 
which activates and releases Nrf2 from the Keap1-Nrf2 complex in the 
cytoplasm [86]. The released Nrf2 then enters into the nuclear region to 
enhance ARE-directed transcription, thus driving antioxidant activity as 
well as mitochondrial biogenesis. Moreover, the impairment of the 
ubiquitin-proteasome system has been reported to lead to the 

transcriptional activation of Nrf2 [87]. In this study, we monitored the 
effect of 1 on the mitochondrial membrane potential, ROS levels, and 
proteasomal activity in LO2 cells. The results showed that 5 μM of 
complex 1 had no significant effect on ROS elevation (Fig. 4A), pro-
teasomal inhibition (Fig. 4B), and/or mitochondrial dysfunction (Fig. 4C 
and D) [79]. This suggests that the relevant concentration of complex 1 
is unlikely to exert its biological effects through proteasomal inhibition, 
ROS elevation, and/or mitochondrial dysfunction. 

Nuclear Nrf2 forms hetero-dimers with Maf to bind to ARE and 
activate the expression of antioxidant proteins, including HO-1 and 
NQO1. As shown in Fig. 4E and F, 1 increased the levels of HO-1 and 
NQO1 in treated LO2 cells. A Keap1 knockdown assay was performed to 

Fig. 4. Complex 1 exerts its cellular effects via blocking the Keap1–Nrf2 interaction and activating HO-1 and NQO1. (A) Detection of intracellular ROS by confocal 
microscopy with excitation at 488 nm. LO2 cells seeded into 6-well plates were treated with H2O2 (800 μM) for 3 h, and 1 (5 μM) or 9 (5 μM) for 8 h. Complex 1 and 
ML334 9 (5 μM) had no significant effect on ROS elevation and proteasomal inhibition. (B) Measurement of proteasome activity using a commercial fluorometric 
assay kit after 1 (5 μM) or 9 (5 μM) treatment for 8 h. MG132 was used as a positive control. (C) Effect of 1 on mitochondrial membrane potential in LO2 cells as 
measured via rhodamine 123 staining. Cells seeded into 6-well plates were treated with 10 μM of positive control CCCP for 1 h, 5 μM of 9, and 1 for 8 h. Cells were 
imaged by confocal microscopy with excitation at 488 nm. (D) Fluorescence intensity was determined using a spectrofluorometer at an excitation wavelength of 505 
nm and an emission wavelength of 534 nm. (E and F) Effects of 1 and ML334 on HO-1 and NQO1 levels in LO2 cells after 6 h treatment and densitometry analysis of 
Western blotting results. (G and H) Keap1 siRNA treatment produces efficient target knockdown in LO2 cells. Keap1, Nrf2, HO-1, and NQO1 were blotted to control 
for total protein levels. SiCon: control siRNA. siKeap1: Keap1 siRNA. Error bars represent the standard deviations of the results from three independent experiments. 
P values were calculated using a one-way ANOVA with Tukey’s multiple comparison test. **P < 0.01 vs. DMSO group. NS (not significant, P > 0.05) vs. DMSO group. 
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further confirm the relationship between Keap1 activity and HO-1 and 
NQO1 in LO2 cells [88]. The results of Western blotting showed that 
complex 1 was less effective at increasing HO-1 and NQO1 levels in 
Keap1 knockdown cells versus control cells (Fig. 4G and H). Similarly, 
the increase of the levels of HO-1 and NQO1 induced by complex 1 was 
muted after Nrf2 knockdown (Supplementary Fig. S6). Taken together, 

the data show that complex 1 exerts its cellular effects via blocking the 
Keap1–Nrf2 interaction and activating HO-1 and NQO1 [89]. 

Fig. 5. Complex 1 alleviates APAP-induced acute liver injury in mice. (A) Representative hematoxylin and eosin (H&E) staining of liver tissue sections. (B) Serum 
levels of alanine aspartate transaminase (AST) and aminotransferase (ALT). 1 induces nuclear translocation of Nrf2. Immunofluorescence staining of Nrf2 (C) and 
Western blot analysis of Nrf2 in the nucleus (D). (E) Effect of 1 and ML334 on the HO-1 and NQO1 levels by Western Blotting. (F) 1 reduced APAP-induced liver 
injury was involved in the upregulation of Nrf2-mediated antioxidative protein. Immunoblots analysis of nuclear Nrf2 (A) and Keap1 (B) expressions respectively, 
and Nrf2 downstream target proteins NQO1 (C) and HO-1 (D). Lamin B was used as the loading control. (G) Complex 1 alleviated APAP-induced hepatic oxidative 
stress. Hepatic levels of MDA, GSH, GSSG, GSH/GSSG, and enzyme activities of CAT and SOD were determined after the APAP challenge for 6 h. P values were 
calculated using a one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean ± SD (n = 3 mice). ##P < 0.01 vs. Control (CON) group. *P <
0.05, **P < 0.01 vs. APAP-induced model group. 
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3.7. 1 displays cytoprotective effects against APAP-induced toxicity in 
cellulo 

It has been suggested that Nrf2 activators should be tested for two 
opposing effects: cytoprotection versus cytotoxicity [90]. The cytopro-
tective effects are due to the activation of Nrf2-dependent antioxidant 
proteins by complex 1, while cytotoxicity can result from other in vitro 
toxicity mechanisms of 1. After 48 h of treatment, complex 1 showed 
IC50 values of between 10.6 and 109.0 μM in seven different cell lines, 
including LO2 cells with an IC50 of 48.0 μM (Supplementary Fig. S7). 
The isolated ligands 7 and 8 also showed low cytotoxicity to LO2 cells, 
with IC50 > 100 μM (Supplementary Fig. S8). Importantly, complex 1 
showed dose-dependent restoration of cell viability of LO2 cells after 
treatment with APAP (Supplementary Fig. S9). This suggests complex 1 
displays cytoprotective effects against APAP-induced toxicity in LO2 
cells. 

3.8. The effect of metal complex 1 on APAP-induced liver injury in vivo 

Inspired by the effective activity of complex 1 in vitro and in cellulo, 
the protective ability of 1 versus acute liver damage induced by APAP 
was next studied in an animal model. To evaluate the hepatoprotective 
ability of 1 on APAP injury, mice were pretreated with 1 (2.5 mg kg− 1 or 
5.0 mg kg− 1) once daily for five days before the APAP challenge. The 
results of histopathological examination revealed that the APAP chal-
lenge caused extensive liver damage including destruction of liver ar-
chitecture, hepatocyte ballooning degeneration, and centrilobular 
hepatocyte death. APAP-induced histological changes were attenuated 
significantly in 1 treatment group. After 2.5 mg kg− 1 or 5.0 mg kg− 1 of 1 
treatment, the percentage of necrotic liver areas induced APAP 21.01% 
was reduced to 16.04% and 8.99%, respectively (Fig. 5A). Moreover, 
mice treated with APAP (400 mg kg− 1) showed marked increases in 
serum ALT and AST by 188-fold and 216-fold, respectively compared 
with the control group, indicating significant liver injury. However, the 
increases of ALT and AST levels in serum were attenuated in the 1 
treatment group in a dose-dependent fashion compared with the control 
group, with 5.0 mg kg− 1 1 decreasing serum ALT and AST by 23.5% and 
25.2%, respectively (Fig. 5B). To evaluate the degree of protection of 1 
against APAP toxicity, serum ALT and AST levels at various time points 
(e.g. 12 h, 24 h, and 48 h) after APAP challenge were also detected. Time 
course analysis demonstrated that the enzymatic activities of ALT and 
AST increased in a time-dependent fashion before 12 h, reached 
maximum levels (3334.98 U/L for ALT and 2002.31 U/L for AST) at 12 
h, and returned to lower levels (608.41 U/L for ALT and 488.20 U/L for 
AST) by 48 h after APAP challenge (Supplementary Fig. S10A). The 
elevation of serum ALT and AST levels in APAP-induced mice was 
markedly reduced after 1 treatment at different time intervals (6, 12, 24, 
and 48 h), as evidenced by the 31.45–51.77% reductions of ALT levels 
and 32.29–53.62% reductions of AST levels. In parallel with serum ac-
tivities of ALT and AST, the elevation of APAP-induced liver necrosis 
area was also significantly inhibited after 1 treatment at the indicated 
time intervals (Supplementary Fig. S10B). Collectively, these findings 
indicate that 1 administration could alleviate APAP-induced acute liver 
injury. Moreover, complex 1 treatment induced Nrf2 nuclear trans-
location (Fig. 5C), as well as the immunofluorescence results in vitro. To 
investigate whether 1 protects against APAP-induced acute liver injury 
via targeting Nrf2, we next determined the levels of hepatic Nrf2 and its 
target antioxidant proteins, HO-1 and NQO1, in the liver cells. As shown 
in Fig. 5D–E and densitometry analysis Fig. 5F, 1 treatment significantly 
increased Nrf2 levels in the nucleus in comparison to the APAP group, 
which showed only a slight increase in Nrf2 levels. However, the protein 
expression of Keap1, which increases the proteasomal degradation of 
Nrf2, remained basal after APAP administration in 1-treated mice, 
indicating that 1-induced Nrf2 activation was likely not due to inhibi-
tion of Keap1 expression. As shown in Fig. 5G, the APAP challenge 
significantly decreased the activities of catalase (CAT) and superoxide 

dismutase (SOD), while decreasing the GSH/GSSG glutathione ratio in 
the liver compared with the control group. However, 1 administration 
(2.5 mg kg− 1 or 5.0 mg kg− 1) reversed these changes in a dose- 
dependent manner. Moreover, the ability of 1 to increase the in vivo 
expression of Nrf2 was also verified in liver tissue sections (Supple-
mentary Fig. S11). In short, our data demonstrates that 1 can ameliorate 
APAP-induced liver injury, likely via inhibiting the degradation of Nrf2 
and reversing the decrease of Nrf2-dependent hepatic antioxidative 
parameters. 

3.9. Pharmacokinetic and toxicity of metal complex 1 in mice 

We next evaluated the pharmacokinetic parameters of metal com-
plex 1 and its potential toxicity in vivo. The pharmacokinetic profile of 
complex 1 was studied after intraperitoneal injection of the complex 
(5.0 mg kg− 1) in mice by monitoring plasma concentration at various 
time points (0, 0.5, 1, 2, 6, 12, 24, and 48 h) using ICP-MS. The Cmax 
value occurred between 2 and 12 h, and the maximum mean peak area 
(13.41 μM or 13.70 μg/mL) of complex 1 in plasma was obtained at 6 h 
(Fig. 6A). Moreover, administration with complex 1 (5.0 mg kg− 1) did 
not cause organ damage at various time points (6, 12, and 24 h), as 
evidenced by lack of significant changes of organ morphology (e.g. liver, 
lung, heart, kidney, and spleen) and organ index (Fig. 6B and C, Sup-
plementary Figs. S12A and S12B). In addition, the concentration of 
complex 1 in various organs was determined using ICP-MS after intra-
peritoneal injection with different concentrations of 1 for 6 h. The re-
sults indicated that complex 1 was mainly concentrated in the liver and 
kidney at Cmax (Fig. 6D). H&E staining of various organs also showed 
normal tissue structures without any obvious inflammatory lesions or 
organ damage after complex 1 treatment (Fig. 6E and Supplementary 
Fig. S12C). Moreover, immunotoxicity of complex 1 was assessed by 
counting CD4+ CD8− and CD4− CD8+ T lymphocytes in mice spleen. 
Consistently, T lymphocytes extracted from mice spleen showed no 
significant difference between the populations of CD4+ CD8− and CD4−

CD8+ T lymphocytes, as well as in the ratio between CD3+ CD4+ CD8−

and CD3+ CD4− CD8+ T lymphocytes, in treated and untreated mice as 
analyzed by flow cytometry (Fig. 6F and G). Taken together, these data 
suggest that 1 is non-toxic in mice without inducing organ damage and 
immunotoxicity. 

4. Conclusions 

2-Phenylquinoline and 2,9-dimethyl-1,10-phenanthroline have been 
reported as regulators against oxidative stress by inhibiting detoxifica-
tion enzyme depletion and chelating oxidative stress inducers, respec-
tively [59,62]. Herein, we have developed an effective direct 
Keap1–Nrf2 inhibitor (iridium (III) complex 1) by coupling an iridium 
(III) core with 4-chloro-2-phenylquinoline (7), a derivative of the 
bioactive ligand 2-phenylquinoline, and 2,9-dimethyl-1,10-phenanthro-
line (8), which have previously shown activity against oxidative stress, a 
key activator of the Nrf2 transcriptional pathway. 1 inhibited the 
interaction Keap1–Nrf2 interaction in vitro by targeting Keap1 directly. 
The SAR study indicated the important determinants for Keap1-Nrf2 
inhibitory activity, which are (1) having a heteroatom (e.g. chlorine) 
on the C^N ligand situated in the correct arrangement, (2) having C^N 
and N^N ligands that are not excessively bulky, and (3) having the 
appropriate number and position methyl groups on the auxiliary li-
gands. In terms of mechanism, 1 could stabilize Keap1 in LO2 cell ly-
sates, increase Nrf2 nucleus translocation and upregulate HO-1 and 
NQO1. Additionally, complex 1 showed high cytoprotective activity and 
low cytotoxicity in vitro. In a murine model of APAP-induced liver 
injury, 1 decreased serum ALT and AST and alleviated the destruction of 
liver architecture caused by APAP. Paralleling the in vitro results, com-
plex 1 increased Nrf2 signaling and activated downstream protein 
expression in vivo and without inducing organ damage and 
immunotoxicity. 
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Although complex 1 does not bear any aliphatic acid groups, it 
showed strong activity at disrupting the Keap1–Nrf2 interaction in vitro, 
with an IC50 value of 1.09 μM, which is more potent than ML334 (IC50 =

1.58 μM) bearing a carboxylic acid group. In cellulo, 1 possessed good 
cellular permeability with high iridium levels in the nucleus and cyto-
plasm after 45 min treatment (Fig. 2A and B). Moreover, the pharma-
cokinetic data for complex 1 shows that it is well absorbed, with peak 
plasma concentrations reached within 6 h after administration at 5 mg 
kg− 1, and an ideal elimination half-life of 12 h in vivo (Fig. 6A), which is 
an important parameter for clinical drugs with regards to accumulation. 
Finally, our study demonstrated that metal-based complex 1, as the first 
metal-based Keap1–Nrf2 inhibitor in the literature, could reverse APAP- 
induced liver damage by disrupting the Keap1–Nrf2 interaction without 
inducing organ damage and immunotoxicity in mice (Fig. 6B–G). These 
results demonstrate that conjugating metal complexes with bioactive 
ligands to generate metal-based drug leads as and non-toxic Keap1–Nrf2 
interaction inhibitors is an effective strategy to improve the relatively 
low in vivo efficacy of currently reported inhibitors for treating APAP- 
induced acute liver injury. 
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