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Abstract Hyperaldosteronism is a common disease that is closely related to endocrine hypertension

and other cardiovascular diseases. Cytochrome P450 11B2 (CYP11B2), an important enzyme in aldoste-

rone (ALD) synthesis, is a promising target for the treatment of hyperaldosteronism. However, selective

inhibitors targeting CYP11B2 are still lacking due to the high similarity with CYP11B1. In this study,

atractylenolide-I (AT-I) was found to significantly reduce the production of ALD but had no effect on

cortisol synthesis, which is catalyzed by CYP11B1. Chemical biology studies revealed that due to the

presence of Ala320, AT-I is selectively bound to the catalytic pocket of CYP11B2, and the C8/C9 double

bond of AT-I can be epoxidized, which then undergoes nucleophilic addition with the sulfhydryl group of

Cys450 in CYP11B2. The covalent binding of AT-I disrupts the interaction between heme and CYP11B2

and inactivates CYP11B2, leading to the suppression of ALD synthesis; AT-I shows a significant thera-

peutic effect for improving hyperaldosteronism.
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1. Introduction
Aldosterone (ALD), a mineralocorticoid steroid hormone pro-
duced by the adrenal gland, is involved in electrolyte and volume
homeostasis1,2. Hyperaldosteronism is produced by the secretion
of excess ALD from the adrenal cortex, resulting in the retention
of sodium and potassium excretion, increased blood volume, and
renin‒angiotensin system activity, leading to many diseases3‒6. It
is one of the most common causes of endocrine hypertension,
accounting for 6%e10% of patients with hypertension, and is
associated with a significant increase in morbidity and mortality7‒
10. Hyperaldosteronism is also associated with insulin resistance
and accelerates the progression of metabolic syndrome11,12. The
resulting increase in cardiovascular and renal disorders can cause
heart failure, ischemic heart disease, arrhythmias, stroke, and
kidney disease.

Owing to the negative consequences of excessive ALD levels,
research on inhibiting ALD production has attracted much atten-
tion recently. ALD is synthesized under the strict control of the
renin‒angiotensin‒aldosterone system (RAAS) and promotes so-
dium and water reabsorption by activating the mineralocorticoid
receptor (MR)13‒15. Hence, two main pharmacotherapies are
clinically implemented for the treatment of hyperaldosteronism,
including RAAS inhibitors and MR antagonists. In the case of
RAAS inhibition, a reduction in ALD levels is realized initially;
however, this reduction is not maintained because of the phe-
nomenon known as “aldosterone escape”16,17. The MR antagonists
can effectively block ALD binding to MR. However, due to their
steroidal structure and lack of selectivity relative to other steroid
receptors, they have some undesired effects in clinical applica-
tion18,19. Thus, the discovery of new inhibitors that directly inhibit
the production of ALD would be beneficial for the treatment of
aldosterone-related cardiovascular diseases.

Cytochrome P450 11B2 (CYP11B2), also known as aldoste-
rone synthase, is predominantly expressed in the zona glomerulosa
of the adrenal gland. As a member of the cytochrome P450 (CYP)
superfamily, CYP11B2 plays an important role in three sequential
oxidative reactions that catalyzes the synthesis of ALD20,21.
Moreover, it has gained greater attention as a promising target for
the treatment of hyperaldosteronism-related cardiovascular dis-
eases. FAD286 is a CYP11B2 inhibitor, however, FAD286 showed
a 6-fold selectivity for inhibiting human recombinant CYP11B1
activity versus human recombinant CYP11B2 activity in vitro22,23.
LCI699, a second-generation CYP11B2 inhibitor, has been used to
reduce blood pressure by lowering plasma ALD levels but failed
to show acceptable selectivity for aldosterone versus cortisol in-
hibition in humans24,25. This evidence illustrates the difficulty in
developing selective inhibitors for similar enzymes.

Atractylodes macrocephala Koidz. (Baizhu) has a long history
of treatment for edema26. Atractylenolide-I, -II, and -III (AT-I, AT-
II, and AT-III), as naturally occurring sesquiterpene lactones, were
isolated from Baizhu27. In our study, AT-I was found to have a
significant diuretic effect by promoting Naþ excretion and pre-
serving Kþ in water-loaded mice by reducing the generation of
ALD, without affecting the production of cortisol. However, the
mechanism by which AT-I regulates the biosynthesis of ALD has
not yet been identified.

To investigate the mechanism, chemical biology was coupled
with activity analyses in vivo and in vitro, and the results show that
AT-I covalently binds to CYP11B2 and inhibits ALD production.
The benefits not only provide a natural selective covalent inhibitor
of CYP11B2 and reveal mechanistic insight into the diuretic ac-
tivity of AT-I, but also provide a basis for the development of
selective CYP11B2 inhibitors based on sesquiterpene lactones for
the treatment of ALD-related diseases.
2. Materials and methods
2.1. Chemicals and reagents

AT-I (purity > 98%), AT-II (purity > 98%), AT-III (purity > 99%),
and spironolactone (Spi, purity > 98%) were purchased from
Aladdin (Beijing, China). Enzyme-linked immunosorbent assay
(ELISA) kits for estradiol, progesterone (Prog), cortisol (Cort), and
ALD were purchased from Cloud-Clone Corp. (San Francisco, CA,
USA).Corticosterone (Cor)was purchased fromJ&LBiologicalCo.,
Ltd. (Shanghai, China). LCI699 (purity > 98%) and angiotensin II
(Ang II, purity > 98%) were obtained from MedChemExpress
(Rocky Hill, NJ, USA). The mouse monoclonal CYP11B2 antibody
(MABS1251) was purchased fromMillipore Corporation (Billerica,
MA, USA). A His-tag polyclonal antibody (YG0002) and horse-
radish peroxidase (HRP)� goat anti-mouse IgG (Hþ L) secondary
antibody (RS0001) were purchased from ImmunoWay Biotech-
nology Company (Plano, TX, USA). Antibodies against b-actin
(#4970) and goat anti-rabbit IgG secondary antibodies (#98164)
were purchased from Cell Signaling Technology (Beverly, MA,
USA). Alexa Fluor� 594-conjugated goat anti-mouse IgG
(ab150116) was purchased from Abcam (Cambridge, UK). Bodipy
TMRazide (BDP)was purchased fromAladdin. The azido-coumarin
probe was delegated to Wuxi AppTec (Beijing, China). Tris-
(2-carboxyethyl) phosphine hydrochloride (TCEP) was purchased
from Meilunbio� (Dalian, China), and 4% paraformaldehyde,
glutathione (GSH), dithiothreitol, tris-(benzyltriazolylmethyl) amine
(TBTA), dimethyl sulfoxide (DMSO), and the ethylene diamine
tetraacetic acid (EDTA) were purchased from Beijing Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China).
2.2. Cell culture

The human adrenocortical carcinoma cell line (NCI-H295R) was
purchased from the American Type Culture Collection (Rockville,
MD, USA) and was cultured in DMEM supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin at 37 �C and 5% CO2 in a humidified incubator.
2.3. Animals

Male C57BL/6J mice (4 weeks, 18e22 g) were purchased from
the Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The animals were randomly assigned to cages
and allowed free access to water and standard mouse chow under
controlled temperature (25 �C) and humidity with a 12:12-h
lightedark cycle. All animal experiments were carried out in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the
Tianjin University of Traditional Chinese Medicine of Laboratory
Animals Care and Use Committee (TCM-LAEC2019013; Tianjin,
China).
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2.4. Diuretic effect in water-loaded mice

Male mice were randomly assigned to three groups (n Z 6 in each
group): (1) the control group (Con, i.p. saline), (2) the Spi group
(i.p. 20 mg/kg/day spironolactone for 1 week), and (3) the AT-I
group (i.p. 20 mg/kg/day AT-I for 1 week). All injections were
prepared in normal saline containing 4% Tween-80. Mice were
acclimated for 1 day in metabolic cages (Tecniplast Labware) and
their urinary bladders were emptied by gentle compression of the
pelvic area and pulling their tails before diuretic testing. Each
mouse was intragastrically administered 100 mL/kg normal saline
to impose a uniform water load. The 24 h urine was collected and
the Naþ and Kþ content was measured using commercial kit as-
says (Nanjing Jiancheng Technology, Nanjing, China). After 24 h
of administration, the serum was harvested for Prog, Cort, Cor,
and ALD analyses.

2.5. Aldosterone production analysis in NCI-H295R cells

NCI-H295R cells were cultured in 96-well plates, followed by
serum starvation for 24 h. The culture supernatants were then
replaced with medium containing vehicle (0.1% DMSO) and AT-I,
AT-II, or AT-III (0.1e100 mmol/L) with or without Ang II
(50 nmol/L). After 24 h of incubation, the concentrations of Prog,
Cort, Cor, and ALD in the culture supernatants were measured
using ELISA kits according to the manufacturer’s instructions.

2.6. Cellular thermal shift assay (CETSA)

CETSA was used to detect stability changes in the CYP11B2
protein, according to a previously reported method28,29. The
method is summarized as follows: NCI-H295R cell lysates were
treated with AT-I, AT-II, or AT-III (10 mmol/L) for 12 h at different
temperatures (37, 40, 43, 46, 49, 52, 55, 58, and 61 �C) or treated
with different concentrations of AT-I (0.01, 0.1, 1, 2.5, 5, 10, 20,
and 50 mmol/L) for 12 h at 55 �C, and Western blot was used to
determine the change in CYP11B2 protein.

2.7. Western blot

Proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred to polyvinylidene fluoride membranes. The mem-
branes were incubated in mouse monoclonal CYP11B2 antibody
(1:1000) overnight at 4 �C and incubated in the anti-mouse sec-
ondary antibody (1:5000) at 15e25 �C for 2 h. Immunoreactive
bands were detected by incubation with chemiluminescent HRP
substrates and exposed in a FluorChem E imager (ProteinSimple,
Santa Clara, CA, USA). The density of protein was determined
using the Quantity One software and normalized to their respec-
tive controls.

2.8. Target fishing and co-localization

An alkynyl-AT-I probe (AAT-I) was synthesized and used to build
AAT-I-functionalized magnetic microspheres (AAT-I-beads) for
target fishing in living cells or tissue. The synthesis process and
identification results of AAT-I are detailed in Supporting
Information Figs. S1‒S5.

NCI-H295R cells were incubated with 1 mmol/L AAT-I probe
for 12 h at 37 �C and cells were washed with phosphate-buffered
saline prior to cell lysis. Cell lysates were then treated with azide
microspheres in click buffer (1 mmol/L CuSO4, 1 mmol/L TCEP,
and 0.1 mmol/L TBTA in 10% DMSO) for 12 h at 4 �C. AAT-I-
labeled proteins were enriched by the magnetic force of the mi-
crospheres. Upon AAT-I-bead enrichment, samples were reduced
with 100 mmol/L dithiothreitol (30 min at 25 �C). The target
protein was analyzed by Coomassie brilliant blue staining and
Western blot. The schematic diagram of target capture and iden-
tification in cells is shown in Supporting Information Fig. S6.

The co-localization of target protein and AT-I in cells was
verified according to a previously reported method30. The click
product of coumarin-AAT-I showed a strong fluorescence, while
the two substrates (azido coumarin and AAT-I probe) showed
almost no fluorescence (Supporting Information Fig. S7). The
NCI-H295R cells were treated with 1 or 10 mmol/L AT-I, 1 mmol/L
AAT-I probe for 6 h and then fixed with 4% paraformaldehyde. The
fixed cells were incubated with azido-coumarin tracer in click
buffer (1 mmol/L CuSO4, 1 mmol/LTCEP, and 0.1 mmol/L TBTA in
10% DMSO) for 2 h at 37 �C. Then, the cells were incubated with
the CYP11B2 antibody (1:500) at 4 �C overnight and with Alexa
Fluor� 594-conjugated goat anti-mouse antibody (1:1000) for
30 min at 37 �C. Fluorescence imaging was performed using a
laser-scanning confocal microscope Leica SP8 (Carl Zeiss, Ober-
kochen, Germany). Detection of the AAT-I probe was at 488/
516 nm (Ex/Em), and CYP11B2 was at 594/617 nm (Ex/Em).

To capture and trace the targets in tissue, the adrenal tissue
lysate or section of mice which were administered AT-I (i.p.
20 mg/kg/day) or AAT-I (i.p. 20 mg/kg/day) for one week was
incubated with azide-functionalized beads or azido-coumarin
tracer in the same way as described above. Pearson’s correlation
coefficient (PCC) was determined using the ImageJ software
(National Institutes of Health, USA).

2.9. Transient transfection with CYP11B2 small interfering RNA
(siRNA)

NCI-H295R cells were transfected with CYP11B2 siRNA or
control negative siRNA (Santa Cruz Biotechnology, Inc. Santa
Cruz, CA, USA) using Lipofectamine 3000 Transfection Reagent
(Invitrogen, Carlsbad, CA, USA) for 48 h. The transfected cells
were used to evaluate the production of ALD.

2.10. Identification of AT-I/GSH conjugate by UPLC/Q-TOF-
MS

NCI-H295R cells were treated with 1 mmol/L GSH (GSH group),
1 mmol/L GSH and 50 mmol/L AT-I (GSH þ AT-I group),
1 mmol/L EDTA, 1 mmol/L GSH, and 50 mmol/L AT-I (EDTA þ
GSH þ AT-I group), respectively. After 24 h of administration, the
cell lysate was treated with 3 times the volume of methanol to
remove the protein. After centrifugation, the supernatant was
harvested for ultra-performance liquid chromatography/quadru-
pole-time-of-fight-mass spectrometry (UPLC/Q-TOF-MS) anal-
ysis. The details are listed in the supplementary information.

2.11. Expression and purification of human CYP11B

The mitochondrial targeting peptide of CYP11B was removed and
a MATKAAR peptide was added to the 26th residue of the N-
terminal of CYP11B1 and to the 30th residue of CYP11B2, and a
His � 6 tag was added at the C-terminal. The cDNAs of human
CYP11B1 and CYP11B2 were cloned into pET-17b vector and
delegated to BGI Technology Co., Ltd. (Beijing, China). The
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recombinant wild-type human CYP11B2 protein (WT), recombi-
nant Ala320 mutant CYP11B2 protein (A320V, Ala mutated to
Val), Cys450 mutant CYP11B2 protein (C450G, Cys mutated to
Gly), and recombinant wild-type human CYP11B1 protein were
co-expressed with GroEL/ES in E. coli. Expression was induced
by the addition of 0.5 mmol/L isopropyl-1-thio-D-galactopyrano-
side, 4 mg/mL arabinose, and 1 mmol/L d-aminolevulinic acid
heme precursor, and the culture was incubated another 48 h at
26 �C. Purification was performed as previously described31. The
detailed protein expression and purification procedures are shown
in Supporting Information Fig. S8.

The specificity of CYP11B2 antibody was verified by using the
recombinant human CYP11B1 and CYP11B2 as shown in
Supporting Information Fig. S9.
2.12. In-gel imaging

To evaluate the irreversible binding of AT-I to CYP11B2, the
AAT-I-labeled protein was illuminated by the BDP TMR azide
fluorophore in the gel. In the post-incubation group, recombinant
CYP11B2 protein was pre‒incubated with 100 mmol/L AAT-I at
4 �C for 12 h, and was further incubated with 0e100 mmol/L AT-I
(or its derivatives AT-II and AT-III) for 12 h for competitive
binding. In the co-incubation group, recombinant CYP11B2 pro-
tein was co-incubated with 100 mmol/L AAT-I and 0e100 mmol/L
AT-I. Both groups were added to the NCI-H295R cell lysates
(0.1 mg/mL) as the enzymatic reaction solution. The samples were
incubated with the click reaction solution (10 mmol/L BDP TMR
azide, 1 mmol/L CuSO4, 1 mmol/L TCEP, and 0.1 mmol/L TBTA in
distilled water) for 1 h at 37 �C to produce a fluorescent indicator.
The unbound fluorophore tracer was removed by washing with
MeOH and centrifugation. Sodium dodecyl sulfate (0.5%) in
phosphate-buffered saline was added for 5 min at 65 �C to
dissolve the pelleted protein and the supernatants were collected
for SDS-PAGE. For in-gel fluorescence imaging, the gels were
scanned on a Tanon-5200 Multi Gel Imaging System (Tanon 8
Science & Technology, Shanghai, China) for the BDP-AAT-I-
labeled protein assay. As a control, the gel was transferred to
polyvinylidene fluoride membranes for Western blot analysis.

For in-gel imaging of mouse adrenal glands, the mice were
treated continuously with AT-I (i.p. 20 mg/kg/day) or AAT-I (i.p.
20 mg/kg/day) for one week. Then, adrenal gland lysates were
collected and the click reaction was carried out as described
above.
2.13. Carbon monoxide (CO) difference spectra

After the reduced P450 enzyme binds to CO, the protein has a
significant absorption peak at about 450 nm32. Hence, the effect of
atractylodes lactone on the binding of heme to CYP11B was
detected by CO difference spectra. Recombinant CYP11B1 or
CYP11B2 (0.1 mg/mL) was incubated with AT-I, AT-II, or AT-III
(10 mmol/L) in 50 mmol/L potassium phosphate buffer, pH 7.4
(containing 150 mmol/L NaCl and 20% glycerol) for 12 h at 4 �C.
The sample was reduced with sodium dithionite and exposed to
100% CO for 3 min in an airtight container. Subsequently, the
reduced CO complex was scanned to record the CO difference
spectra between 400 and 780 nm with 2 nm interval by an Evo-
lution™ 200 UVeVisible spectrophotometer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA).
2.14. Fluorescence-based thermal shift (FTS) assay

The recombinant human CYP11B1, CYP11B2, or mutant protein
C450G of CYP11B2 was incubated with NCI-H295R cell lysates
(0.1 mg/mL) and AT-I or its derivatives (AT-II and AT-III,
20 mmol/L) for 12 h at 4 �C. The separated CYP11B protein
was incubated with the Protein Thermal Shift Dye Kit TM
(1:6000) in a total volume of 20 mL in a 96-well plate. Scanning
(37e95 �C at 0.03 �C/s) was conducted using a real-time PCR
machine (Light Cycler 96, Roche, Switzerland). Data collection
and analysis of the thermal stability were consistent with those
reported in the literature33.

2.15. Molecular docking

The three-dimensional structures of the CYP11B2 protein (PDB:
4FDH) were obtained from the Protein Data Bank (http://www.
rcsb.org/pdb). The structures of the C8/C9 epoxy AT-I and
CY11B2 proteins were constructed and minimized using SYBYL
software (Chemical Computing Group, Inc., Cambridge, UK), and
Schrödinge_2018 software (Schrödinge, Inc., New York, NY,
USA) was used for covalent docking. The nucleophilic receptor
was set as all cysteine in the protein, and the reaction type was set
as the epoxide opening reaction. The binding mode and reaction
site was analyzed using Pymol software (Schrödinge, Inc., New
York, NY, USA).

2.16. Surface plasmon resonance (SPR) assay

The interaction between recombinant human CYP11B2 and
mutant protein A320V of CYP11B2 with AT-I and AT-II was
performed using a Biacore T200 optical biosensor (GE Health-
care, Pittsburgh, PA, USA). The proteins were immobilized on a
CM5 chip. During each binding cycle, AT-I or AT-II solution
(3.9e500 mmol/L) was injected at a flow rate of 10 mL/min for
1 min, and the dissociation was monitored for 300 s. Data
collection and analysis was as described in the literature34,35.

2.17. Ang II-induced hyperaldosteronism test in mice

Male mice were randomly divided into 6 groups (n Z 10 in each
group), and each group was treated in the following manner:
control (Con, i.p. saline), model (Mod, i.p. Ang II, 4 mg/kg/day),
AT-I-H (i.p. Ang II þ AT-I 40 mg/kg/day), AT-I-M (i.p. Ang II þ
AT-I 20 mg/kg/day), AT-I-L (i.p. Ang II þ AT-I 10 mg/kg/day),
and Spi (i.p. Ang II þ Spi 20 mg/kg/day). All injections were
prepared in normal saline containing 4% Tween-80. All groups
received injections for 7 days and the last day’s urine was
collected from each mouse using a metabolic cage. The urine and
serum were harvested for Naþ, Kþ, Cl�, estradiol, Cort, and ALD
analyses. Heart rate (HR), systolic blood pressure (SBP), diastolic
blood pressure (DBP), and mean blood pressure (MBP) were
measured by a computerized mouse tail-cuff system (BP-98A,
Softron Corp., Tokyo, Japan) before and at the 7th day of the Ang
II infusion. The basal HR, SBP, DBP, and MBP of each group
were similar before Ang II stimulation (Supporting Information
Fig. S10).

2.18. Statistical analysis

Each experiment consisted of at least three replicates per condi-
tion. All data are expressed as mean � SD. Data were analyzed by

http://www.rcsb.org/pdb
http://www.rcsb.org/pdb
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an unpaired t-test or one-way ANOVA followed by Dunnett’s post
hoc test using GraphPad InStat (verion5.0; GraphPad Software,
Inc., San Diego, CA, USA). P < 0.05 was considered statistically
significant.
3. Results
3.1. AT-I causes diuresis by reducing serum ALD

ALD is the most important mineralocorticoid involved in the
regulation of body fluids and the exchange of Naþ and Kþ. As
shown in Fig. 1A‒C, AT-I has a significant diuretic effect of
increasing Naþ excretion and decreasing Kþ loss. AT-I signifi-
cantly reduced the serum ALD content, but it did not affect Prog
and Cort levels (Fig. 1D‒F). ALD is synthesized from cholesterol
in the zona glomerulosa of the adrenal gland through a cascade of
steroid hydroxylases and dehydrogenase36. The synthesis of Cort
and ALD is shown in Fig. 1G; CYP11A1 utilizes cholesterol for
the formation of pregnenolone, and CYP17 converts Prog to 17-a-
OH-progesterone. Prog is also a substrate for CYP21A2 and can
be converted to 11-deoxycorticosterone. CYP11B1 can catalyze
11-deoxycorticosterone or 11-deoxycortisol hydroxylation to
produce corticosterone and Cort, while CYP11B2 can only cata-
lyze 11-deoxycorticosterone oxidation to produce corticosterone
and further hydroxylation to ALD. In water-loaded mice, AT-I
also significantly reduced the content of serum corticosterone, as
shown in Supporting Information Fig. S11.

This result suggests that AT-I may inhibit ALD production by
acting in the final three steps of ALD biosynthesis. The final three
steps of ALD biosynthesis are catalyzed by CYP11B2. Therefore,
we speculated that AT-I may inhibit ALD production by acting on
CYP11B2.
3.2. AT-I interacts with CYP11B2 to inhibit the generation of
ALD

To explore the selectivity of AT-I, the effects of different types of
atractylodes lactones on ALD production were evaluated in NCI-
H295R cells. The chemical structures of AT-I, AT-II, and AT-III
are shown in Fig. 2A. The test results showed that AT-I signifi-
cantly inhibited Cor and ALD generation, while it had no sig-
nificant influence on the intermediate products Prog and Cort; AT-
III inhibited the production of Cort, Cor, and ALD; however, AT-II
had very little ability to suppress Prog, Cort, and ALD production
(Fig. 2B‒E).

The potential interaction capacities of AT-I and its derivatives
to CYP11B2 were investigated using CETSA. As shown in
Fig. 2F, it was found that AT-I treatment efficiently altered the
thermal stability of CYP11B2, but AT-II and AT-III did not affect
the thermal stability of CYP11B2. The inhibitory effect of AT-I
was dose-dependent at 55 �C, and the half maximal inhibitory
concentration (IC50) was about 8.0 mmol/L (Fig. 2G). In addition,
AT-I was also demonstrated to inhibit the generation of ALD in
NCI-H295R cells, but with little cytotoxicity, which was tested
using the Cell Counting Kit-8 reagent (MedChemExpress, Rocky
Hill, NJ, USA). The IC50 value was 7.7 mmol/L, which was
consistent with the result of CETSA (Fig. 2H). The structure‒
activity analysis suggested that the binding capacity of CYP11B2
and AT-I was related to the double bond of AT-I at the C8/C9 site.
3.3. CYP11B2 is a potential target of AT-I

To verify the binding between CYP11B2 and AT-I, different AT-I
probes were prepared for target protein capture and fluorescent
labeling (Fig. 3A). The AAT-I probe was used to pull down the
cellular target of AT-I by forming functional magnetic spheres
(AAT-I bead) with a [3þ2] cycloaddition reaction. The AAT-I
probe also could be conjugated with azido-coumarin as a fluo-
rescent tracer used for fluorescence imaging in NCI-H295R cells.
Fortunately, the modified AAT-I probe, with a new alkynyl group
introduced at the C3 position, was also able to lower ALD release
as effectively as the original compound (Fig. 3B).

As presented in Fig. 3C, an obvious protein band could be
noted between 50 and 60 kDa in the pull-down group with AAT-I
beads; however, the band was barely detectable in the control
beads group. Western blot also verified this protein with a specific
anti-CYP11B2 antibody. To verify this result, a co-localization
test between the CYP11B2 protein and the AAT-I probe was
carried out with NCI-H295R cells. As shown in Fig. 3D, pseudo-
green fluorescence was observed in the coumarin-AAT-I group,
while the control and AT-I groups showed little pseudo-green
fluorescence. Notably, the specific fluorescence of the CYP11B2
antibody (pseudo-red) partially merged with the AAT-I probe
(pseudo-green, PCC Z 0.782). Moreover, this phenomenon could
be competitively inhibited by the addition of a 10-fold excess of
AT-I.

To confirm whether AT-I inhibits the generation of ALD by
acting on CYP11B2, an RNA interference test was carried out,
which transiently knocked down CYP11B2 in NCI-H295R cells
(Fig. 3E). As shown in Fig. 3F, the knockdown of CYP11B2
completely abolished the AT-I-mediated inhibition of ALD pro-
duction. LCI699, an existing inhibitor of CYP11B2, also no longer
showed a significant inhibitory effect on ALD production. How-
ever, a further study found that AT-I did not change the protein
expression level of CYP11B2 in NCI-H295R cells at different
doses and incubation times (Supporting Information Fig. S12).
The above results indicated that AT-I might directly target
CYP11B2 and inhibit its enzymatic activity for ALD production.

3.4. AT-I covalently binds to CYP11B2 via an epoxidation
process

CYP enzymes, also known as monooxygenases, can catalyze the
epoxidation of a CeC double bond with the heme iron cofactor as
an auxiliary group37,38. To reveal the binding mode between AT-I
and CYP11B2, AT-I was incubated with GSH in NCI-H295R cells
and the reaction products were detected by UPLC/Q-TOF-MS. As
shown in Fig. 4A, a major nucleophilic addition product, [AT-
IþOþGSH] m/z 554.21, was indicated. At the same time, an
extra intermediate peak of epoxidized AT-I, [AT-IþO] m/z 247.13,
was also detected. After adding EDTA to chelate Fe3þ ions, the
peaks were weakened. However, AT-II did not react with GSH to
form a mass spectrum peak, nor did it form an epoxidized AT-II
peak (Supporting Information Fig. S13). These results suggest
that the C8/C9 double bond of AT-I may be first epoxidized by the
intracellular P450 enzyme and then react with the sulfhydryl
group of GSH.

As a member of the CYP superfamily, CYP11B plays an
important role in catalytic hydroxylation and oxidation of sub-
strates. Therefore, we further verified whether AT-I can be epox-
idized by recombinant CYP11B proteins. The results of UPLC/Q-



Figure 1 The diuretic effect of AT-I in water-loaded mice. (A) The effects of AT-I on the urine volume of mice. (B) and (C) The effects of AT-I

on the content of urine Naþ and Kþ in mice. (D)‒(F) The effects of AT-I on the content of serum ALD, Cort, and Prog of mice. After received

physiological solution alone (Con) or solution containing 20 mg/kg/day spironolactone (Spi) or 20 mg/kg/day AT-I (AT-I) for one week, the mice

were given an oral dose of physiological solution (0.9% NaCl, 100 mL/kg body weight) to impose a uniform water and salt state (nZ 6). Data are

expressed as means � SD. **P < 0.01, ***P < 0.001 vs. Con; N.S., no statistical difference. (G) The synthesis pathway of cortisol and

aldosterone.
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TOF-MS identification showed that the CYP11B2 could catalyze
the epoxidation peak of AT-I, while CYP11B1 could not (Fig. 4B).
To test whether AT-I could covalently bind to CYP11B2, an in-gel
fluorescent imaging assay was performed. As shown in Fig. 4C, a
specific fluorescent band at approximately 58 kDa for BDP-AAT-
I-labeled CYP11B2 protein was detected, but the CYP11B1 pro-
tein could not be labeled by BDP-AAT-I. The fluorescence in-
tensity of BDP-AAT-I-labeled CYP11B2 protein was attenuated
by co-incubation with AT-I. However, when CYP11B2 was pre-
incubated with the AAT-I probe, post-treatment with an excess
amount of AT-I could not prevent BDP-AAT-I-labeled CYP11B2
protein (Fig. 4D). Taken together, the evidence suggests that AT-I
could be specifically epoxidized and then covalently bound to
CYP11B2.
3.5. AT-I selectively targets CYP11B2 based on the C8/C9
double bond of AT-I

To further explore the structureeactivity relationship of AT-I, AT-
II, and AT-III were introduced to test the interaction between drug
and CYP11B proteins. As shown in Fig. 5A, the in-gel imaging
result shows that the BDP-AAT-I-labeled CYP11B2 band was
significantly decreased by pre-incubation with an excess amount of
AT-I, but not AT-II and AT-III. This suggests that the C8/C9 double
bond may be the key pharmacophore in the structure of AT-I for
binding to CYP11B2. To verify the significance of the C8/C9
double bond, a CO difference spectroscopy assay was performed.
As shown in Fig. 5B, there was a typical absorption peak of
reduced CYP11B2‒CO complex at 450 nm, but only AT-I showed



Figure 2 AT-I inhibits the production of ALD in NCI-H295R cells by interacting with CYP11B2. (A) The chemical structure of AT-I, AT-II,

and AT-III. (B)‒(E) Inhibitory effect of AT-I and its derivatives on Prog, Cort, Cor, and ALD production. NCI-H295R cells were treated with

different concentrations of AT-I and its derivatives (AT-II and AT-III) for 24 h, then Prog, Cort, Cor, and ALD were measured (n Z 4). (F) AT-I/

II/III treatment (10 mmol/L) influences the thermal stability of CYP11B2 as assayed by CETSA (nZ 3). (G) AT-I treatment reduces the thermal

stability of CYP11B2 in a dose-dependent manner at 55 �C (n Z 3). (H) Evaluation of ALD-inhibiting effects and cell viability of AT-I

treatment in NCI-H295R cells (n Z 4). Data are expressed as means � SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Con group that was

not drug-treated.

Atractylenolide-I selectively targets CYP11B2, inhibits aldosterone synthesis and improves aldosteronism 141
the ability to affect the structural integrity of the CYP11B2 protein.
It is worth noting that neither AT-I nor its derivatives affect the
formation of the reduced CYP11B1‒CO complex (Fig. 5C). In
addition, we also verified the effect of AT-I derivatives on the
thermal stability of CYP11B1 protein. As shown in Fig. 5D, AT-III
weakened the thermal stability of CYP11B1, while AT-I and AT-II
had no effect. This result indicates that the hydroxyl group at the
C8 position of AT-III might play a key role in the selectivity of
CYP11B1. Overall, the results demonstrate that AT-I is a selective,
covalent inhibitor of CYP11B2 but not CYP11B1, and its inhibi-
tory activity mainly relies on the epoxidation of a specific double-
bond group at the C8/C9 site of AT-I.
3.6. AT-I inhibits CYP11B2 by relying on both Cys450 and
Ala320 of CYP11B2

To clarify the mechanism of selective catalysis, the interaction
between AT-I and CYP11B2 was simulated by molecular docking
(Fig. 6A). The covalent docking results show that a strong inter-
action is only evident between the epoxidized AT-I and Cys450
amino acids of CYP11B2. It has been reported that the Ala320 of
CYP11B2 plays a key role in the 18-oxidation activity of the
enzyme, and the Ala320 active site at CYP11B2 leads to the
selectivity of CYP11B2 and CYP11B1 to catalyze different sub-
strates39‒41. Sequence comparison, as shown in Fig. 6B, indicates



Figure 3 AAT-I molecular probes and siRNA interference test reveal that CYP11B2 is the target of AT-I. (A) The chemical structure of the

AAT-I probe and it derivative coumarin-AAT-I fluorescent tracer and AAT-I bead formed by clicking reaction. (B) The ALD release assay with

AAT-I probe or AT-I treatment in NCI-H295R cells (n Z 4). (C) Fishing and identifying the potential target protein CYP11B2. Coomassie

brilliant blue stain (CBS, left panel) and Western blot analysis (right panel) were used to detect the protein CYP11B2 enriched by AAT-I beads.

The marker shows the molecular weight. (D) The co-localization imaging of CYP11B2 protein and AAT-I in NCI-H295R cells with fluorescent

confocal microscopy. The AAT-I probe took on a pseudo-green color via the click reaction, and the pseudo-red color represents CYP11B2, which

was stained by Alexa Fluor� 594. The yellow merger represents CYP11B2 colocalized with AAT-I. Cells were treated with 1 or 10 mmol/L AT-I,

1 mmol/L AAT-I for 6 h. Scale bar: 7.5 mm. (E) The prevention of CYP11B2 protein expression using a specific CYP11B2 siRNA. Western blot

analysis was performed after transfection of NCI-H295R cells with CYP11B2 siRNA for 48 h (nZ 3). (F) ALD release assay of AT-I treatment in

NCI-H295R cells, which was induced by Ang II in the absence or presence of CYP11B2 siRNA-transfection (n Z 4). All data are expressed as

means � SD. ###P < 0.001 vs. Con; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Mod; N.S., no statistical difference.
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that the amino acids Cys450 and Ala320 in CYP11B2 are
conserved in human and mice, but differ between CYP11B1 and
CYP11B2 at 320 amino acids. Therefore, we speculate that the
Ala320 and Cys450 of CYP11B2 may be related to AT-I selec-
tively targeting CYP11B2.

In support of the in-gel imaging assay results, when Ala320 in
CYP11B2 was mutated to valine (A320V) or Cys450 was mutated
to glycine (C450G), the mutated proteins could not be labeled by
BDP-AAT-I (Fig. 6C). SPR analysis also revealed that the binding
affinity of AT-I to CYP11B2 was 13.8 mmol (Fig. 6D), lower than
that of the A320V mutant protein (755 mmol, Fig. 6E). It is worth
noting that AT-II did not bind to either the recombinant wild-type
human CYP11B2 protein (WT) or the mutant protein A320V
(Supporting Information Fig. S14). Moreover, UPLC/Q-TOF-MS
showed that the WT could catalyze the epoxidation of AT-I, but
the A320V mutation was observably weakened (Supporting
Information Fig. S15), which suggested that the presence of
Ala320 in CYP11B2 might play a key role for oxidation of the C8/
C9 double bond in AT-I. Strikingly, the FTS results also support
that AT-I decreases the thermal stability of CYP11B2, but does not
affect the C450G mutant protein (Fig. 6F). In the CYP11B2
structure, the absolutely conserved Cys450 is liganded with the
heme, so the weakened binding of heme to CYP11B2 will be a
prerequisite for the binding of AT-I to Cys450. In our study, we



Figure 4 AT-I covalently binds with CYP11B2 via an epoxidation nucleophilic addition. (A) UPLC/Q-TOF-MS analysis of the incubation

product of AT-I and GSH in NCI-H295R cells. NCI-H295R cells were treated with 1 mmol/L GSH or EDTA, 50 mmol/L AT-I for 24 h, and then

cells were harvested for LC‒MS analysis. (B) UPLC/Q-TOF-MS identification of the incubation product of AT-I and CYP11B2 or CYP11B1. (C)

In-gel imaging assay of CYP11B2 or CYP11B1. (D) Irreversible binding of AAT-I to CYP11B2. In the co-incubation AT-I group, the recombinant

CYP11B2 protein was incubated for 12 h with AAT-I in the absence or presence of AT-I for competitive binding. In the post-incubation group, the

recombinant CYP11B2 protein was preincubated with AAT-I for 12 h and then incubated with or without AT-I for 12 h for competitive binding.
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confirmed by CO difference spectroscopy that AT-I can disrupt the
binding of heme to CYP11B2 in a concentration-dependent
manner (Fig. 6G). In conclusion, we confirmed that Ala320 allows
AT-I to enter the catalytic pocket of CYP11B2, the C8/C9 double
bond of AT-I was epoxidized under the catalysis of Fe3þ in heme,
and epoxidized AT-I bound with the Cys450 of CYP11B2.
Although CYP11B1 and CYP11B2 are highly similar, AT-I cannot
bind to CYP11B1 due to the lack of Ala320 in CYP11B1, so AT-I
shows selectivity for CYP11B2.

3.7. AT-I alleviates Ang II-induced aldosteronism in mice by
targeting CYP11B2

In order to explore the binding capacity of AT-I to CYP11B2 at the
animal level, in-gel imaging analysis, target fishing, and immu-
nofluorescence co-localization was carried out with adrenal tissue,
after the intraperitoneal injection of the AAT-I probe to mice. The
in-gel imaging analysis showed that the BDP-AAT-I group
exhibited a clear fluorescent band at approximately 58 kDa
(Fig. 7A left panel). The magnetic fishing test confirmed that
AAT-I beads could successfully capture the CYP11B2 protein
from the mouse adrenal gland, and blank beads did not select the
CYP11B2 protein (Fig. 7A right panel). In addition, adrenal gland
tissue sections were investigated for co-localization of the
CYP11B2 protein and AAT-I probe. As shown in Fig. 7B right
panel, the specific pseudo-green fluorescence of the AAT-I probe
was observed in the adrenal cortex. Specifically, the specific
pseudo-red fluorescence of CYP11B2 was highly merged by the
AAT-I probe with yellow fluorescence (PCC Z 0.924), and the
control and AT-I groups showed little yellow fluorescence (Fig. 7B
left panel). The above evidence indicates that AT-I targets
CYP11B2 in the adrenal cortex in vivo.



Figure 5 The C8/C9 double bond is considered to be the key pharmacophore for AT-I selective binding to CYP11B2. (A) The in-gel fluo-

rescence competition assay of AT-I and its derivatives. Recombinant CYP11B2 proteins were incubated with AAT-I (100 mmol/L) in the absence

or presence of AT-I, AT-II, or AT-III at 4 �C for 12 h, and the products were resolved by the SDS-PAGE for the in-gel imaging assay (green). (B)

and (C) The CO difference spectroscopy assay of CYP11B2 or CYP11B1 for AT-I and its derivatives. Recombinant CYP11B2 or CYP11B1

protein (0.1 mg/mL) was incubated with AT-I, AT-II, and AT-III (10 mmol/L) at 4 �C for 12 h, and the products were reduced with sodium

dithionite and complexed with CO. The reduced CO complex was scanned between 400 and 780 nm. (D) The FTS assay for CYP11B1 protein

against AT-I, AT-II, or AT-III.
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To confirm the therapeutic effect of AT-I in the Ang II-induced
hyperaldosteronism model, serum and urine parameters and car-
diac function were evaluated. As expected, serum Naþ levels were
higher and serum Kþ levels were significantly lower in the Ang II-
induced hyperaldosteronism model group than in the Con group.
Notably, AT-I treatment significantly reduced serum Naþ levels
and increased serum Kþ levels (Fig. 7C and D). Concomitantly,
AT-I increased urine Naþ and reduced urine Kþ induced by Ang II
(Fig. 7F and G), whereas serum Cl� and urine Cl� levels were
similar in all the groups (Fig. 7E and H). At the same time, AT-I
treatment significantly reduced the levels of serum Cor
(Supporting Information Fig. S16) and ALD (Fig. 7I), but did not
affect the production of serum Cort (Fig. 7J) in vivo. In addition,
we also detected changes in estrogen in this model. The results
show that the content of serum estradiol in mice with hyper-
aldosteronism was significantly reduced, while both Spi and AT-I
increased the content of serum estradiol (Fig. 7K). Aldosteronism
can cause some cardiovascular dysfunction in clinical research8,10.
In our study, we found that the HR, SBP, DBP, and MBP of mice
were significantly increased after continuous induction of Ang II,
while 20 and 40 mg/kg AT-I and spironolactone treatment could
significantly alleviate this phenomenon (Fig. 7LeN and
Supporting Information Fig. S17).

4. Discussion

Hyperaldosteronism is associated with aldosterone synthesis and
disorders of aldosterone synthesis from corticosterone9,42.
CYP11B2 is the terminal enzyme in the aldosterone biosynthetic
pathway and is necessary for aldosterone biosynthesis. In recent
years, CYP11B2 has been a promising therapeutic target for the
treatment of ALD-related cardiovascular diseases, and some
CYP11B2 inhibitors appear to act as effective agents in clinical
trials of hyperaldosteronism43. However, due to the high similarity
between CYP11B2 and CYP11B1, an enzyme that catalyzes the
formation of cortisol, the current inhibitors also inhibit CYP11B1,
which leads to adverse reactions and limits its clinical applica-
tion44. In the present study, we found that AT-I significantly
inhibited ALD production but did not inhibit cortisol production
in vivo or in vitro. This result indicates that AT-I has selectivity for
CYP11B2 inhibition.

Although CYP11B1 and CYP11B2 have 93% sequence identity,
there are several amino acid differences between CYP11B1 and
CYP11B2 within the substrate binding site, at positions 68, V/M;
109, C/H; 112, I/S; 147, D/E; 302, E/D; 320, A/V; 404, Q/R; and
439, H/Y for CYP11B2/B1, respectively39‒41. These differences
critically alter CYP11B1 and CYP11B2 substrate selection.
CYP11B2 catalyzes the 11-hydroxylation of deoxycorticosterone to
corticosterone, followed by 18-hydroxylation to produce 18-
hydroxycorticosterone with further 18-oxidation of the latter to
ALD. CYP11B1 also catalyzes the 11-hydroxylation of deoxy-
corticosterone to corticosterone, but cannot catalyze the two suc-
cessive oxidations at C18 to yield the 18-hydroxy and 18-aldehyde
metabolites. Ala320 is crucial for the 18-oxidase function of
CYP11B2 and is important in the differential binding and orienta-
tion of the respective substrates39,45. In this study, we found that AT-
I could be epoxidated by the recombinant protein CYP11B2, but
not by the recombinant protein CYP11B1. Notably, when Ala320 of
CYP11B2 mutated to Val320, as found in CYP11B1, the ability of
CYP11B2 to oxidize AT-I was diminished. This indicates that the
presence of Ala320 in CYP11B2 is required for AT-I to selectively
target CYP11B2 and be oxidized by CYP11B2. AT-I enters the



Figure 6 AT-I selectively binds with CYP11B2 relying both on Cys450 and Ala320. (A) A representative global view of AT-I with the

CYP11B2 protein. Molecular modeling the 8,9 epoxy AT-I covalently bound to the Cys450 of CYP11B2. CYP11B2 protein is shown by the sky-

blue ribbon model, heme is shown with the green stick model, and AT-I is shown by the cyan stick model. (B) A sequence comparison of

CYP11B2 from different species and different isoforms. (C) In-gel fluorescence imaging assay for CYP11B2 (WT) protein and its mutants

(A320V and C450G). (D) and (E) SPR analysis of AT-I binding to CYP11B2 or A320V. (F) The thermal shift assay of CYP11B2 or C450G

protein incubated with the AT-I. (G) The CO difference spectra of CYP11B2 with AT-I.
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enzyme activity pocket and is oxidized by CYP11B2, which hin-
ders the synthesis of ALD catalyzed by CYP11B2.

Heme is an iron-porphyrin compound that is essential to
CYP11B2 activity and plays a key role in the catalytic reactions of
CYP11B246. After 11-deoxycorticosterone enters the substrate-
binding pocket of CYP11B2, C11 and C18 of 11-
deoxycorticosterone are placed over the heme iron, making them
accessible for hydroxylation47. The iron atom of heme is linked to
the conserved Cys450 in CYP11B2, which participates in the
biosynthesis of ALD48. In this study, AT-I competitively disrupted
the binding of Cys450 to heme, thereby affecting the structural
stability of CYP11B2 and abolishing the production of ALD.

Epoxy compounds are important intermediates that play an
important role in the fields of medicine and pharmacy. It has been
found that many natural products are effective after epoxidation
through the action of CYP. For example, CYP3A4 converts car-
bamazepine to carbamazepine-10,11-epoxide, which is the major
metabolite necessary for the anticonvulsant effect49. Ursolic acid
reduces hepatocellular apoptosis because its epoxide group
covalently attaches to the thiol group of Cys163 of CASP350. AT-I
is a sesquiterpene lactone that possesses three unsaturated double
bonds. We found that AT-I with a double bond at the C8/C9 po-
sition was the key pharmacophore that could be metabolized into
the intermediate epoxy product, attacking the thiol of Cys450 in
CYP11B2, thus inhibiting the activity of CYP11B2. Most of the
existing inhibitors of CYP11B2 are azoles or N-containing het-
erocyclic compounds that can competitively bind to the amino
acids in the substrate pocket to prevent hydroxylation of the



Figure 7 AT-I alleviated Ang II-induced hyperaldosteronism in mice. (A) The in-gel fluorescence imaging and target fishing assay for potential

targets in adrenal tissue of mice. (B) The co-localization imaging of CYP11B2 and AAT-I in adrenal tissue of mice with fluorescence confocal

microscopy. The pseudo-red color represents CYP11B2, the pseudo-green color represents AAT-I and the yellow merger represents CYP11B2

colocalized with AAT-I. Scale bar: 100 mm. (C)‒(H) The content of Naþ, Kþ, and Cl� in the serum and urine analyzed by an ion detection kit.

(I)‒(K) The content of ALD, Cort, and estradiol in the serum was analyzed with an ELISA kit. The mice in the negative control group were fed

without treatment (Con). (L)‒(N) The HR, SBP, and DBP of mice with aldosteronism after treatment. Hyperaldosteronism was induced in mice by

Ang II (Mod) and treated with Spi (i.p., 20 mg/kg/day) or AT-I (i.p., 10, 20, 40 mg/kg/day) for one week. Data are expressed as means � SD

(n Z 10). ###P < 0.001 vs. Con; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Mod.
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intended substrate51,52. To our knowledge, AT-I is the first cova-
lent inhibitor that blocks CYP11B2 by directly targeting the
Cys450 residue.

In addition to CYP11B1, the inhibition of other steroid syn-
thetases is a matter of concern with the clinical use of CYP11B2
inhibitors. Although other cytochrome P450s (e.g., CYP17A1 and
CYP19A1) that produce steroids have low similarity to CYP11B2
(< 40%), inhibition of these P450s may have unintended conse-
quences by affecting metabolic pathways leading to androgens
and estrogens53‒55. For this reason, it is of utmost importance to
evaluate the inhibitory effects on other steroidogenic cytochromes
P450. It has been reported that AT-I may be a potential aromatase
(CYP19A1) inhibitor in vitro56. However, in the present study,
both spironolactone and AT-I increased serum estradiol in the
hyperaldosteronemic mice. The ability of spironolactone to in-
crease the serum levels of estradiol in hyperaldosteronism in men
has been reported57. Our studies indicate that even if aromatase is
inhibited by AT-I, AT-I will not aggravate the reduction of estro-
gen caused by hyperaldosteronism, although the mechanism is
unclear. This is an advantage of AT-I, which is superior to other
CYP11B2 inhibitors.

5. Conclusions

Our data demonstrates that Ala320 in CYP11B2 promotes the
entry of AT-I into the catalytic pocket of CYP11B2, and the C8/C9
double bond of AT-I can be selectively epoxidated by CYP11B2
(but not by CYP11B1), and epoxidated AT-I covalently binds to
the Cys450 of CYP11B2 to decrease the production of ALD and
alleviate the symptoms of hyperaldosteronism. These studies will
be useful for the design of a promising new drug class for the
treatment of aldosterone-related cardiovascular diseases.
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