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Purpose: Targeting the crucial Keap1-Nrf2-ARE antioxidant pathway, we selected Rhein - a natural anthraquinone from traditional
Chinese medicine with established Keap1-Nrf2 inhibitory activity as our lead compound. Through rational structural modification by
incorporating nitroxide radicals at the 3-carboxyl position, we aimed to develop enhanced Keapl-Nrf2 modulators with anti-aging
potential.

Patients and Methods: A series of rhein nitroxide derivatives were synthesized, and their free radical scavenging activity was
assessed in vitro using DPPH and ABTS methods. Compound 4b, demonstrating significant activity, was selected for further
evaluation. Its effects on the survival of LO02 hepatocytes under oxidative stress and the lifespan and stress tolerance of
Caenorhabditis elegans (C. elegans) were investigated. Additionally, the impacts of 4b on antioxidant enzyme activity, malondialde-
hyde (MDA) levels, and reactive oxygen species (ROS) accumulation under oxidative stress were assessed. Molecular docking was
conducted to analyze interactions between 4b and the Kelch domain of Keapl.

Results: Compound 4b exhibited potent free radical scavenging activity, with ICso values of 0.51 + 0.09 mM against DPPH radicals
and 0.12 + 0.03 mM against ABTS radicals. It significantly improved the survival rate of L02 hepatocytes under oxidative stress,
maintaining 95.42% viability (p < 0.01). In the C. elegans model, 4b extended the average lifespan and enhanced stress resistance,
increasing GSH activity, reducing MDA content, and decreasing ROS accumulation. Molecular docking showed that 4b penetrates
deeply into the Kelch domain of Keapl, forming stable interactions with key residues.

Conclusion: Compound 4b demonstrates superior antioxidant and anti-aging effects compared to the parent compound rhein,
representing a highly promising anti-aging candidate and Keapl-Nrf2 signaling pathway modulator with potential as a novel
therapeutic agent for age-related diseases.

Keywords: rhein, nitroxide radical, antioxidant, anti-aging, keap1-Nrf2 pathway

Introduction

Accumulated damage from oxidative stress is a significant factor in the development of various diseases and is closely
associated with most age-related conditions and the aging process itself."? Increasing evidence indicates that the
accumulation of reactive oxygen species (ROS), mitochondrial dysfunction, and DNA damage play pivotal roles in
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the aging process.” ® Keapl-Nrf2-ARE signaling pathway is a crucial mechanism by which cells respond to oxidative
stress damage. Under normal conditions, Nrf2 is anchored in the cytoplasm by Keapl and targeted for degradation,
maintaining low levels of Nrf2. During oxidative stress, the cysteine residues of Keapl are oxidized, leading to the
release and activation of Nrf2, which then translocates into the nucleus to activate antioxidant genes, thereby mitigating
oxidative damage and playing a vital role in delaying aging.” ® Notably, studies have found that species longevity is not
correlated with the protein levels of Nrf2 itself but is significantly negatively correlated with Keapl, indicating that in
long-lived species, Nrf2 activity is primarily regulated by Keapl rather than changes in Nrf2 protein levels.'® Thus,
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reducing Keapl expression or inhibiting its function may be an effective strategy for discovering anti-aging drugs.’
Currently, research on Keap-Nrf2—-ARE activators follows two main strategies. One strategy targets the modification of
different cysteine residues in Keapl, such as Cysl51 and Cys288, with typical drug representatives like dimethyl
fumarate approved by the FDA for the treatment of multiple sclerosis and psoriasis.'"*'? The other involves Keapl-
Nrf2 PPI inhibitors, which block the interaction between the Kelch domain of Keapl and Nrf2 to activate Nrf2. This
strategy is unaffected by cysteine mutations in Keapl (eg, Cys—Ser); it can activate Nrf2 under low oxidative stress
conditions and offers higher specificity and applicability.">'> Additionally, binding to the Kelch domain of Keapl
typically does not interfere with other functions of Keapl, potentially offering improved safety profiles.'®'” Despite
progress in the development of drugs targeting the Keap1-Nrf2 pathway, the clinical translation of Nrf2 inhibitors still
faces significant challenges. Targeting transcription factors is inherently difficult, and existing Nrf2 inhibitors mostly act
through nonspecific mechanisms, lacking sufficient targeting precision.'®

Natural products are a valuable resource for drug discovery. Hydroxyanthraquinones, widely distributed in plants of the
Liaoke, Rubiaceae, and Liliaceae families, serve as key bioactive constituents in traditional Chinese medicines such as
rhubarb, cassia, and aloe. Their biological effects are believed to be partly mediated through activation of the Nrf2 signaling
pathway.'® Using a virtual screening approach on a hydroxyanthraquinone structure library, we identified rhein as a promising
candidate for inhibiting the Keap1-Nrf2 PPI. After thousands of years of use and recent research, rhein has been proven to
have extensive protective effects. Previous studies have shown that rhein can activate the Nrf2 signaling pathway by inhibiting
inflammatory responses and oxidative stress, thereby alleviating LPS-induced intestinal barrier injury.’**' In addition, rhein
can significantly reduce vancomycin-induced nephrotoxicity by regulating the expression of renal transporters and activating
the Nrf2 signaling pathway.?* In rodent models, oral administration of rhein increases nuclear Nrf2 levels in various tissues,
including the intestine, brain, and lungs.?'**** Furthermore, rhein and its derivative, rhein-lysine (D-gal), effectively reduces
ROS levels, exhibiting notable antioxidant and anti-aging activities.>>*® These findings highlight rhein as a promising lead
compound for antioxidant and anti-aging drug development.

Nitroxides, as synthetic antioxidants, are a class of stable radical donors characterized by an odd number of electrons
on the nitro N-Oe¢ group, which is significantly stabilized by bulky methyl or ethyl groups, thereby greatly limiting the
reactivity of the nitro group and enhancing its stability.?” Nitroxides can engage in single-electron reactions with other
radicals, oxidize transition metal ions, and stimulate peroxidase-like activity of hemoglobin. They have been proven
effective in scavenging alkyl, aromatic oxygen, phenoxy, alkoxy, and peroxyl radicals.”®*?° The stable and potent
antioxidant activity of nitroxides has made this structural motif valuable in drug optimization.”®*** Here, we designed
and synthesized a series of rhein nitroxide radical derivatives and evaluated their antioxidant and anti-aging effects
in vitro and in vivo models, aiming to obtain enhanced compounds by pharmacodynamic combination.

Materials and Methods

Chemistry Section

General Chemistry Method

High-purity solvents and reagents, such as rhein, Boc-glycine, 4-oxo-tempo, N,N’-dicyclohexylcarbodiimide, tert-butyl
alcohol, and ethyl acetate, were obtained from commercial suppliers. The required free radicals were synthesized in-
house (see Schemes S1 and S2 in Supplementary Material for synthetic details). All solvents were reagent grade and,

when necessary, were purified and dried by standard methods. All reactions were analyzed by TLC (Silica Gel HSGF254,
Yantai Institute of Chemical Industry, China), the compounds were visualized by UV light, and the compounds were
purified by silica gel column (200-300 Mesh). Bruker MicroTOF-QII mass spectrometer was used for high-resolution
mass spectrometry analysis. The melting point was measured by a digital melting point meter. The spectra were analyzed
by using an ALPHA-T infrared spectrometer. Spin single-electron measurements were performed using JES-FA300
Electron paramagnetic resonance spectrometer.

General Procedure for the Synthesis of Rhein Derivatives
A mixture of amino acids (1.00 mmol) and nitroxide radicals (0.50 mmol) in anhydrous dichloromethane (DCM, 15 mL) was
treated with N,N’-dicyclohexylcarbodiimide (DCC, 2.40 mmol) and 4-dimethylaminopyridine (DMAP, 0.55 mmol) in a 50 mL
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flame-dried flask under nitrogen. The reaction was stirred at 25°C and monitored by TLC (silica gel GF254, DCM: MeOH=
20:1). Upon completion, the solvent was removed under reduced pressure (35°C, 100 rpm), and the crude product was purified by
column chromatography (silica gel 200-300 mesh, DCM: MeOH=150:1 ~ 50:1) to afford compound A. Compound A (0.67
mmol) was dissolved in DCM (4 mL) and cooled to 0°C. Trifluoroacetic acid (2 mL) was added dropwise over 10 min. After
quenching with saturated NaHCO3 (15 mL), the organic layer was separated, dried over anhydrous Na,SO,, and concentrated to
give compound B as a white solid. Rhein (0.36 mmol) was placed in a round-bottom flask equipped with a magnetic stir bar and
dissolved in anhydrous tetrahydrofuran (THF, 10 mL). To this solution were added sequentially:1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDCI-HCI, 0.70 mmol), 4-Dimethylaminopyridine (DMAP, 0.64 mmol), Compound
B (0.48 mmol), Triethylamine (100 pL, 0.72 mmol). The reaction mixture was stirred at room temperature for 24 h under
nitrogen atmosphere, with progress monitored by TLC (silica gel GF254, DCM: MeOH=50:1). Upon completion, the mixture
was filtered through filter paper to remove insoluble materials, concentrated under reduced pressure (35°C, 100 rpm), and
purified by column chromatography (silica gel 200-300 mesh, DCM: MeOH = 200:1~100:1) to obtain the target compound
(Schemel).

In vitro Antioxidant Activity Evaluation
Antioxidant potential was evaluated as follows:

DPPH Radical Scavenging Assay:** A proper amount of DPPH was obtained, and anhydrous ethanol was prepared
into a solution of 0.2 mm, which was stored in the dark. DMSO was used as the sample solvent to dissolve the nitroxyl
radical derivatives of rhein. A 50 pL derivative solution of different concentrations was mixed with 150 pL. of DPPH
working solution and labeled as Al; 50 pL of derivative solution of different concentrations was mixed with 150 puL of
DMSO and labeled as A2; and 50 pL of DMSO and 150 uL of DPPH were mixed and labeled as A0. The absorbance
was measured at 517 nm for 30 min at room temperature. Each sample was set up with three complex holes, and the
average value was obtained after three trials. The scavenging rate of DPPH was calculated by Equation 1, and ICsg of
different compounds on DPPH radical scavenging was calculated.
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Scheme | Synthesis of a series of rhein derivatives (la~1h, 2a~2h, 3a~3f, 3h, 4a~4f, and 4h). Reagents and conditions: (a) DCC, DMAP, DCM, rt; (b) TFA, DCM, 0°C; (c)
EDCI, DMAP, Et;N, THF, rt.
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ABTS Radical Cation Decolorization Assay:>> A solution of 7.4 and 2.6 mm was prepared from distilled water. The
ABTS solution and potassium persulfate solution were mixed at 1:1 (v:v), placed in the dark room for 12—16 h, and
diluted several times before use. The OD value was about 0.70+0.05 at the wavelength of 734 nm. A 50 pL derivative
solution of different concentrations was mixed with 150 uL. of ABTS working solution and labeled as Al; 50 uL of
derivative solution of different concentrations was mixed with 150 uL of DMSO and labeled as A2; and 50 pL of DMSO
and 150 pL of ABTS were mixed and labeled as A0. The absorbance was measured at 734 nm for 5 min at room
temperature. Each sample was set up with three complex holes, and the average value was obtained after three trials. The
scavenging rate of ABTS was calculated by Equation 1, and the scavenging ICs, of different compounds was calculated
to compare their antioxidant activity.

L02 Cell Protection Assay: Human L02 hepatocytes (Procell, China) were cultured in RPMI 1640 medium (Cytiva,
USA) supplemented with 10% fetal bovine serum (FBS; TTANHANG, China) and 1% penicillin-streptomycin (Solarbio,
China) at 37°C in a humidified 5% CO, incubator. Cells in the logarithmic growth phase were seeded in 96-well plates at
a density of 3 x 10* to 5 x 10* cells/mL and then subjected to drug intervention. When the concentration of the
compound was 5 uM, the survival rate of human normal hepatocytes (L02) was more than 80%. L02 cells were protected
for 24 h with medium containing 5 uM different rhein derivatives, induced with 0.4 mM H,O,, incubated for 2h, added
MTT solution, and incubated for 4h. After DMSO was dissolved, the absorbance was measured at 570 nm, and cell
viability was calculated according to Equation 2.

C ODsample — ODblank
Cell viability (%) = ODcontrol — ODblank

x 100% 2

Note: “Cell viability (%)” refers to the percentage of viable cells relative to the untreated control group, which is
normalized to 100%.

In vivo Antioxidant and Anti-Aging Activity of Compound 4b

Lifespan Extension

Frozen wild-type C. elegans were thawed and centrifuged (2,000 xg, 2 min). The pellet was treated with alkaline
hypochlorite solution to isolate eggs, which were hatched overnight in M9 buffer to obtain synchronized L1 larvae.
Larvae were then transferred to NGM plates seeded with OP50 and cultured at 20°C until reaching the desired
developmental stage.

Compound 4, 4b, and rhein were first diluted to the desired concentrations (50, 150, and 300 uM) using OP50, and
then applied to NGM agar plates. Synchronized C. elegans were then randomly assigned to groups treated with these
different concentrations of the compounds. The number of survival nematodes was recorded every 24 h, and different
groups of survival nematodes were transferred to the same concentration culture dish until all nematodes died. Criteria
for nematode death and elimination were as follows: no movement, no response 10s after touching with platinum wire,
and missing or fatal nematode due to crawling out of the Petri dish.*

Stress Resistance Assays

According to the method of life test, the plate was cultured in a constant-temperature incubator at 37°C, and the heat
stress model was established.?” Survival rate was calculated hourly until all nematodes died. The oxidative stress model
was established by preparing NGM medium with 400 uM juglone.®® Survival rate was calculated every hour until all
nematodes died.

Determination of Oxidative Stress State Indexes

C. elegans was purchased from the Caenorhabditis Genetics Center. The culture medium (NGM) of Escherichia coli OP
50 containing the compound 4b was used in a 20 °C thermostatic incubator. The N2 nematodes, which grew to L4 stage
after synchronization, were transferred to the prepared medium and cultured in the incubator at a constant temperature for
96 h. The nematodes were subjected to oxidative stress and then rinsed with M9 buffer three times, followed by
collection in a 1.5 mL EP tube. Subsequently, 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was added into
a 1.5 mL EP tube to make the final concentration of 50 uM DCFH-DA. The mixture was evenly mixed, stored in the
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dark, observed, and photographed under a fluorescence microscope. Image J software was used to analyze the
fluorescence intensity of the photos and determine the ROS level in the nematodes. Following the kit instructions, we
added the extract and performed rapid homogenization on ice to detect the levels of GSH and MDA in nematodes.

Molecular Docking Study

The 3D molecular structure of rhein and its derivatives was drawn by Chemoffice software and then imported into the
Schrodinger 2020—4 program. The LigPrep module was used to optimize the structure by the OPLS 2005 force field.
Epik 28 distributed the ionization state under the condition of pH (7.0 £ 2.0). Keap1 crystal structure (PDB: 6TYM) was
selected as the receptor for molecular docking. The PrepWiz module was used to optimize the protein and generate the
grid file. Molecular docking was performed using Glide’s standard precision methodology.

Statistical Analysis

All experiments were performed in triplicate and repeated three times independently (n = 3). Results are expressed as the
mean =+ standard deviation (SD). Scavenging rates or inhibition rates were calculated, and ICs, values were determined
by plotting these rates against sample concentrations (six different concentration gradients) using non-linear regression
analysis. Prior to statistical analysis, the normality of data distribution was assessed using QQ plots. For normally
distributed data, comparisons between two groups were performed using the independent samples #-test. For non-
normally distributed data, the Mann—Whitney U-test was applied as a non-parametric alternative. Statistical significance
was defined as P < 0.05. All statistical analyses were conducted using SPSS software (version 25.0), and graphs were
generated using GraphPad Prism (version 10.4.0).

Results

Characterization of Compounds
1a: Boc-glycine (1.00 mmol, 0.1752 g) and compound 1 (0.53 mmol, 0.0987 g) were used as the amino acid and
nitroxide radical components, respectively. The subsequent steps were performed according to Scheme 1. Yellow solid
powder, 0.1868 g, yield 96.63%, m.p. 100.20~101.25°C. HR-ESI-MS: 532.1804 [M+Na]"; IR (KBr): 3416.83, 2961.04,
2921.26, 2852.50, 1629.63, 1261.15, 1093.84, 871.74, 799.78, 540.78; EPR (DCM): g factor, 2.0008.

1b: Following the synthetic procedure for compound 1a, Boc-B-alanine (1.00 mmol, 189.3 mg) was used in place of
Boc-glycine to afford the target derivative. Yellow solid powder, 0.1154 g, yield 51.70%, m.p. 163.78~165.53°C. HR-ESI
-MS: 546.1962 [M+Na]"; IR (KBr): 3417.83, 2922.04, 2852.10, 2358.41, 1732.54, 1628.75, 1458.11, 1379.88, 1264.67,
1091.68, 747.68, 542.21; EPR (DCM): g factor, 2.00095.

1c: Following the synthetic procedure for compound 1a, Boc-L-alanine (1.00 mmol, 189.0 mg) was used in place of
Boc-glycine to afford the target derivative. Yellow solid powder, 0.0927 g, yield 50.32%, m.p. 143.39~145.03°C. HR-
ESI-MS: 546.1986 [M+Na]"; IR (KBr): 3416.75, 2923.73, 2853.14, 2340.05, 1628.26, 1454.99, 1382.71, 1265.93,
1100.77, 906.17, 753.47, 539.52; EPR (DCM): g factor, 2.00096.

1d: Following the synthetic procedure for compound 1a, Boc-L-valine (1.00 mmol, 217.2 mg) was used in place of
Boc-glycine to afford the target derivative. Yellow solid powder, 0.0960 g, yield 49.45%, m.p. 113.43~114.96°C. HR-ESI
-MS: 574.2308 [M+Na]"; IR (KBr): 3416.28, 2971.31, 2930.79, 1711.21, 1629.52, 1506.65, 1459.59, 1366.82, 1268.71,
1157.05, 1088.17, 906.62, 755.10, 546.32; EPR (DCM): g factor, 2.00084.

1e: Following the synthetic procedure for compound 1a, Boc-L-leucine (1.00 mmol, 231.2 mg) was used in place of
Boc-glycine to afford the target derivative. Yellow solid powder, 0.0812 g, yield 40.80%, m.p. 156.46~158.11°C. HR-ESI
-MS: 588.2451 [M+Na]"; IR (KBr): 3416.75, 2923.73, 2853.14, 2340.05, 1628.26, 1454.99, 1382.71, 1265.93, 1100.77,
906.17, 753.47, 539.52; EPR (DCM): g factor, 2.00083.

1f: Following the synthetic procedure for compound 1a, Boc-L-methionine (1.00 mmol, 249.3 mg) was used in place
of Boc-glycine to afford the target derivative. Yellow solid powder, 0.0925 g, yield 45.05%, m.p. 120.31~120.90°C. HR-
ESI-MS: 606.2012 [M+Na]"; IR (KBr): 3293.10, 2975.42, 2927.04, 1704.42, 1672.54, 1630.07, 1538.07, 1453.20,
1376.49, 1272.77, 1202.94, 1165.29, 1080.43, 1012.00, 905.66, 751.65; EPR (DCM): g factor, 2.00095.
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1g: Following the synthetic procedure for compound 1a, Boc-L-phenylalanine (1.00 mmol, 265.3 mg) was used in
place of Boc-glycine to afford the target derivative. Yellow solid powder, 0.0893 g, yield 42.34%, m.p. 173.72~174.90°C.
HR-ESI-MS: 622.2282 [M+Na]"; IR: 3422.45, 2920.66, 2851.94, 2358.42, 1630.87, 1380.76, 1263.53, 1104.50, 905.59,
745.10, 538.44; EPR (DCM): g factor, 2.00096.

1h: Following the synthetic procedure for compound 1a, N-Boc-2-methylalanine (1.00 mmol, 203.1 mg) was used in
place of Boc-glycine to afford the target derivative. Yellow solid powder, 0.0856 g, yield 45.26%, m.p. 120.37~122.22°C.
HR-ESI-MS: 560.2137 [M+Na]’; IR (KBr): 3414.76, 2924.19, 2853.27, 2359.10, 1633.50, 1454.11, 1382.09, 1099.23,
746.83, 539.68; EPR (DCM): g factor, 2.00096.

2a: Following the synthetic procedure for compound 1a, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1318 g, yield 73.83%, m.p.
120.08~120.96°C. HR-ESI-MS: 530.1649 [M+Na]"; IR (KBr): 3420.90, 2979.03, 2930.02, 1707.11, 1630.30, 1452.02,
1357.17, 1268.47, 1189.04, 755.29; EPR (DCM): g factor, 2.00176.

2b: Following the synthetic procedure for compound 1b, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1510 g, yield 82.33%, m.p.
141.66~147.71°C. HR-ESI-MS: 544.1834 [M+Na]"; IR (KBr): 3293.06, 2921.85, 2852.62, 1739.33, 1631.13, 1540.25,
1463.11, 1360.87, 1263.76, 1204.94, 1162.91, 1084.23, 1030.00, 801.42, 751.69; EPR (DCM): g factor, 2.00174.

2¢: Following the synthetic procedure for compound 1c¢, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1161 g, yield 63.30%, m.p.
136.93~137.22°C. HR-ESI-MS: 544.1827 [M+Na]"; IR (KBr): 3290.34, 2931.00, 2857.42, 1709.03, 1631.44, 1567.22,
1537.55, 1427.99, 1379.40, 1321.08, 1267.47, 1202.77, 1156.48, 1086.08, 1053.16, 752.67; EPR (DCM): g factor,
2.00155.

2d: Following the synthetic procedure for compound 1d, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0856 g, yield 44.28%, m.p.
153.80~154.66°C. HR-ESI-MS: 572.2152 [M+Na]"; IR (KBr): 3426.99, 2971.75, 2926.82, 1739.46, 1631.52, 1534.14,
1461.66, 1377.21, 1268.42, 1198.32, 1152.87, 755.10; EPR (DCM): g factor, 2.00195.

2e: Following the synthetic procedure for compound le, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0810 g, yield 40.84%, m.p.
127.52~129.03°C. HR-ESI-MS: 586.2306 [M+Na]"; IR (KBr): 3302.17, 2963.78, 2932.00, 1743.40, 1673.38, 1631.09,
1539.02, 1453.59, 1377.17, 1273.38, 1200.97, 1156.14, 751.35; EPR (DCM): g factor, 2.00173.

2f: Following the synthetic procedure for compound 1f, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1408 g, yield 68.81%, m.p.
123.88~124.72°C. HR-ESI-MS: 604.1849 [M+Na]"; IR (KBr): 3317.34, 2929.13, 2859.80, 1742.05, 1706.85, 1630.25,
1535.20, 1428.36, 1380.05, 1272.14, 1201.45, 1165.26, 754.07; EPR (DCM): g factor, 2.00176.

2g: Following the synthetic procedure for compound 1g, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1065 g, yield 50.66%, m.p.
103.13~104.62°C. HR-ESI-MS: 620.2129 [M+Na]"; IR (KBr): 3339.87, 2977.46, 2932.03, 1742.33, 1708.52, 1630.59,
1531.81, 1450.50, 1376.37, 1271.72, 1199.58, 752.12, 701.46; EPR (DCM): g factor, 2.00172.

2h: Following the synthetic procedure for compound 1h, compound 2 (0.53 mmol, 97.6 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0618 g, yield 32.80%, m.p.
155.78~156.52°C. HR-ESI-MS: 558.1968 [M+Na]"; IR (KBr): 3401.11, 2978.90, 2930.88, 1632.09, 1269.37, 1154.16,
755.15; EPR (DCM): g factor, 2.00174.

3a: Following the synthetic procedure for compound 1a, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0763 g, yield 43.95%, m.p.
178.41~180.25°C. HR-ESI-MS: 516.1518 [M+Na]"; IR (KBr): 3420.93, 2975.89, 2927.22, 1629.34, 1548.51, 1457.28,
1373.69, 1268.90, 1200.34, 1088.77, 1027.46; EPR (DCM): g factor, 2.00137.

3b: Following the synthetic procedure for compound 1b, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1186 g, yield 66.44%, m.p.

Drug Design, Development and Therapy 2025:19 heeps: 5159



Wang et al

120.39~120.60°C. HR-ESI-MS: 530.1670 [M+Na]"; IR (KBr): 316.44, 2973.02, 2921.21, 2852.24, 1742.27, 1633.94,
1542.51, 1464.10, 1361.53, 1267.29, 1157.10, 1099.25, 899.75, 801.98, 755.21, 538.58; EPR (DCM): g factor, 2.00132.

3c: Following the synthetic procedure for compound 1¢, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0898 g, yield 50.30%, m.p.
139.07~141.59°C. HR-ESI-MS: 530.1679 [M+Na]"; IR (KBr): 3285.89, 2930.05, 2857.77, 1749.57, 1707.97, 1632.26,
1537.76, 1428.71, 1380.02, 1322.13, 1268.33, 1202.39, 1158.08, 1086.30, 755.13; EPR (DCM): g factor, 2.00135.

3d: Following the synthetic procedure for compound 1d, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1100 g, yield 58.38%, m.p.
109.49~111.26°C. HR-ESI-MS: 558.1988 [M+Na]"; IR (KBr): 3422.09, 2921.86, 2853.34, 1623.08, 1476.31, 1378.78,
1299.89, 1264.24, 1217.63, 1162.17; EPR (DCM): g factor, 2.00138.

3e: Following the synthetic procedure for compound le, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0852 g, yield 44.07%, m.p.
164.35~165.91°C. HR-ESI-MS: 572.2127 [M+Na]"; IR (KBr): 3275.30, 2969.99, 2932.54, 1748.12, 1673.27, 1633.59,
1537.52, 1458.82, 1377.09, 1273.18, 1200.23, 1157.12, 754.20; EPR (DCM): g factor, 2.00146.

3f: Following the synthetic procedure for compound 1f, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0730 g, yield 36.55%, m.p.
123.44~125.42°C. HR-ESI-MS: 590.1716 [M+Na]"; IR (KBr): 3286.64, 2975.44, 2926.58, 1746.22, 1631.13, 1534.55,
1476.91, 1375.68, 1272.17, 1203.02, 1160.77, 1079.32, 1006.61, 750.56, 701.06; EPR (DCM): g factor, 2.00096.

3h: Following the synthetic procedure for compound 1h, compound 3 (0.53 mmol, 90.2 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0735 g, yield 40.07%, m.p.
187.18~188.72°C. HR-ESI-MS: 544.1819 [M+Na]"; IR (KBr): 3417.62, 2981.95, 2930.54, 2358.29, 1705.56, 1631.19,
1455.76, 1383.06, 1268.54, 1146.41, 755.37, 538.39; EPR (DCM): g factor, 2.00135.

4a: Following the synthetic procedure for compound 1a, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0998 g, yield 57.25%, m.p.
152.36~154.53°C. HR-ESI-MS: 518.1679 [M+Na]"; IR (KBr): 3421.91, 2972.53, 2928.58, 1748.46, 1628.78, 1543.50,
1457.70, 1373.65, 1268.85, 1199.03, 1083.61, 1029.00, 754.83; EPR (DCM): g factor, 1.99936.

4b: Following the synthetic procedure for compound 1b, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1270 g, yield 70.87%, m.p.
143.17~144.48°C. HR-ESI-MS: 532.1819 [M+Na]"; IR (KBr): 3428.23, 2969.23, 2925.47, 1736.86, 1629.21, 1461.42,
1373.54, 1267.80, 1163.96, 1081.27, 754.95; EPR (DCM): g factor, 1.99949.

4c: Following the synthetic procedure for compound 1c, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1108 g, yield 61.83%, m.p. 184.63~185.96°C.
HR-ESI-MS: 532.1829 [M+Na]"; IR (KBr): 3417.82, 3324.51, 2926.46, 2852.06, 1740.76, 1628.48, 1570.76, 1538.09,
1488.31, 1454.01, 1374.37, 1264.90, 1154.29, 1112.02, 893.81, 748.87, 540.55; EPR (DCM): g factor, 1.99945.

4d: Following the synthetic procedure for compound 1d, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0783 g, yield 41.40%, m.p.
103.27~104.56°C. HR-ESI-MS: 560.2126 [M+Na]"; IR (KBr): 3335.44, 2969.52, 2930.51, 1739.00, 1671.72, 1630.42,
1534.08, 1459.20, 1372.81, 1272.93, 1201.27, 1156.84, 1083.24, 1012.54, 750.38; EPR (DCM): g factor, 1.99958.

4e: Following the synthetic procedure for compound le, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0707 g, yield 66.44%, m.p.
133.21~134.36°C. HR-ESI-MS: 574.2293 [M+Na]"; IR (KBr): 3415.42, 3270.12, 2965.17, 2932.06, 2871.62, 1742.31,
1672.64, 1636.22, 1542.22, 1457.75, 1374.46, 1276.59, 1200.35, 1155.56, 1080.02, 1017.55, 901.48, 746.09; EPR
(DCM): g factor, 1.99991.

4f: Following the synthetic procedure for compound 1f, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.1119 g, yield 55.83%, m.p.
173.92~174.53°C. HR-ESI-MS: 592.1858 [M+Na]"; IR (KBr): 3316.24, 2973.82, 2926.14, 1740.90, 1673.10, 1630.54,
1538.70, 1453.58, 1373.56, 1270.96, 1202.66, 1162.55, 1079.24, 1011.14, 903.97, 754.44; EPR (DCM): g factor,
1.99991.

5160 https: Drug Design, Development and Therapy 2025:19



Wang et al

4h: Following the synthetic procedure for compound 1h, compound 4 (0.53 mmol, 91.3 mg) was used in place of
compound 1 to afford the corresponding derivative. Yellow solid powder, 0.0778 g, yield 42.26%, m.p.
165.09~166.46°C. HR-ESI-MS: 546.1984 [M+Na]'; IR (KBr): 33,421.78, 2972.72, 292821, 1629.16, 1458.56,
1371.29, 1268.83, 1153.61, 755.29; EPR (DCM): g factor, 1.99852

The corresponding characterization spectra are provided in the Supplementary Material (Figures S10-S69).

In vitro Antioxidant Activity Evaluation

DPPH and ABTS

Compared with rhein, four series of rhein acid-tetramethylpiperidine nitroxyl radical showed better radical scavenging
ability than the control (Table 1). Notably, alanine (1b, 1¢, 2b, 3b, 3¢, 4b, and 4¢) exhibited superior scavenging
compared with glycine and valine; in particular, the synthetic compounds 1b, 2b, and 4b were 30-50 times more efficient
than rhein in DPPH scavenging and 30-80 times more efficient than rhein in ABTS scavenging.

Oxidative Damage Protection Assay

The protective effect against H,O,-induced oxidative damage in LO2 cells was evaluated. The cell survival rate in the
oxidative damage model group was 50.95%, while that in the rhein group increased to 56.76%. Among the nine
previously screened compounds, all showed higher cell survival rates than the rhein group. Compound 4b exhibited
the strongest protective effect, significantly increasing the cell survival rate to 95.42% (p < 0.01) (Figure 1).

In vivo Antioxidant and Anti-Aging Activity of Compound 4b

Lifespan Extension

The results of the acute toxicity experiments indicated that compound 4b did not exhibit significant toxicity to C. elegans
at concentrations <300 pM, demonstrating that this concentration range is safe. Therefore, these concentrations were
used in subsequent lifespan experiments to ensure that any observed effects were due to anti-aging properties rather than
toxicity. Thus, three concentrations (50, 150, and 300 puM) were selected to assess the effects of compound 4b,
3-hydroxymethyl-2,2,5,5-tetramethylpyrroline nitroxide radical (compound 4), and rhein on the lifespan of C. elegans.
Across all concentrations, treatment with 4, 4b, and rhein significantly extended the maximum and average lifespans of
the worms compared with the blank group, demonstrating a dose-dependent effect. At 300 uM, compound 4b extended
the maximum lifespan to 27.0 + 0.82 days and the average lifespan to 15.41 + 0.29 days, which was a 41.09% increase
compared with the control group (p < 0.001) (Figure 2).

Table | ICsy of Scavenging DPPH Free Radical and
ABTS Free Radical of Rhein Nitroxide Free Radical

Derivatives

Compound | DPPH ICso(mM) | ABTS IC54(mM)
Rhein 26.63+5.77 9.37+0.07
Ib 0.84+0.04** 0.31+0.03%*
Ic 1.07+0.03** 0.50+0.02**
If 3.50+0.22+* 0.15+0.02%*
Ig 2.47+0.07%* 0.18+0.01**
2b 0.64+0.05%* 0.23+0.03**
3b 0.98+0.02** 0.34+0.04**
3c 0.76£0.08** 0.59+0.05%*
4b 0.51+0.09** 0.12+0.03**
4c 2.32+0.18%* 0.22+0.03%*

Notes: **Values are expressed as mean * SD (n = 3). p < 0.0l
indicates a significant difference compared to the control (Rhein).
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Figure 2 Effects of different concentrations of compounds 4, 4b, and rhein on the lifespan of wild-type C. elegans. Values are expressed as mean * SD (n = 3). Significance
levels: ns (p > 0.05), *(p < 0.05), **(p < 0.01), and ***(p < 0.001) indicate significant differences compared to the control group. P values < 0.05 were considered statistically
significant.

Stress Resistance Assays

In stress resistance experiments, C. elegans exposed to thermal stress (37°C) and oxidative stress (400 uM juglone) were
treated with compound 4b. Under heat stress, the control group exhibited an average survival time of 6.33 £ 0.19 h and
a maximum survival time of 11.33 £ 0.47 h. Treatment with compound 4b significantly extended both metrics, achieving
a maximum survival time of 14.33 = 0.47 h and an average survival time of 9.38 + 0.26 h, representing a 48.09% increase
(Figure 3A). Under oxidative stress conditions, compound 4b-treated worms showed an average lifespan extension of
31.91%, reaching 18.13 £ 0.52 h compared with the control group (Figure 3B).

Assessment of Oxidative Stress Markers
To evaluate the impact of compound 4b on oxidative stress, we used the DCFH-DA fluorescent probe method to measure
ROS levels in C. elegans. As depicted in Figure 4A, treatment with compound 4b and rhein resulted in only weak
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significant differences compared to the control group. P values < 0.05 were considered statistically significant.

fluorescence signals, whereas the control group showed strong fluorescence. Quantitative analysis using Image J software
revealed that ROS levels in the 4-, 4b-, and rhein-treated groups decreased by 18.35%, 53.39%, and 32.72%,
respectively, compared with the control group (p < 0.001) (Figure 4B). Additionally, measurements of malondialdehyde
(MDA) levels and glutathione (GSH) activity indicated that compound 4b significantly reduced MDA levels by 34.92%
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(p <0.001) (Figure 4C) and increased GSH activity by 28.73% (p < 0.01) (Figure 4D). These results demonstrated that
compound 4b effectively reduced ROS accumulation and lipid peroxidation while enhancing antioxidant defenses.

Molecular Docking

Keapl binds Nrf2 through its C-terminal Kelch domain. The Keap1/Nrf2 binding site within the Kelch domain can be
divided into five pockets (P1-P5). Compared with rhein, 4b is more deeply inserted into the central cavity of the Keapl
Kelch domain (Figure 5A). Molecular docking of rhein with Keapl protein showed that rhein could form hydrophobic
interactions with P1 (Ile461, Phe478, and Ser508), P2 (Ser363), P3 (Ala556), P4 (Tyr525), and P5 (Tyr334) (Figure 5B).
The carbonyl oxygen atom and hydroxyl group in the structure of rhein formed hydrogen bond interactions with the
residues Ser 508 and Arg 483 in the P1 pocket of the Kelch domain, respectively. The benzene ring and the residue Arg
415 in the P1 pocket formed n-n stacking and salt bridge. Compared with rhein, compound 4b occupied more binding
pockets and formed hydrophobic interactions with P1 (Ile461, Gly462, Arg483, and Ser508), P3 (Gly509, Ser555,
Ala556, and Gly603), and P4 (Tyr525, GIn530, and Tyr572). In addition, the carbonyl oxygen atoms in the 4b structure
formed hydrogen bond interactions with the residues Gln 530 and Arg 415, respectively, and hydrogen bonds formed
between the hydroxyl groups on the tetrahydropyrrole ring and the residue Leu365 (Figure 5SC). Compound 4b was
inserted deep into the central cavity of the Kelch domain, exhibiting enhanced stability in binding to the Kelch domain
and superior competition with Nrf2 for binding sites.

Discussion

This study used rhein, a natural compound with known Keap1 inhibitory activity, as the parent structure and introduced
a nitroxide radical at the 3-position carboxyl group for structural modification, designing and synthesizing a series of
novel derivatives. These derivatives exhibited significantly enhanced free radical scavenging capacity compared to the
parent compound, with derivative 4b demonstrating excellent DPPH and ABTS radical scavenging activities in vitro. The
liver, as the primary metabolic and detoxification organ, contains mitochondria and the cytochrome P450 enzyme system,
making it a major site of endogenous ROS production. L0O2 human normal hepatocytes retain the metabolic
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characteristics of primary hepatocytes, accurately reflecting oxidative stress responses under physiological conditions.
Moreover, they are highly sensitive to oxidative inducers such as H,O,, enabling the establishment of a stable and
reliable oxidative damage model.**** Experimental results showed that compound 4b exhibited significant protective
effects in an H,O,-induced oxidative damage model using L02 cells.

To further validate the in vivo activity of the compounds, this study employed C. elegans as a model organism. This
choice was based on the following key considerations: First, C. elegans shares highly conserved antioxidant defense
mechanisms with mammals; second, its short lifespan makes it an ideal model for rapid evaluation of anti-aging

effects;‘“’42

and third, the C. elegans model effectively complements cellular experiments, verifying the compound’s
efficacy at the whole-organism level. The study found that compound 4b demonstrated a stronger ability to extend the
lifespan of C. elegans compared to the parent compound rhein, while also significantly enhancing the worms’ resistance
to heat stress (37°C) and oxidative stress (juglone). These results corroborated the LO02 cell experimental data,
collectively indicating that compound 4b possesses significant antioxidant and anti-aging activity.

Previous molecular docking studies revealed that rhein binds to key amino acids in the Keap1 structure, and compared to
known Nrf2 activators such as bardoxolone, rhein exhibited a higher binding score with Keapl.>? In this study, the
introduction of a 3-hydroxymethyl-2,2,5,5-tetramethylpyrrolidine-nitroxide radical at the 3-position of rhein resulted in
compound 4b, which could penetrate deeper into the central cavity of the Keapl Kelch domain, occupying more binding
sites and forming more stable interactions. This structural optimization not only enhanced the compound’s binding affinity to
Keapl but may also more effectively promote the release and activation of Nrf2 through allosteric effects.

These findings not only validate the effectiveness of targeting the Keap1-Nrf2 pathway as an anti-aging strategy but
also highlight the critical role of nitroxide radical modification in enhancing antioxidant activity. This study provides new
insights for the design of novel anti-aging drugs.

Conclusion

In conclusion, this study successfully designed and synthesized nitroxide radical derivatives of rhein, significantly
enhancing their antioxidant and anti-aging properties. Compound 4b emerged as the most potent derivative, exhibiting
superior free radical scavenging capabilities, effective protection against oxidative damage in L02 hepatocytes, and
substantial lifespan extension and stress resistance improvements in C. elegans. Molecular docking studies confirmed
that compound 4b formed stable and extensive interactions within the Keapl Kelch domain, supporting its role as
a potent Keapl—Nrf2 PPI inhibitor. These findings establish compound 4b as a promising anti-aging candidate. Future
research will focus on exploring pharmacokinetic properties, safety evaluation, and potential synergistic applications in
chronic disease management.
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