
Novel Glycyrrhetin Ureas Possessing 2‑Hydroxy-3-enone A Ring:
Modification, Anti-inflammatory Activity, and Targeted STING for
the Remedy of Acute Kidney Injury
Hongbo Wang,Δ Xiaoming Wu,Δ Ziyun Li,Δ Kuanrong Rong, Shan Gao, Wenjian Tang,*
and Jing Zhang*

Cite This: ACS Omega 2024, 9, 48821−48834 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Glycyrrhetin urea has emerged as a privileged scaffold with
anti-inflammatory activity for the treatment and prevention of acute
kidney injury (AKI). In this study, structural modifications of the A ring of
glycyrrhetinic acid yielded a series of urea derivatives, among which
compound 7o exhibited the most promising anti-inflammatory activity. 7o
was confirmed to interact with STING through a cellular heat shift assay
and to inhibit the STING/NF-κB pathway in RAW264.7 cells. It acted on
the STING pathway, inhibited NF-κB phosphorylation, and subsequently
reduced the level of release of inflammatory factors. Additionally, 7o
significantly increased the survival rate of renal tubular epithelial cells,
demonstrating a protective effect against cisplatin-induced cell death and
mitigating inflammation activation. The in vivo AKI mouse model showed
that 7o significantly downregulated serum creatinine (Scr), blood urea
nitrogen (BUN), and levels of inflammatory factors (IL-1β, IL-6, and
TNF-α), thereby improving renal function. Morphological analysis revealed that 7o attenuated the cisplatin-induced renal tubular
injury. Therefore, 7o represents a promising lead for the prevention and treatment of AKI.

■ INTRODUCTION
Acute kidney injury (AKI) is a prevalent clinical syndrome,
affecting approximately 20% of hospitalized patients and 60%
of those in critical care.1 A systematic review and meta-analysis
of large cohort studies from 2004 to 2012 showed pooled
incidence rates of AKI in children of 33.7%.2 As a serious
public health problem worldwide, AKI is characterized by a
sudden loss of kidney function and determined by increased
serum creatinine levels and decreased urinary output.3,4 During
AKI, damaged and dying renal parenchymal cells release
damage-associated patterns (DAMPs) that activate pattern
recognition receptors (e.g., TLRs and NLRPs) as well as
chemokines and cytokines on immune cells, thereby activating
leukocytes and amplifying inflammation.5 The inflammation
can lead to renal tubular cell death and AKI, further expansion
of renal tubular cell death, and depletion of normal functional
epithelial cells.6,7 Despite advances in understanding the
mechanisms of AKI, short-term mortality remains high. The
development of preventive and therapeutic drugs for cisplatin-
induced AKI is of great importance.

The clinical incidence of renal injury in tumor patients
receiving cisplatin chemotherapy is 25−35%, mostly charac-
terized by acute renal failure.8,9 Due to its renal excretion,
cisplatin accumulates in the glomeruli and tubules, causing
direct renal tubular damage by promoting mitochondrial

damage, oxidative stress, and ferroptosis.10−12 Damaged
mitochondria release mitochondrial DNA (mtDNA), a key
ligand for cyclic GMP-AMP synthase (cGAS), which enters
the cytoplasm and activates the cGAS-STING signaling
pathway in response to mitochondrial stress or protein
dysfunction.13,14 Upon activation, STING and TBK1 aggregate
at the Golgi apparatus, forming signaling complexes that
produce phosphorylated NF-κB, thereby triggering an
inflammatory response.15

The inflammatory response and renal tubular cell death
promote macrophage aggregation during the tubular repair
phase. These phagocytic cells play a crucial role in host
defense, tissue development, and homeostasis, as well as in
tissue injury, repair, and fibrosis.16,17 Inflammatory factors
released by injured kidney cells can activate macrophages from
the anti-inflammatory M2 phenotype to the proinflammatory
M1 phenotype, thereby accelerating kidney injury and
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mediating further recruitment of inflammatory cells.18

Activation of M1 macrophages induces the production of
high levels of iNOS and proinflammatory cytokines such as
TNF-α, IL-6, and IL-1β.19 The pathophysiology of cisplatin-
induced AKI includes proximal tubular injury, oxidative stress,
inflammation, and renal vascular injury. Therefore, drugs with
anti-inflammation and tubular protection may ameliorate
cisplatin-induced AKI.

The structural modification of natural products is an
effective and economical strategy for the development of
new herbal-based drugs. Glycyrrhetinic acid (GA), a
triterpenoid derived from licorice root, exhibits noteworthy
biological attributes, including anti-inflammatory and antiox-

idant effects.20−24 GA can ameliorate nephrotoxicity and renal
injury through multiple pathways related to its anti-
inflammatory activity. However, the limited solubility and
bioavailability of GA limited its further clinical applications.25

Urea scaffold is often employed to improve the bioactivity and
efficacy, for example, soluble epoxide hydrolase (sEH), which
increases potency through hydrogen bond interactions
between urea and residues Asp335, Tyr466, and Tyr383,
including ar-9281 for hypertension and insulin resistance,
GSK2256294 for COPD and cardiovascular disease, and EC-
5026 for neuropathic and inflammatory chronic pain.26−29 The
incorporation of urea into the structure of GA can enhance its

Figure 1. General design strategy. Formestane as a selective aromatase inhibitor and oxabolone as a synthetic anabolic steroid have the same motif,
α-hydroxyenone, which is used for the fragment splicing in this study.

Scheme 1. Synthesis of A-Ring Oxidized Glycyrrhetin Ureas 7a−xa

aReagents and conditions: (i) PCC, CH2Cl2, 0 °C; (ii) t-BuOK/t-BuOH, 30 °C; (iii) Ac2O, DMAP, EtOAc; (iv) (1) SOCl2, CH2Cl2; (2) NaN3,
acetone/water; and (3) EtOAc, 65 °C; (v) EtOAc, R1R2NH; and (vi) EtOH, NaOH.
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solubility and drug-like properties while maintaining low
cytotoxicity.30

Scaffold 2-hydroxy-3-enone is a common pharmacophore for
the A ring of triterpenoid, for example, formestane as a
selective steroidal aromatase inhibitor for the treatment of
estrogen-receptor positive breast cancer and oxabolone as a
synthetic anabolic−androgenic steroid for a performance-
enhancing drug in sports.31−33 In this work, glycyrrhetin ureas
possessing 2-hydroxy-3-enone were designed, synthesized, and
evaluated for their anti-inflammatory activity against lip-
opolysaccharide (LPS)-induced RAW264.7 cells (Figure 1).
Among them, compound 7o showed the best anti-inflamma-
tory activity to further investigate the anti-inflammatory effect
and primary mechanism in a cisplatin-induced AKI mouse
model.

■ MATERIALS AND METHODS
Materials. All chemicals, reagents, and solvents were

purchased from commercial sources and used without further
purification. Reactions were checked by thin-layer chromatog-
raphy (TLC) on precoated silica gel plates (Qingdao Marine
Chemical Factory, GF254); spots were visualized by UV
irradiation at 254 nm. Melting points were determined on an
XT4MP apparatus (Taike Corp., Beijing, China) and were not
corrected. The purity (relative content) of the active
compound was determined by HPLC through an area
normalization method. 1H NMR and 13C NMR spectra were
recorded on Bruker AV-400, AV-500, or AV-600 MHz
instruments using CDCl3 as the solvent. Chemical shifts are
reported in parts per million (δ) downfield from the signal of
tetramethylsilane (TMS) as internal standards. Coupling
constants are reported in Hz. The multiplicity is defined by s
(singlet), d (doublet), t (triplet), or m (multiplet).
General Procedure for the Synthesis of Compounds

7a−x. The synthetic route of the target compounds (7a−x) is
shown in Scheme 1.

18-β-Glycyrrhetic acid 1 (500 mg, 1.06 mmol) was dissolved
in anhydrous CH2Cl2 (50 mL), and PCC (400 mg, 1.86

mmol) was added at 0 °C, stirred for 4 h, brought to room
temperature, and stirred overnight. To the reaction mixture
were added water (100 mL) and dichloromethane (100 mL);
the organic phase was washed with water and brine, dried over
anhydrous Na2SO4, concentrated under reduced pressure, and
isolated by silica gel column chromatography (MeOH/DCM,
gradient elution) to obtain compound 2 (white solid, 368 mg,
74% yield).

Compound 2 (468 mg, 1.0 mmol) was dissolved in DMSO
(30 mL), then t-BuOK (600 mg, 5.4 mmol) and t-BuOH (90
mL) were added, and the reaction was stirred at 30 °C for 2 h.
The reaction was diluted by adding dilute HCl (0.1 mol/L, 80
mL), and the mixture was extracted with ethyl acetate (3 × 80
mL) and washed with water twice. The organic phase was
collected, dried with anhydrous Na2SO4, concentrated under
reduced pressure, and recrystallized in ethanol to obtain
compound 3 (white powder, 337 mg, 70% yield).

Compound 3 (482 mg, 1.0 mmol) and 4-dimethylamino-
pyridine (DMAP, 366 mg, 3.0 mmol) were dissolved in ethyl
acetate (200 mL), and then acetic anhydride (0.38 mL, 4.0
mmol) was dropwise added within 30 min and stirred at room
temperature for 2 h. The reaction was washed with dilute HCl
(0.1 mol/L, 50 mL) and water (50 mL), and then the organic
phase was dried with anhydrous Na2SO4, concentrated under
reduced pressure, and purified by silica gel column
chromatography with gradient elution to obtain compound 4
(white powder, 466 mg, 89% yield).

Compound 4 (524 mg, 1.0 mmol) was dissolved in CH2Cl2
(60 mL), and thionyl chloride (0.29 mL, 4.0 mmol) was
added; the reaction mixture was heated to reflux for 2 h. The
reaction solution was concentrated under reduced pressure,
and then ether (20 mL) was added. The slurry was filtrated,
washed with ether (10 × 2 mL), and dried to obtain 2-
acetylhydroxy-3-ketoglycyrrhizinic acid chloride. The acid
chloride was dissolved in acetone (100 mL), and then sodium
azide (200 mg, 3.1 mmol) in water (30 mL) was dropwise
added within 30 min under 0−5 °C. The reaction was stirred
for 1 h, extracted with ethyl acetate twice, washed twice with

Figure 2. Structural formula of glycyrrhetin urea derivatives.
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water and saturated saline water, dried with anhydrous
Na2SO4, and filtrated. The filtrate was heated to 65 °C, stirred
for 6 h, concentrated under reduced pressure, and added to
acetonitrile (30 mL) to obtain the recrystallization of
compound 5 (white powder, 349 mg, yield 67%).

Compound 5 (1 mmol) was dissolved in ethyl acetate (20
mL), then the corresponding amine (1.5 mmol) was added
and stirred for 3−5 h at room temperature. The reaction was
monitored by thin-layer chromatography (TLC) until
compound 5 disappeared. The reaction solution was washed
twice with water and saturated saline, and then the organic
phase was dried with anhydrous Na2SO4 and concentrated
under reduced pressure to obtain the crude product of
compound 6 directly for the next reaction.

Compound 6 in the above step was dissolved in ethanol (20
mL), and sodium hydroxide powder (50 mg, 1.25 mmol) was
added and stirred overnight at room temperature. The reaction
was monitored by TLC until compound 6 disappeared. Ethyl
acetate (20 mL) was added, and the solution was washed twice
with water and saturated saline. The organic phase was then
dried with anhydrous Na2SO4, concentrated under reduced
pressure, and purified by silica gel column chromatography
(petroleum ether/ethyl acetate, 2:1 → 1:3) to obtain the
corresponding compounds 7a−x (Figure 2).

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
propylurea (7a). Off-white powder, yield 89%, mp 178.9−
185.4 °C; 1H NMR (500 MHz, CDCl3) δ 7.08 (s, 1H, OH),
6.26 (d, J = 19.2 Hz, 1H, CH=C), 5.68 (s, 1H, NH), 5.27 (s,
1H, C=CH), 5.15 (s, 1H, NH), 3.07−3.02 (m, 3H, NCH2),
2.67 (s, 1H), 2.22 (s, 3H), 2.03 (s, 3H), 1.80 (s, 1H), 1.56 (s,
2H), 1.43 (s, 4H), 1.31 (s, 5H), 1.28 (s, 5H), 1.19 (s, 4H),
1.10 (s,4H), 1.13 (s, 4H), 1.00−0.99 (m, 1H), 0.86 (s, 2H),
0.81 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 200.56 (C=O),
199.66 (C=O), 171.73 (C=CH), 158.67 (NC=O), 143.49
(C−OH), 131.21 (CH=CO), 127.71 (CH=C), 56.96, 53.15,
52.27, 46.73, 45.69, 44.24, 43.76, 43.65 (NCH2), 41.93, 37.85,
35.88, 32.23, 31.94, 31.34, 29.73, 28.86, 28.53, 27.03, 26.44
(2C), 26.21, 23.49, 23.39, 21.81, 20.97, 19.07, 18.02, 11.54
(CH3, propylamine). TOF-HRMS: m/z [M + H]+ calcd for
C35H51N2O4: 539.3843; found: 539.3846.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(2-hydroxyethyl)urea (7b). Orange powder, yield 87%, mp
168.7−186.5 °C; 1H NMR (400 MHz, CDCl3) δ 7.07 (s, 1H,
OH), 6.00 (s, 1H, OH), 5.79 (s, 1H, C=CH), 5.75 (s, 1H,
CH=C), 5.43 (s, 1H, NH), 5.30 (s, 1H, NH), 3.70 (s, 2H,
NCH2), 3.31 (s, 2H, CH2OH), 2.72 (d, J = 6.6 Hz, 1H), 2.27
(d, J = 10.5 Hz, 1H), 2.05 (d, J = 18.8 Hz, 3H), 1.82 (d, J =
13.7 Hz, 2H), 1.69 (d, J = 13.7 Hz, 2H), 1.58 (s, 2H), 1.49 (s,
1H), 1.45 (s, 3H), 1.36 (d, J = 6.6 Hz, 4H), 1.32 (s, 4H), 1.25
(s, 1H), 1.23 (s, 3H), 1.16 (s, 3H), 1.13 (s, 3H), 1.02 (d, J =
12.1 Hz, 1H), 0.84 (s, 4H); 13C NMR (101 MHz, CDCl3) δ
200.51 (C=O), 200.28 (C=O), 172.34 (C=CH), 159.54
(NC=O), 143.56 (C−OH), 130.77 (CH=CO), 127.72
(CH=C), 63.35 (CH2OH), 57.12, 53.57, 53.31, 52.56, 46.97,
45.88, 44.25, 43.90, 43.15, 43.04, 37.87, 35.93, 32.35, 32.07,
28.80, 28.66, 27.11, 26.57, 26.30, 23.45, 21.88, 21.08, 19.15,
18.08. TOF-HRMS: m/z [M + H]+ calcd for C32H49N2O5:
541.3635; found: 541.3646.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
cyclopropylurea (7c). Off-white powder, yield 86%, mp
197.7−199.4 °C; 1H NMR (500 MHz, CDCl3) δ 7.10 (s,
1H, OH), 5.94 (s, 1H, C=CH), 5.66 (s, 1H, CH=C), 5.48 (d, J
= 19.7 Hz, 1H, NH), 4.87 (s, 1H, NH), 2.69 (s, 1H), 2.40 (d, J

= 3.1 Hz, 2H), 2.12 (s, 1H), 2.07 (s. 1H), 2.03 (s, 1H, NCH),
1.85 (s, 2H), 1.72 (s, 1H), 1.57 (s, 2H), 1.45 (s, 2H), 1.35 (s,
5H), 1.26 (s, 1H), 1.21 (s, 4H), 1.16 (s, 5H), 1.19 (s, 4H),
1.05 (s, 1H), 0.87 (s, 6H), 0.75−0.73 (m, 2H, cyclopropyl),
0.57 (s, 2H, cyclopropyl); 13C NMR (126 MHz, CDCl3) δ
200.52 (C=O), 198.97 (C=O), 175.67 (C=CH), 158.96
(NC=O), 143.48 (C−OH), 131.02 (CH=CO), 128.08
(CH=C), 56.99, 53.26, 52.70, 47.40, 45.70, 44.17, 43.76,
42.66, 37.83, 35.96, 32.30, 32.00, 31.91, 28.77, 28.60, 27.09,
26.46, 26.25, 23.47, 22.57, 21.83, 20.99, 19.10, 18.06, 7.66 (2C,
cyclopropyl). TOF-HRMS: m/z [M + H]+ calcd for
C33H49N2O4: 537.3686; found: 537.3681.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
cyclopentylurea (7d). Off-white powder, yield 93%, mp
180.3−190.9 °C; 1H NMR (400 MHz, CDCl3) δ 7.12 (s,
1H, OH), 6.41 (s, 1H, NCH), 5.69 (d, J = 4.0 Hz, 2H, NH),
5.30 (s, 1H, C=CH), 4.87 (s, 1H, CH=C), 4.17 (s, 1H), 3.83
(d, J = 7.0 Hz, 1H), 3.43 (t, J = 6.3 Hz, 1H), 2.70 (d, J = 6.9
Hz, 1H), 2.18 (s, 1H), 2.07 (s, 2H), 1.95 (s, 1H), 1.85 (s, 1H),
1.75 (d, J = 4.0 Hz, 1H), 1.69 (s, 1H), 1.58 (s, 2H), 1.47 (s,
3H), 1.41 (s, 4H), 1.34 (d, J = 1.8 Hz, 3H), 1.34−1.32 (m,
3H), 1.25 (s, 2H), 1.23 (s, 3H), 1.17 (s, 5H), 1.14 (s, 2H),
1.12 (s, 2H), 1.03 (d, J = 13.3 Hz, 1H), 0.87 (d, J = 3.3 Hz,
6H); 13C NMR (101 MHz, CDCl3) δ 200.90 (C=O), 200.55
(C=O), 170.03 (C=CH), 157.75 (NC=O), 143.50 (C−OH),
136.59 (CH=CO), 128.07 (CH=C), 57.04, 54.33, 53.34, 52.70
(NCH), 47.18, 45.75, 45.64, 44.41, 44.21, 43.81, 37.89, 37.53,
35.94, 33.90 (cyclopentyl), 33.83 (cyclopentyl), 32.08, 28.79,
27.11, 26.52, 24.31, 23.93 (cyclopentyl), 23.48 (cyclopentyl),
22.14, 21.87, 21.65, 21.03, 19.16, 18.11. TOF-HRMS: m/z [M
+ H]+ calcd for C35H53N2O4: 547.3999; found: 565.4003.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
cyclohexylurea (7e). Off-white powder, yield 88%, mp 165.4−
174.7 °C; 1H NMR (500 MHz, CDCl3) δ 7.12 (s, 1H, OH),
5.96 (s, 1H, C=CH), 5.70 (s, 1H, CH=C), 5.30 (s, 1H, NH),
4.84 (s, 1H, NH), 4.46 (s, 1H, NCH), 3.42 (d, J = 11.0 Hz,
1H), 2.70 (s, 1H), 2.18 (t, J = 5.4 Hz, 1H), 2.13 (d, J = 13.5
Hz, 1H), 2.07 (s, 2H), 2.04 (dd, J = 7.8, 5.8 Hz, 1H), 1.96 (s,
1H), 1.92 (s, 2H), 1.86−1.81 (m, 1H), 1.72−1.69 (m, 5H),
1.59 (d, J = 7.5 Hz, 2H), 1.46 (s, 4H), 1.42 (dd, J = 8.4, 2.3
Hz, 1H), 1.35 (s, 3H), 1.33 (s, 4H), 1.29 (d, J = 3.6 Hz, 1H),
1.26−1.24 (m, 1H), 1.22 (s, 3H), 1.16 (s, 4H), 1.13 (s, 4H),
1.04−1.00 (m, 1H), 0.86 (s, 4H); 13C NMR (126 MHz,
CDCl3) δ 200.57 (C=O), 199.29 (C=O), 170.92 (C=CH),
157.41 (NC=O), 143.48 (C−OH), 131.05 (CH=CO), 127.96
(CH=C), 57.02, 53.29, 52.53, 49.32 (NCH), 47.01, 45.73,
44.21, 43.79, 43.40, 37.87, 35.91, 34.06 (cyclohexyl), 33.97
(cyclohexyl), 33.32, 32.32, 32.05, 28.82, 28.65, 27.09, 26.50,
26.29 (cyclohexyl), 25.74 (cyclohexyl), 25.62 (cyclohexyl),
25.08, 23.50, 21.86, 21.00, 19.13, 18.08. TOF-HRMS: m/z [M
+ H]+ calcd for C36H55N2O4: 579.4156; found: 579.4145.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
pyrrolidineurea (7f). Off-white powder, yield 85%, mp 197.7−
214.5 °C; 1H NMR (500 MHz, CDCl3) δ 7.12 (s, 1H, OH),
5.89 (s, 1H, C=CH), 5.69 (s, 1H, CH=C), 5.30 (s, 1H, NH),
3.80 (s, 1H, NCH2), 3.31−3.30 (m, 2H, NCH2), 2.71 (s, 1H,
NCH2), 2.13 (s, 2H), 2.07 (d, J = 4.6 Hz, 1H), 2.04 (s, 1H),
1.92 (d, J = 2.6 Hz, 2H), 1.85 (s, 1H), 1.73 (t, J = 13.4 Hz,
4H), 1.59 (s, 2H), 1.47 (s, 3H), 1.37−1.35 (m, 7H), 1.33 (s,
1H), 1.29−1.28 (m, 2H), 1.24 (d, J = 9.0 Hz, 7H), 1.17 (d, J =
3.3 Hz, 3H), 1.14 (s, 3H), 0.88 (d, J = 2.4 Hz, 3H); 13C NMR
(126 MHz, CDCl3) δ 200.56 (C=O), 198.92 (C=O), 170.29
(C=CH), 156.12 (NC=O), 143.49 (C−OH), 131.03
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(CH=CO), 128.14 (CH=C), 57.01, 53.33, 52.79, 47.42, 45.74,
45.71 (2C, NCH2), 44.20, 43.81, 43.17, 37.87, 36.03, 32.36,
32.11, 31.98, 29.01, 28.83, 27.12, 26.53, 26.34, 25.76 (2C,
pyrrolidine), 23.51, 21.87, 21.02, 19.13, 18.12. TOF-HRMS:
m/z [M + H]+ calcd for C34H51N2O4: 551.3843; found:
551.3849.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
piperidineurea (7g). White powder, yield 91%, m.p.174.3−
187.5 °C; 1H NMR (500 MHz, CDCl3) δ 7.12 (s, 1H, OH),
5.69 (s, 2H, C=CH, CH=C), 5.30 (s, 1H, NH), 4.06 (s, 2H,
NCH2), 3.29 (d, J = 5.5 Hz, 2H, NCH2), 2.71 (s, 1H), 2.08 (d,
J = 6.4 Hz, 4H), 1.87−1.85 (m, 2H), 1.72 (s, 2H), 1.59 (s,
3H), 1.55 (s, 3H), 1.47 (s, 3H), 1.44 (s, 1H), 1.43 (s, 1H),
1.39−1.32 (m, 6H), 1.28 (d, J = 3.1 Hz, 1H), 1.24 (s, 1H),
1.23 (s, 4H), 1.17 (s, 4H), 1.14 (s, 3H), 1.04 (d, J = 13.9 Hz,
1H), 0.87 (s, 4H); 13C NMR (126 MHz, CDCl3) δ 200.56
(C=O), 198.93 (C=O), 170.25 (C=CH), 156.90 (NC=O),
143.49 (C−OH), 131.03 (CH=CO), 128.14 (CH=C), 57.00,
53.33, 52.73, 47.53, 45.74, 45.44 (2C, NCH2), 44.19, 43.81,
42.93, 37.87, 36.08, 32.36, 32.11, 29.83, 28.87, 28.81, 27.12,
26.53, 26.34, 25.83 (2C, piperidine), 24.62, 23.48, 21.86,
21.02, 19.13, 18.12. TOF-HRMS: m/z [M + H]+ calcd for
C35H53N2O4: 565.3999; found: 565.3990.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
morpholineurea (7h). White powder, yield 86%, mp 172.7−
181.7 °C; 1H NMR (400 MHz, CDCl3) δ 7.10 (s, 1H, OH),
5.93 (s, 1H, NH), 5.67 (s, 1H, C=CH), 5.29 (s, 1H, CH=C),
4.15 (s, 1H, NCH2), 3.69 (s, 4H, morpholine), 3.30 (s, 3H,
morpholine), 2.70 (s, 1H), 2.06 (d, J = 9.1 Hz, 3H), 1.85 (d, J
= 13.1 Hz, 2H), 1.72 (s, 1H), 1.57 (s, 3H), 1.45 (s, 4H), 1.35−
1.34 (m, 5H), 1.26 (s, 1H), 1.21 (s, 6H), 1.15 (s, 4H), 1.12 (s,
3H), 1.07 (s, 1H), 0.86 (s, 4H); 13C NMR (101 MHz, CDCl3)
δ 200.52 (C=O), 199.02 (C=O), 170.25 (C=CH), 157.00
(NC=O), 143.45 (C−OH), 130.98 (CH=CO), 128.10
(CH=C), 66.63 (2C, OCH2, morpholine), 56.98, 53.26,
52.97, 47.37, 45.71, 44.35 (2C, NCH2, morpholine), 44.17,
43.77, 42.67, 37.83, 35.99, 32.29, 32.06, 32.01, 28.85, 28.66,
27.09, 26.46, 26.28, 23.47, 21.84, 21.00, 19.09, 18.06. TOF-
HRMS: m/z [M + H]+ calcd for C34H51N2O5: 567.3792;
found: 567.3802.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(4-methylpiperazine)urea (7i). Orange powder, yield 79%, mp
145.1−157.5 °C; 1H NMR (500 MHz, CDCl3) δ 7.10 (s, 1H,
NH), 5.67 (s, 1H, C=CH), 4.08 (s, 1H, CH=C), 3.39−3.30
(m, 4H, NCH2, methylpiperazine), 2.69 (s, 1H), 2.37 (t, J =
5.0 Hz, 4H), 2.30 (s, 3H, NCH3), 2.11−1.99 (m, 4H), 1.90−
1.81 (m, 2H), 1.71 (t, J = 13.8 Hz, 2H), 1.58 (d, J = 4.6 Hz,
3H), 1.45 (s, 3H), 1.40 (s, 3H), 1.34 (d, J = 6.7 Hz, 6H),
1.23−1.18 (m, 5H), 1.15 (d, J = 4.1 Hz, 3H), 1.12 (s, 3H),
1.06−1.00 (m, 1H), 0.86 (s, 3H); 13C NMR (126 MHz,
CDCl3) δ 200.51 (C=O), 198.88 (C=O), 170.14 (C=CH),
156.75 (NC=O), 143.50 (C−OH), 131.00 (CH=CO), 128.11
(CH=C), 56.98, 54.78 (2C, NCH2, methylpiperazine), 53.27,
52.87, 47.43, 46.19, 45.70, 44.18, 44.04, 43.77 (NCH3,
methylpiperazine), 42.72, 37.82, 36.01, 32.31, 32.07, 28.83,
28.70, 27.10, 27.00, 26.47, 26.29, 25.46, 23.46, 21.83, 20.99,
19.09, 18.08. TOF-HRMS: m/z [M + H]+ calcd for
C35H54N3O4: 580.4108; found: 580.4103.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(pyridin-2-ylmethyl)urea (7j). White powder, yield 82%, mp
198.7−213.2 °C; 1H NMR (500 MHz, CDCl3) δ 8.49 (s, 1H,
NCH, pyridine), 7.71−7.65 (m, 1H, pyridine), 7.32 (d, J = 7.8
Hz, 1H, pyridine), 7.21−7.17 (m, 1H, pyridine), 7.09 (d, J =

2.3 Hz, 1H, OH), 5.86 (d, J = 40.0 Hz, 1H), 5.64 (s, 1H),
5.34−5.03 (m, 2H), 4.48−4.36 (m, 2H, NCH2), 2.68 (s, 1H),
2.20 (dd, J = 13.2, 3.7 Hz, 1H), 2.08−2.02 (m, 2H), 1.82 (s,
1H), 1.70 (s, 1H), 1.57 (s, 3H), 1.47−1.45 (m, 3H), 1.33 (s,
6H), 1.27−1.21 (m, 8H), 1.13 (d, J = 10.1 Hz, 6H), 1.00 (d, J
= 12.6 Hz, 1H), 0.84 (dd, J = 22.5, 4.1 Hz, 5H); 13C NMR
(126 MHz, CDCl3) δ 199.45 (C=O), 197.95 (C=O), 169.73
(C=CH), 157.43, 156.86 (NC=O), 147.61, 142.44 (C−OH),
136.23, 129.95 (CH=CO), 126.77 (CH=C), 121.39 (2C),
55.86, 52.15, 51.48, 45.73, 44.77, 44.56 (NCH2), 43.10, 42.62,
41.86, 36.70, 34.64, 31.19, 30.87, 28.68, 27.63, 27.43, 26.01,
25.37, 25.16, 22.35, 20.72, 19.87, 17.99, 16.96. TOF-HRMS:
m/z [M + H]+ calcd for C36H50N3O4: 588.3795; found:
588.3793.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(pyridin-3-ylmethyl)urea (7k). Off-white powder, yield 91%,
mp 186.7−198.4 °C; 1H NMR (500 MHz, CDCl3) δ 8.55 (s,
1H, NCH, pyridine), 8.49−8.45 (m, 1H, NCH, pyridine), 7.71
(d, J = 7.9 Hz, 1H, pyridine), 7.29 (dd, J = 7.8, 4.9 Hz, 1H,
pyridine), 7.06 (s, 1H, OH), 5.54 (d, J = 17.8 Hz, 2H), 5.30 (s,
1H, NH), 4.78 (s, 1H, NH), 4.38 (m, 2H, NCH2), 2.69 (s,
1H), 2.12 (d, J = 11.5 Hz, 1H), 2.05−2.01 (m, 1H), 1.84−1.79
(m, 1H), 1.71 (d, J = 13.3 Hz, 2H), 1.58 (s, 3H), 1.46 (d, J =
9.8 Hz, 4H), 1.42−1.38 (m, 1H), 1.35 (d, J = 9.6 Hz, 6H),
1.31 (s, 1H), 1.28−1.25 (m, 4H), 1.22 (s, 3H), 1.14 (d, J = 4.7
Hz, 5H), 1.01 (d, J = 13.4 Hz, 1H), 0.85 (d, J = 29.6 Hz, 4H);
13C NMR (126 MHz, CDCl3) δ 200.53 (C=O), 199.48
(C=O), 171.17 (C=CH), 157.56 (NC=O), 148.64 (NCH,
pyridine), 148.37 (NCH, pyridine), 143.55 (C−OH), 137.99,
136.08, 130.77 (CH=CO), 127.75 (CH=C), 123.99, 57.05,
53.29, 52.73, 47.16, 45.76 (NCH2), 44.23, 43.85, 41.65, 37.84,
35.86, 32.34, 32.08, 31.62, 29.84, 28.84, 28.64, 27.12, 26.51,
26.24, 23.45, 21.88, 21.08, 19.16, 18.08. TOF-HRMS: m/z [M
+ H]+ calcd for C36H50N3O4: 588.3795; found: 588.3788.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(pyridin-4-ylmethyl)urea (7l). White powder, yield 81%, mp
190.2−210.9 °C; 1H NMR (400 MHz, CDCl3) δ 8.52 (d, J =
5.6 Hz, 2H, NCH, pyridine), 7.29 (d, J = 5.3 Hz, 2H,
pyridine), 7.05 (s, 1H,OH), 6.02 (s, 1H), 5.47 (s, 1H), 5.30 (s,
1H, NH), 5.08 (s, 1H, NH), 4.38 (s, 2H, NCH2), 2.67 (s, 1H),
2.18−2.01 (m, 3H), 1.85−1.76 (m, 1H), 1.68 (d, J = 13.3 Hz,
2H), 1.59−1.57 (m, 2H), 1.44 (s, 4H), 1.33 (d, J = 10.6 Hz,
6H), 1.28 (s, 1H), 1.23 (d, J = 10.1 Hz, 7H), 1.13 (d, J = 6.2
Hz, 6H), 1.01 (d, J = 11.6 Hz, 1H), 0.81 (s, 4H). TOF-HRMS:
m/z [M + H]+ calcd for C36H50N3O4: 588.3795; found:
588.3790.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(4-fluorophenyl)urea (7m). Brown powder, yield 87%, mp
186.1−204.2 °C; 1H NMR (400 MHz, CDCl3) δ 7.69 (s, 1H),
7.15 (s, 1H, NH), 6.97−6.94 (m, 3H, benzene), 5.70 (s, 2H),
5.30 (s, 2H, NH), 2.70 (s, 1H), 2.38 (d, J = 14.1 Hz, 1H), 2.27
(d, J = 13.7 Hz, 1H), 2.20−2.15 (m, 1H), 2.09 (s, 3H), 2.05−
2.01 (m, 1H), 1.86−1.81 (m, 1H), 1.72 (d, J = 12.2 Hz, 2H),
1.60 (s, 2H), 1.47 (s, 3H), 1.36 (d, J = 5.5 Hz, 2H), 1.32 (d, J
= 7.6 Hz, 4H), 1.28 (s, 1H), 1.23 (s, 3H), 1.18 (s, 1H), 1.15 (s,
5H), 1.05 (d, J = 7.3 Hz, 1H), 0.89 (d, J = 3.9 Hz, 1H), 0.80
(s, 4H). TOF-HRMS: m/z [M + H]+ calcd for C36H48FN2O4:
591.3592; found: 591.3604.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(2-ethylphenyl)urea (7n). Orange powder, yield 90%, mp
115.2−132.1 °C; 1H NMR (400 MHz, CDCl3) δ 7.19 (s, 2H,
benzene), 7.15 (s, 1H, OH), 6.96 (t, J = 5.2 Hz, 1H, benzene),
6.78−6.67 (m, 1H, benzene), 6.28 (s, 1H), 6.18 (s, 1H), 5.60
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(d, J = 45.8 Hz, 1H, NH), 5.30 (s, 1H, NH), 2.72−2.51 (m,
8H), 2.06 (d, J = 11.6 Hz, 2H), 1.93 (d, J = 15.4 Hz, 1H), 1.85
(d, J = 10.5 Hz, 1H), 1.74 (d, J = 10.2 Hz, 2H), 1.61 (s, 3H),
1.45 (s, 6H), 1.39 (d, J = 4.0 Hz, 2H), 1.36 (s, 2H), 1.27−1.23
(m, 4H), 1.20−1.16 (m, 4H), 1.0252 (s, 1H), 0.86 (d, J = 27.1
Hz, 6H), 0.77 (d, J = 4.2 Hz, 1H),. TOF-HRMS: m/z [M +
H]+ calcd for C38H53N2O4: 601.3999; found: 601.4010.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
(furan-2-ylmethyl)urea (7o). White powder, yield 87%, mp
190.4−214.3 °C; 1H NMR (400 MHz, CDCl3) δ 7.32 (s, 1H,
OCH, furan), 7.09 (s, 1H, OH), 6.29−6.25 (m, 1H, furan),
6.19−6.16 (m, 1H, furan), 5.68 (s, 1H, NH), 5.34 (d, J = 39.8
Hz, 1H, NH), 4.93 (d, J = 25.6 Hz, 1H), 4.31 (dd, J = 13.8, 3.7
Hz, 2H, NCH2), 3.47 (s, 1H), 2.68 (s, 1H), 2.17 (d, J = 5.4
Hz, 1H), 2.06−2.01 (m, 1H), 1.82 (d, J = 4.4 Hz, 1H), 1.68
(d, J = 13.2 Hz, 2H), 1.57 (s, 2H), 1.45 (s, 6H), 1.32 (d, J =
6.4 Hz, 10H), 1.25−1.24 (m, 1H), 1.22 (s, 3H), 1.15 (s, 3H),
1.12 (s, 3H), 1.01 (d, J = 12.1 Hz, 1H), 0.82 (s, 3H); 13C
NMR (101 MHz, CDCl3) δ 200.58 (C=O), 199.55 (C=O),
171.24 (C=CH), 157.66 (NC=O), 152.87 (C−O, furan),
143.49 (C−OH), 141.99 (OCH, furan), 131.02 (CH=CO),
127.80 (CH=C), 110.50 (furan), 106.77 (furan), 57.02, 53.27,
52.63, 46.88, 45.74, 44.22, 43.79, 43.47, 37.86, 37.51, 35.84,
32.31, 32.01, 31.41, 28.79, 28.55, 27.08, 26.48, 26.23, 23.45,
21.86, 20.99, 19.14, 18.06. TOF-HRMS: m/z [M + H]+ calcd
for C35H49N2O5: 577.3635; found: 577.3632.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
glycineurea (7p). Off-white powder, yield 78%, mp 178.2−
191.9 °C; 1H NMR (500 MHz, CDCl3) δ 7.08 (s, 1H, OH),
5.98 (s, 2H, NH), 5.49 (s, 1H, C=CH), 4.10 (d, J = 17.5 Hz,
1H, CH=C), 3.74−3.64 (m, 2H, NCH2), 2.75 (s, 1H), 2.33−
2.28 (m, 1H), 2.14−2.04 (m, 2H), 1.86−1.70 (m, 4H), 1.60
(d, J = 7.9 Hz, 4H), 1.45 (s, 5H), 1.40 (s, 3H), 1.36 (s, 3H),
1.21 (d, J = 14.1 Hz, 6H), 1.16 (s, 3H), 1.13 (s, 3H), 1.00 (d, J
= 13.4 Hz, 1H), 0.81 (s, 3H); 13C NMR (126 MHz, CDCl3) δ
201.58 (C=O), 200.48 (C=O), 172.97 (C=CH), 160.73
(COOH), 159.25 (NC=O), 143.55 (C−OH), 130.79
(CH=CO), 127.73 (CH=C), 57.03, 53.25, 52.67, 47.20,
45.99, 44.24, 43.86, 42.52 (NCH2), 37.88, 35.50, 32.40,
32.15, 28.84, 28.70, 27.15, 26.75, 26.75, 26.15, 25.46, 23.23,
21.88, 21.24, 19.27, 18.07. TOF-HRMS: m/z [M + H]+ calcd
for C32H47N2O6: 555.3428; found: 555.3432.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
D-alanineurea (7q). White powder, yield 86%, mp 191.3−
203.6 °C; 1H NMR (500 MHz, CDCl3) δ 6.92 (s, 1H, OH),
6.22 (s, 1H, C=CH), 5.77 (d, J = 6.8 Hz, 1H, CH=C), 5.58 (s,
1H, NH), 5.47 (s, 1H, NH), 4.15 (t, J = 7.0 Hz, 1H, NCH),
2.55 (s, 1H), 2.13 (d, J = 13.4 Hz, 1H), 1.95−1.86 (m, 3H),
1.69 (td, J = 13.6, 4.8 Hz, 1H), 1.64−1.57 (m, 2H), 1.54 (d, J
= 13.6 Hz, 1H), 1.44 (d, J = 4.9 Hz, 3H), 1.38−1.34 (m, 1H),
1.30 (s, 3H), 1.23 (s, 2H), 1.21 (d, J = 3.9 Hz, 4H), 1.16 (s,
3H), 1.14−1.04 (m, 7H), 1.02 (s, 3H), 0.98 (s, 3H), 0.89−
0.84 (m, 1H), 0.72 (s, 3H); 13C NMR (126 MHz, CDCl3) δ
200.11 (C=O), 198.75 (C=O), 175.47 (COOH), 170.92
(C=CH), 157.91 (NC=O), 143.36 (C−OH), 130.80
(CH=CO), 127.42 (CH=C),56.63, 52.82, 51.99, 48.48
(NCH), 46.28, 45.31, 43.94, 43.37, 42.84, 37.43, 35.36,
31.89, 31.60, 31.41, 28.40, 28.26, 26.88, 26.17, 25.94, 23.13,
21.51, 20.70, 18.74, 18.36, 17.74 (CH3, DL-Alanine). TOF-
HRMS: m/z [M + H]+ calcd for C33H49N2O6: 569.3584;
found: 569.3587.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
valineurea (7r). White powder, yield 77%, mp 189.3-212.4 °C;

1H NMR (500 MHz, CDCl3) δ 8.00 (s, 1H, COOH), 6.78 (s,
1H, OH), 5.99 (d, J = 9.3 Hz, 1H), 5.79 (s, 1H), 5.52 (s, 1H,
NH), 4.06 (dd, J = 9.2, 5.0 Hz, 1H, NH), 3.41−3.6 (m, 1H,
NCH), 2.67 (s, 1H), 2.13 (m, 2H), 2.04−1.99 (m, 1H), 1.80−
1.64 (m, 5H), 1.59−1.47 (m, 4H), 1.33 (d, J = 7.4 Hz, 8H),
1.20 (s, 4H), 1.15 (d, J = 5.3 Hz, 1H), 1.09 (d, J = 11.9 Hz,
6H), 1.03 (s, 3H), 0.95 (d, J = 11.5 Hz, 1H), 0.88 (d, J = 6.8
Hz, 3H), 0.85−0.81 (m, 6H); 13C NMR (126 MHz, CDCl3) δ
199.33 (C=O), 198.41 (C=O), 174.27 (COOH), 171.58
(C=CH), 156.99 (NC=O), 144.17 (C−OH), 131.29
(CH=CO), 126.71 (CH=C), 56.93, 56.41, 51.88, 51.32,
46.36, 44.98, 44.23, 43.31, 41.61, 37.16, 35.25, 31.76, 31.48,
31.40, 30.78, 28.40, 28.36, 27.41, 26.09, 25.75, 22.98, 21.58,
21.11, 19.25, 18.59, 17.73, 17.63. TOF-HRMS: m/z [M + H]+

calcd for C35H53N2O6: 597.3897; found: 597.3901.
1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-

D-leucineurea (7s). Off-white powder, yield 82%, mp 196.2−
201.9 °C; 1H NMR (500 MHz, CDCl3) δ 7.05 (s, 1H, OH),
6.00 (s, 1H, C=CH), 5.82 (s, 1H, CH=C), 5.68 (d, J = 46.2
Hz, 2H, NH), 4.30 (s, 1H, NCH), 2.74 (s, 1H), 2.28 (dd, J =
12.9, 4.5 Hz, 1H), 2.07−2.01 (m, 2H), 1.85−1.80 (m, 2H),
1.73−1.68 (m, 3H), 1.58 (d, J = 7.2 Hz, 4H), 1.45 (s, 3H),
1.35 (s, 4H), 1.30 (d, J = 2.9 Hz, 5H), 1.23 (d, J = 6.5 Hz,
5H), 1.20 (s, 1H), 1.16 (s, 3H), 1.12 (d, J = 2.8 Hz, 3H), 1.03
(d, J = 11.9 Hz, 1H), 0.93−0.91 (m, 6H), 0.85 (s, 4H); 13C
NMR (126 MHz, CDCl3) δ 200.60 (C=O), 200.39 (C=O),
177.05 (COOH), 172.58 (C=CH), 158.76 (NC=O), 143.57
(C−OH), 130.92 (CH=CO), 127.61 (CH=C), 64.63, 57.03,
53.21, 52.78 (NCH), 46.73, 45.91, 44.25, 43.85, 40.98, 37.86,
35.60, 32.30, 31.95, 28.69, 28.58, 27.14, 26.54, 26.24, 25.39,
25.01, 23.38, 23.15, 22.10, 21.86, 21.10, 19.13, 18.06, 14.26.
TOF-HRMS: m/z [M + H]+ calcd for C36H55N2O6: 611.4054;
found: 611.4058.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
methionineurea (7t). White powder, yield 85%, mp 179.2−
194.7 °C; 1H NMR (500 MHz, CDCl3) δ 8.00 (s, 1H,
COOH), 6.78 (s, 1H, OH), 6.03 (d, J = 8.4 Hz, 1H), 5.77 (s,
1H, NH), 5.56 (s, 1H, NH), 4.19 (dt, J = 8.1, 4.1 Hz, 1H,
NCH), 3.36 (s, 1H), 2.68 (s, 1H), 2.47 (t, J = 7.6 Hz, 2H),
2.05 (s, 5H), 1.98−1.92 (m, 1H), 1.75 (ddt, J = 27.2, 13.2, 7.3
Hz, 6H), 1.58−1.46 (m, 4H), 1.39−1.33 (m, 7H), 1.19 (d, J =
10.9 Hz, 5H), 1.15 (s, 1H), 1.09 (d, J = 11.5 Hz, 6H), 1.03 (s,
3H), 0.95 (d, J = 12.0 Hz, 1H), 0.81 (s, 3H); 13C NMR (126
MHz, CDCl3) δ 199.33 (C=O), 198.42 (C=O), 174.43
(COOH), 171.49 (C=CH), 156.86 (NC=O), 144.16 (C−
OH), 131.30 (CH=CO), 126.77 (CH=C), 56.41, 51.86
(NCH), 51.41, 51.35, 46.25, 44.98, 44.23, 43.30, 41.78,
37.15, 36.14, 35.27, 32.27, 31.47, 31.37 (SCH2), 29.65, 28.34,
27.40, 26.07 (2C), 25.76, 22.99, 21.57, 21.11, 18.56, 17.72,
14.82 (SCH3). TOF-HRMS: m/z [M + H]+ calcd for
C35H53N2O6S: 629.3618; found: 629.3625.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-L-
asparticurea (7u). White powder, yield 76%, mp 176.4−195.3
°C; 1H NMR (500 MHz, CDCl3) δ 7.05 (s, 1H, OH), 6.18 (s,
2H, C=CH, CH=C), 5.79 (s, 2H, NH), 4.66 (s, 1H, NCH),
2.93 (d, J = 63.7 Hz, 2H), 2.74 (s, 1H), 2.29 (s, 1H), 2.04 (s,
2H), 1.8130 (s, 1H), 1.74−1.69 (m, 1H), 1.60−1.54 (m, 3H),
1.42 (s, 3H), 1.32 (d, J = 17.8 Hz, 8H), 1.25−1.19 (m, 9H),
1.13 (d, J = 15.1 Hz, 7H), 0.99 (d, J = 10.0 Hz, 1H), 0.84 (s,
3H). 13C NMR (126 MHz, CDCl3) δ 201.09 (C=O), 200.59
(C=O), 177.31 (COOH), 175.31 (C=CH), 166.20 (COOH),
158.41 (NC=O), 143.53 (C−OH), 131.14 (CH=CO), 127.28
(CH=C), 64.61, 60.57, 58.51, 56.96, 53.18 (NCH), 52.79,
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45.94, 44.27, 43.87, 37.86, 35.50, 31.96, 28.65, 28.56, 27.19,
26.59, 25.38, 23.29, 22.78, 21.87, 21.16, 19.15, 18.44, 18.02,
14.32. TOF-HRMS: m/z [M + H]+ calcd for C34H49N2O8:
613.3483; found: 613.3479.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
glutamicurea (7v). Off-white powder, yield 84%, mp 172.5−
186.7 °C; 1H NMR (500 MHz, CDCl3) δ 7.07 (s, 1H, OH),
6.13 (s, 1H, C=CH), 5.85 (s, 1H, CH=C), 5.74 (s, 1H, NH),
5.09 (s, 1H, NH), 4.36 (s, 1H, NCH), 2.76 (s, 1H), 2.51 (s,
2H), 2.33−2.27 (m, 1H), 2.18 (s, 1H), 2.04 (d, J = 15.9 Hz,
3H), 1.85 (s, 2H), 1.72 (s, 2H), 1.62−1.57 (m, 3H), 1.46 (d, J
= 11.4 Hz, 4H), 1.36 (s, 4H), 1.30 (s, 4H), 1.22 (dd, J = 6.3,
3.8 Hz, 7H), 1.17 (s, 3H), 1.14 (d, J = 5.4 Hz, 3H), 1.02 (d, J
= 12.4 Hz, 1H), 0.87 (d, J = 9.6 Hz, 3H); 13C NMR (126
MHz, CDCl3) δ 200.60 (C=O), 200.16 (C=O), 190.17
(COOH), 176.81 (COOH), 170.45 (C=CH), 158.78
(NC=O), 143.54 (C−OH), 135.93 (CH=CO),127.57
(CH=C), 66.02, 57.03, 53.20, 53.03 (NCH), 52.77, 46.76,
45.91, 45.13, 44.31, 43.93, 37.90, 35.81, 35.66, 35.55, 31.96,
28.67, 27.17, 26.54, 26.28, 25.43, 23.36, 21.89, 21.16, 19.20,
18.07, 15.40. TOF-HRMS: m/z [M + H]+ calcd for
C35H51N2O8: 627.3639; found: 627.3632.

1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-
propanoicurea (7w). Off-white powder, yield 81%, mp 175.4−
192.6 °C; 1H NMR (500 MHz, CDCl3) δ 7.06 (s, 1H, OH),
5.85 (s, 2H,), 5.76 (s, 1H, NH), 5.49−5.35 (m, 1H, NH),
3.52−3.43 (m, 1H, NCH2), 3.37 (dd, J = 13.1, 6.5 Hz, 1H,
NCH2), 2.74 (s, 1H), 2.56 (d, J = 5.9 Hz, 2H), 2.27 (dd, J =
13.3, 4.4 Hz, 1H), 2.05−1.96 (m, 2H), 1.90−1.79 (m, 2H),
1.67 (d, J = 13.8 Hz, 2H), 1.59−1.57 (m, 2H), 1.44 (s, 3H),
1.37 (d, J = 14.0 Hz, 4H), 1.31 (s, 3H), 1.25 (d, J = 2.5 Hz,
3H), 1.21 (d, J = 4.7 Hz, 4H), 1.19 (s, 1H), 1.15 (s, 3H), 1.12
(s, 3H), 1.01 (d, J = 10.9 Hz, 1H), 0.88−0.82 (m, 4H); 13C
NMR (126 MHz, CDCl3) δ 200.72 (C=O), 200.55 (C=O),
175.87 (COOH), 172.86 (C=CH), 158.78 (NC=O), 143.55
(C−OH), 130.97 (CH=CO), 127.52 (CH=C), 58.48, 57.02,
53.20, 52.58, 46.93, 45.87, 44.26, 43.90, 37.86, 35.83, 35.54,
32.03, 31.70, 28.76, 28.63, 27.14, 26.29, 25.36, 23.33, 22.77,
21.87, 21.12, 19.16, 18.05, 14.26. TOF-HRMS: m/z [M + H]+

calcd for C33H49N2O6: 569.3584; found: 569.3577.
1-((20β)-2-Hydroxy-3,11-dioxo-olean-1,12-dien-20-yl)-3-

butanoicurea (7x). Off-white powder, yield 86%, mp 167.9.2−
183.8 °C; 1H NMR (500 MHz, CDCl3) δ 6.89 (s, 1H, OH),
6.29 (s, 1H), 5.57 (s, 1H), 5.38 (t, J = 5.9 Hz, 1H, NH), 5.14
(d, J = 2.8 Hz, 1H, NH), 3.30 (q, J = 7.0 Hz, 3H, NCH2), 2.98
(dd, J = 6.2, 2.7 Hz, 2H), 2.53 (s, 1H), 2.15 (t, J = 7.2 Hz,
2H), 2.11−2.06 (m, 1H), 1.98−1.92 (m, 1H), 1.87 (d, J = 12.7
Hz, 1H), 1.66 (d, J = 4.8 Hz, 1H), 1.59 (t, J = 7.0 Hz, 2H),
1.52 (s, 1H), 1.43−1.38 (m, 3H), 1.32 (s, 1H), 1.27 (s, 3H),
1.19 (s, 3H), 1.13 (s, 3H), 1.08 (d, J = 6.8 Hz, 1H), 1.04 (d, J
= 3.5 Hz, 3H), 1.02 (s, 2H), 1.00 (s, 1H), 0.99 (s, 3H), 0.95 (s,
3H), 0.84 (dd, J = 12.4, 3.9 Hz, 1H), 0.69 (s, 3H); 13C NMR
(126 MHz, CDCl3) δ 200.02 (C=O), 198.72 (C=O), 175.22
(COOH), 170.98 (C=CH), 158.17 (NC=O), 143.34 (C−
OH), 130.75 (CH=CO), 127.34 (CH=C), 65.49, 56.56, 52.74,
51.73, 46.26, 45.23, 43.89, 43.32, 43.05 (NCH2), 38.45, 37.36,
35.42, 31.82, 31.54, 31.36, 31.22, 28.43, 28.25, 26.84, 25.82,
23.06, 21.45, 20.65, 18.68, 17.68, 15.00. TOF-HRMS: m/z [M
+ H]+ calcd for C34H51N2O6: 583.3741; found: 583.3742.
Cells. RAW264.7 cells were purchased from BeNa Culture

Collection Company and cultured in DMEM (Hyclone, USA)
with 10% FBS (Wisent bioproducts, Canada), 100 U/mL
penicillin, and 100 μg/mL streptomycin (Beyotime, China) at

the same environment. The HK2 cells were obtained from
ProCell Company and cultured in DME/F-12 (Cytiva, USA)
with 10% FBS (Wisent bioproducts, Canada) and 1%
penicillin−streptomycin solution 100× (Beyotime, China).
Cell Viability Assay and Measurement of NO

Production. RAW264.7 cells were seeded in 96-well plates,
incubated for 12 h, and then starved in DMEM with 1% FBS
for 12 h. The cells were treated with tested compounds (20
μM) and incubated for 24 h, after which they were measured
with MTT assays. NO is an important inflammatory mediator
that can reflect the inflammatory state of cells. RAW264.7 cells
in suitable conditions were pretreated with 20 μM compounds
for 1 h and incubated with or without (0.5 μg/mL) LPS for 24
h. The measured absorbance was taken into the calibration
curve to calculate the NO inhibition rate using a Beyotime NO
assay kit. Their anti-inflammatory ability was evaluated
according to the inhibitory ability of the tested compounds
on NO production.
Protection of Cisplatin-Induced HK2 Cells. HK2 cells

were treated with tested compounds (50 μM) for 12 h after
starvation processing. Cisplatin (20 μM) was then added to
each well, and the cells were incubated for 24 h. Following the
addition of a 5 mg/mL MTT solution to each well of a 96-well
plate for a period of 4 h, the supernatant was removed and
replaced with dimethyl sulfoxide (DMSO) to dissolve the
formazan salt. The optical density was then measured at a
wavelength of 490 nm. A 5 mg/mL MTT solution was added
to each well for 4 h, and the supernatant was removed and
replaced with DMSO. The optical density was then measured
at a wavelength of 490 nm.
Cellular Heat Shift Assay (CETSA). RAW264.7 cells were

treated with 50 μM compound 7o or medium DMSO for 12 h.
The cells were washed three times with PBS in an ultraclean
bench, and the cell was collected by repeated blowing. The
collected cell was then frozen and thawed three times and
centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant
with compound 7o or DMSO was collected and divided
equally into two groups: A and B. The supernatant was divided
into eight parts each and respectively incubated at 40, 45, 50,
55, 60, 65, 70, and 75 °C for 5 min. Then the heated
supernatant was incubated at room temperature for 3 min. The
supernatant of B was incubated only at room temperature for 3
min. Subsequently, the lysates were centrifuged, separated, and
added to an SDS-PAGE polyacrylamide gel plate for protein
blotting analysis.
Western Blotting. RAW264.7 cells were seeded in six-well

plates, treated with different concentration gradients of
compound 7o for 1 h, and then exposed to LPS (0.5 μg/
mL) for 24 h. The cells were lysed with precooled RIPA lysing
solution (containing PMSF and phosphatase inhibitors) for 30
min and then centrifuged at 12,000 rpm for 20 min using a
low-temperature centrifuge (4 °C). The supernatant was mixed
with the protein buffer and boiled for 10 min (100 °C) to
obtain protein samples. The prepared protein samples were
compacted in SDS-PAGE polyacrylamide gel at 80 V for 30
min and separated at 120 V for 50 min. Then the protein was
transferred to the PVDF membrane. After 10−15 min of
closure with rapid closure solution, the membrane was stained
with β-actin (1:1500, Affinity, USA), STING (1:1000,
Proteintech, USA), NFκB-p65 (1:1000, Proteintech, USA),
p-NFκB-p65 (1:1000, Proteintech, USA), and iNOS (1:1000,
Proteintech, USA). Finally, the incubation with the enzyme-
labeled secondary antibody (1:5000, Affinity, USA) was
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performed for 1 h at room temperature, and it was exposed
under enhanced chemiluminescence detection reagent con-
ditions.
Molecular Docking.We employed the LibDock module of

Discovery Studio 2019 Client (DS) to conduct molecular
docking studies. The crystal structure of STING was obtained
from the Protein Data Bank (PDB ID: 4EF5). All redundant
atoms were eliminated, and subsequent processing steps were
performed in the CHARMm force field encompassing residue
repair, protonation, and partial charge assignment. To ensure
the integrity of the target protein, it was prepared using the DS
Prepare Protein tool. Ligands consisting of small molecules
underwent minimal processing in DS. Subsequently, the title
compound was docked into the protein’s active site utilizing
LibDock. Upon completion of the program execution,
molecular docking results were extracted for the analysis of
interactions with different poses. The pose exhibiting the
highest LibDock score value was deemed the most stable and
selected for further examination regarding visual binding
interactions with the target.
In Vivo Experiments. Thirty-two 8 week old male C57BL/

6 mice (20−25 g) were purchased from Hangzhou Ziyuan
Laboratory Animal Technology Co. Before the experiment, the
mice were acclimatized and fed for 7 days under a suitable
temperature and humidity. The mice were randomly divided
into four groups (eight mice in each group): control group,
model group (20 mg/kg cisplatin), low-dose 7o group (30
mg/kg 7o + 20 mg/kg cisplatin), and high-dose 7o group (60
mg/kg 7o + 20 mg/kg cisplatin).

Mice in the drug group were given compound 7o for 7
consecutive days, whereas the other groups were given an
equal amount of saline. On the third day, mice in drug or
model group were injected intraperitoneally with cisplatin
solution (20 mg/kg) after being given saline or drug for 12 h.
The animals were executed on the seventh day for blood,
kidney, and liver tissue. All procedures of animal experiments
in this study were performed in accordance with the National
Research Council Guide for the Care and Use of Laboratory
Animals, and this work was approved by the Animal Care and
Use Committee of Anhui Medical University.
Histological Examination. Kidney and liver tissues fixed

in paraformaldehyde for more than 24 h were embedded in
paraffin, sliced into 5 μm thickness on slides with a sectioning
machine, and stained with hematoxylin and eosin (H&E). The
morphology of kidney and liver tissues could be observed
under a light microscope. The renal and hepatic toxicity of the
compounds can be determined by comparing the histomor-
phology of the normal group with that of the administered
group.

Blood Measurements. Blood samples were thawed at
room temperature and utilized to ascertain the levels of serum
creatinine (Scr), blood urea nitrogen (BUN), interleukin-1β
(IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α
(TNF-α). The levels of Scr and BUN were quantified with
creatinine and urea assay kits (Jiancheng Bioengineering
Institute, China) in accordance with the manufacturer’s
instructions. The concentrations of IL-1β, IL-6, and TNF-α
were quantified using enzyme-linked immunosorbent assay
(ELISA) kits (Cusabio, Wuhan).
Data and Image Processing. All experimental data were

expressed as the mean ± standard deviation (SD). The
resulting data were analyzed by one-way ANOVA using
GraphPad Prism 8.0.1. P < 0.05 was considered a significant
difference. All results are from at least three independent
experiments.

■ RESULTS AND DISCUSSION
Synthetic Chemistry. 18β-Glycyrrhetinic acid (GA) is a

natural product extracted from licorice root with a wide range
of pharmacological effects. In a recent study, urea motif was
introduced into the structure of GA, thus improving its efficacy
and drug-like characteristics to produce active compounds with
better selectivity and therapeutic index.34 To further under-
stand the structure−activity relationships of GA, the A ring of
GA was oxidized based on the recent study (Figure 1).

A series of novel glycyrrhetin ureas possessing 2-hydroxy-3-
enone at the A ring were designed and synthesized. 3-Oxo-GA
2 was obtained in 74% yield via an oxidation reaction of GA
with PCC (pyridinium chlorochromate) in CH2Cl2 at room
temperature. Oxidation of 2 with potassium tert-butoxide in
tert-butyl alcohol furnished C-2 enol 3 in 70% yield, which was
acetylated to give ester 4 in 89% yield. Carboxylic acid 4 can be
converted to an isocyanate 5 via Curtius rearrangement
through an acyl azide intermediate under mild conditions,
achieving a yield of 67%. The resulting stable isocyanate 5 can
then be readily transformed into a variety of urea derivatives 6.
Urea 6 was hydrolyzed to generate the title products 7a−x.
Through the above structural modifications, 24 new com-
pounds (7a−x) were obtained (Scheme 1 and Figure 2).
Cytotoxicity Assessment. To ensure the cellular safety of

tested compounds and avoid false positives due to cell death in
the determination of NO inhibition, the cytotoxicity of
synthesized compounds at the same concentration (20 μM)
to RAW264.7 cells was assessed by using the MTT assay. As
shown in the Figure 3, tested compounds did not affect cell
viability, indicating that novel glycyrrhizin urea derivatives are
essentially safe and low-toxicity. Therefore, these compounds
are suitable for further use in subsequent cellular and animal
studies.

Figure 3. Exploration of the cell cytotoxicity. The cytotoxicity of compounds (20 μM) was evaluated by an MTT assay on RAW264.7 cells. Results
are represented as the mean ± SD (n = 3).
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Anti-inflammatory Activity. The anti-inflammatory effect
of GA is achieved through the action of multiple targets and
the modulation of metabolic pathways.35 GA exerts anti-
inflammatory effect through inhibiting the activation of P38
MAPK and NF-κB signaling pathways and the DNA-binding
activity of activator protein-1 (AP-1).36 Additionally, GA can
directly interact with STING and modulate the release of
inflammatory factors via the downstream NF-κB pathway.37

Furthermore, GA significantly decreased the levels of
inflammatory factors.

Compounds with anti-inflammatory effects can ameliorate
cisplatin-induced AKI. NO is an important inflammatory
mediator that is often used to assess anti-inflammatory
capacity. Resveratrol was used as a positive control to assess
the inhibitory effect on NO production in LPS-induced
inflammation.35 The results showed a significant increase in
NO levels in LPS-treated cells compared with the normal
group (Table 1). Compounds 7a, 7c, 7e, 7f, 7k, and 7o had a

significant reduction in NO levels compared to LPS-treated
cells, which indicated that some of glycyrrhetin ureas possessed
anti-inflammatory activity. Notably, compounds 7a and 7c,
which contain shorter aliphatic chains, exhibited superior anti-

inflammatory properties. In particular, compound 7o with 2-
methylfuran exhibited significant NO inhibition activity. The
purity of active compound 7o was 99.3% (Table S1).
Protective Effect of Compounds on Renal Tubular

Epithelial Cells. Cisplatin accumulates primarily in renal
tubular epithelial cells upon entering the kidneys, leading to a
significant renal toxicity. This toxicity manifests as increased
renal vascular resistance, reduced renal plasma flow, and
decreased glomerular filtration rate (GFR).38 Cisplatin-
induced early-stage AKI severely damages renal tubular
epithelial cells. It is mainly manifested in a number of ways,
including apoptosis, autophagy, dysregulation of cell cycle
proteins, activation of the mitogen-activated protein kinase
(MAPK) signaling pathway, and direct toxicity to the renal
tubular epithelial cells.39 Renal tubular damage ultimately leads
to structural and functional renal dysfunction and results in
renal failure or even death. Compounds with protective effects
on renal tubular epithelial cells can ameliorate cisplatin-
induced AKI to some extent.

The protective effect of synthesized compounds against
cisplatin-induced AKI in renal tubular epithelial cells was
determined by the MTT assay. HK2 cells were treated with
compounds (50 μM) for 12 h and then treated with cisplatin
for 24 h. The cisplatin group showed a significant reduction in
cell activity compared to the normal group. As shown in Figure
4, glycyrrhetin ureas (7b, 7d, 7e, 7f, 7j, 7n, 7o, 7p, 7q, 7r, 7s,
7t, 7u, 7w, and 7x) were significantly increased compared to
the cisplatin group, which suggested that some of compounds
may have some protective effect on cisplatin-injured renal
tubular epithelial cells. Compounds 7d, 7e, 7f, and 7o
containing five-membered ring or cyclic amine structures
showed significant cytoprotective effects; among them,
compound 7o containing 2-methylfuran notably increased
HK2 cell viability by 20% and mitigated cisplatin-induced cell
damage. Interestingly, a significant decrease in HK2 cell
viability was observed after the treatment of compounds (7c,
7g, 7h, 7i, 7m, and 7v), and the cyclic amine structure may
increase the cisplatin-induced toxicity. The protective effect of
7p, 7q, 7r, and 7s with amino acid showed an increased
protective effect on HK2 cells as the fatty chain became longer
(glycine > L-alanine > L-valine > L-leucine). Compound 7o
with 2-methylfuran had a reduced AKI effect.
Molecular Docking. To study the interaction between

human STING (PDB: 4EF5) and 7o, we employed the
LibDock module of Discovery Studio 2019 Client (DS) to
conduct molecular docking studies. We selected the docking
conformations with the highest LibDock score to analyze the

Table 1. Inhibitory Effects of A-Ring Oxygenated
Glycyrrhetin Ureas on NO production in LPS-Stimulated
RAW 264.7 Cellsa

compound
20 μM (inhibition

rate %) compound
20 μM (inhibition

rate %)

7a 59.17 ± 3.19 7m 45.30 ± 0.70
7b 22.48 ± 1.10 7n 27.39 ± 2.56
7c 66.93 ± 2.03 7o 102.94 ± 2.50
7d 39.53 ± 5.02 7p 22.79 ± 2.45
7e 81.65 ± 4.67 7q 24.91 ± 2.92
7f 95.09 ± 0.97 7r 19.09 ± 0.40
7g 41.03 ± 9.13 7s 11.90 ± 3.30
7h 55.30 ± 1.32 7t 16.52 ± 8.27
7i 30.31 ± 4.85 7u 19.81 ± 1.61
7j 16.20 ± 3.15 7v 32.48 ± 0.70
7k 51.57 ± 2.24 7w 21.08 ± 1.61
7l 30.77 ± 1.85 7x 27.56 ± 9.57
resveratrol 50.26 ± 4.91

aAt the concentration of 20 μM, the NO release from RAW264.7 cells
was inhibited following pretreatment with LPS (0.5 μg/mL). Among
the tested compounds (7a−x), compound 7o exhibited the most
potent NO inhibition. Results are represented as mean ± SD (n = 3).

Figure 4. Exploration of the nephroprotective effects. HK2 cells were pretreated with the tested compounds (50 μM) for 12 h following a 12 h
starvation period and subsequently injured with cisplatin (20 μM) for 24 h. The protective effect of the compounds on the cells was assessed by
using the MTT assay. Results are represented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with cisplatin group. Cis,
cisplatin; NC, normal control.
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docking results. The results indicated that compound 7o aligns
along the STING dimer interface and is firmly anchored within
the binding pocket. In the docked complex, 7o was anchored
to the STING dimer interface through hydrogen bonding and
π−π stacking interactions (Figure 5A). Of note, the
tetrahydrofuran moiety of 7o generated hydrogen bonding
interactions with TYP245 and further strengthened its
interactions through π−π interactions with phe221. The
amide moiety of 7o formed multiple hydrogen bonds with
ASP210 and Ser243, thereby enhancing drug−target inter-
actions. The hydrophobic regions of 7o interacted with the
STING dimer interface through hydrophobic interactions with
TYR261, VAL208, and TYR240, further strengthening the
binding. These interactions helped to firmly orient and
stabilize the molecule within the binding pocket. The strong

binding interactions between compound 7o and STING
contributed to its potent inhibitory effect.
Binding of 7o to STING Enhances Thermal Stability.

The cellular thermal shift assay (CETSA) is a biophysical assay
based on the principle of ligand-induced thermal stabilization
of target proteins, meaning that a protein's melting temper-
ature will change upon ligand interaction.40 As shown in Figure
6, STING proteins treated with 7o exhibited increased thermal
stability compared to those treated with DMSO. The thermal
aggregation curve for the 7o-treated group was generally higher
than that of the DMSO group. The quantity of the STING
protein treated with varying concentrations of 7o at a constant
temperature demonstrated that 7o binds to the STING protein
to prevent protein degradation in a dose-dependent manner.
At a constant temperature, the binding of 7o to STING
approached saturation at gradually increasing concentrations.

Figure 5. Compound 7o and STING protein molecular docking 3D diagram. 7o is shown in green bar, key residues are shown in blue bar model,
and the protein is shown in off-white (A). A 2D diagram of the molecular docking of 7o and STING protein (B).

Figure 6. CETSA was used to explore the binding capacity of compound 7o and STING. After binding with compound 7o (50 μM), the mixture
was incubated at 40−75 °C for 5 min, and then supernatant was incubated at room temperature for 3 min before analysis via Western blotting. (A)
CETSA−melt curve. (B) Dose−response curve of CETSA. **p < 0.01 and ***p < 0.001 compared with control group. DMSO, dimethyl sulfoxide;
Tem, temperature.
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As shown in Figure 6B, the EC50 value of the dose−response
curve derived from CETSA can be calculated to assess the
efficacy of 7o (EC50 = 7.54 μM). These results indicated that
7o can act as a ligand, interacting with STING and enhancing
its thermal stability.
7o Inhibits LPS-Induced Inflammation through the

STING/NF-κB Pathway in RAW264.7 Cells. AKI is closely
related to both intrarenal and systemic inflammation, involving
a variety of molecular mechanisms, including the STING/NF-
κB pathway.41 Cisplatin, a common nephrotoxic agent, induces
the leakage of mitochondrial DNA (mtDNA), which
subsequently activates the mtDNA-cGAS-STING pathway, a
crucial regulator of kidney injury.12 Aberrant activation of
STING/NF-κB is associated with inflammation, and prevent-
ing this activation is of great importance for the treatment of
AKI. The present study aimed to investigate the involvement
of STING signaling in the effect of 7o on LPS-treated cells.

Western blotting analysis (Figure 7) demonstrated that the
LPS group exhibited a significant increase in STING and iNOS

expression and NF-κB phosphorylation compared to the
control group. In contrast, 7o effectively blocked LPS-induced
STING and resulted in a decrease in the level of NF-κB
phosphorylation and iNOS expression. The findings demon-
strated that 7o exerted an anti-inflammatory effect by
inhibiting STING/NF-κB signaling.

Given the connection between aberrant STING/NF-κB
activation and cisplatin-induced AKI, preventing this activation
is critical for AKI treatment. After macrophages were treated
with different concentrations of 7o in the presence of LPS, 7o
reduced the level of expression of STING/NF-κB pathway

proteins and subsequent inflammation-associated iNOS
proteins. 7o not only directly inhibited the expression of
STING but also inhibited cisplatin-induced NF-κB phosphor-
ylation in a dose-dependent manner.
Compound 7o Reduces Cisplatin-Induced Inflamma-

tion In Vivo. The proinflammatory factors involved in
cisplatin-induced AKI are well-documented in the scientific
literature. In cisplatin-induced AKI mice, the secretion of
various kidney injury markers and inflammatory cytokines
increases, including NLRP3, IL-1β, IL-18, BAX, BUN, and
Scr.42 The secretion of various inflammatory factors and
chemokines in response to renal damage recruits a broad
spectrum of immune cells.43 This inflammatory response, in
turn, accelerates renal injury and forms a negative feedback
loop.

After the collection of serum from AKI mice, the levels of
inflammatory factors were measured using ELISA kits
following the manufacturer’s protocol. As illustrated in Figure
8, 7o resulted in a significant reduction in the levels of markers
of kidney injury (Scr and BUN) and inflammatory factors (IL-
1β, IL-6, and TNF-α). This indicated that 7o significantly
reduced kidney damage and inflammation.
Histopathological Effects of 7o in AKI Mice. One of the

key characteristics of AKI is renal tubular injury or even
necrosis. The therapeutic and protective effects of 7o were
evaluated in the cisplatin-induced AKI mouse model. As shown
in Figure 9, the renal tubular epithelial cells exhibited normal
morphology without evidence of AKI in the control group. In
contrast, kidney sections from the cisplatin group exhibited
significant pathological changes including swollen renal tubular
epithelial cells, necrosis, tissue interstitial expansion, and
inflammatory cell infiltration. These findings confirm the
successful establishment of the AKI mouse model. Treatment
with 7o significantly reduced renal tubular epithelial cell
swelling and almost completely eliminated inflammatory cell
infiltration. In the high-dose 7o group, the renal tubular
epithelial cells displayed normal morphology with no signs of
fragmentation or necrosis. These results suggested that 7o
offers significant protection against cisplatin-induced AKI.

In summary, a series of glycyrrhetin urea derivatives
containing a 2-hydroxy-3-enone A ring were designed,
synthesized, and evaluated for their potential in inflammatory
effects related to AKI. They were screened for the ability to
inhibit NO production and protect HK2 cells from cisplatin-
induced damage at the cellular level. Among them, 7o
demonstrated the most potent anti-inflammatory effects and
protective capability, warranting further investigation. Docking
simulation indicated that 7o anchored to the STING dimer
interface through hydrogen bonding and π−π stacking
interactions. Furthermore, CETSA experiments confirmed
the interaction between 7o and the STING protein; namely,
7o as a ligand enhanced STING’s thermal stability. Subsequent
study revealed that 7o inhibited LPS-induced STING
activation, leading to a decreased level of phosphorylation of
NF-κB and a reduced level of expression of iNOS. The in vivo
mouse model demonstrated the protective effect of 7o against
AKI. After pretreatment with 7o (30 and 60 mg/kg), the levels
of kidney injury markers (Scr and BUN) and inflammatory
factors (IL-1β, IL-6, and TNF-α) in the mouse serum
significantly decreased. Additionally, 7o treatment significantly
reduced the swelling of renal tubular epithelial cells and almost
completely eliminated inflammatory cell infiltration, fragmen-
tation, and necrosis.

Figure 7. Effect of 7o on LPS-induced STING/NF-κB signal
transduction in RAW264.7 cells. After 7o (2.5, 5, and 10 μM)
pretreatment for 1 h, LPS (0.5 μg/mL) was incubated for 24 h, and
the protein expression in RAW264.7 cells was detected by Western
blotting. (A) Western blotting analysis of STING, PP65/P65, and
iNOS. (B−D) The gray value of the protein is detected and
represented in the form of a histogram. The data represent mean ±
SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with
the control group. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared
with the LPS group.
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Figure 8. Protective effect of 7o on cisplatin-induced AKI in C57BL/6 mice. After pretreatment with 7o (30 and 60 mg/kg), the mice were
injected intraperitoneally with cisplatin (20 mg/kg). Detection of (A, B) kidney function markers (BUN and Scr) and (C−E) proinflammatory
factors (IL-1β, TNF-α, and IL-6). Results are represented as mean ± SD (n = 3). **p < 0.01 and ***p < 0.001 compared with the normal control.
##p < 0.01 and ###p < 0.001 compared with the cisplatin group. Cis, cisplatin; NC, normal control.

Figure 9. Effect of 7o on the pathological changes of kidney and liver
tissue caused by cisplatin (20 mg/kg). Kidney and liver tissues were
fixed in paraformaldehyde for over 24 h, embedded in paraffin,
sectioned into 5 μm slices, and stained with hematoxylin and eosin
(H&E). Cis, cisplatin; NC, normal control; H&E, hematoxylin and
eosin.
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■ ABBREVIATIONS USED
AKI, acute kidney injury; BUN, blood urea nitrogen; CETSA,
cellular heat shift assay; DMEM, Dulbecco’s modification of
Eagle’s medium; DMSO, dimethyl sulfoxide; ELISA, enzyme-
linked immunosorbent assay; GA, glycyrrhetinic acid; cGAS,
cyclic GMP−AMP synthase; FBS, fetal bovine serum; H&E,
hematoxylin−eosin; HK2, human kidney-2; IC50, half maximal
inhibitory concentration; IL-1β, interleukin-1β; IL-6, inter-
leukin-6; mL, milliliter; iNOS, inducible nitric oxide synthas;
LPS, lipopolysaccharides; μM, micromole per liter; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
NF-κB, nuclear factor kappa-B; NO, nitric oxide; PBS,
phosphate-buffered saline; SAR, structure−activity relation-
ships; Scr, serum creatinine; SD, standard deviation; STING,
stimulator of interferon genes; TNF-α, tumor necrosis factor-α
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