Acta Pharmaceutica Sinica B 2024;14(5):2153—2176

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

5S5-Heudelotinone alleviates experimental colitis ™
by shaping the immune system and enhancing
the intestinal barrier in a gut microbiota-

dependent manner

Qing Meng?, Jianshuang Guo®, Ke Lv”, Yang Liu®, Jin Zhang?,
Mingyue Li", Xirui Cheng", Shenghua C!}enb, Xiaoguang Huo*,
Quan Zhang™, Yue Chen™"", Jing Li*""

State Key Laboratory of Medicinal Chemical Biology, College of Pharmacy, Nankai University, Tianjin 300353,
China

College of Chemistry and Frontiers Science Center for New Organic Matter, Haihe Laboratory of Sustainable
Chemical Transformations, Nankai University, Tianjin 300071, China

“Accendatech Company, Ltd., Tianjin 300193, China

Received 6 September 2023; received in revised form 22 December 2023; accepted 19 January 2024

KEY WORDS Abstract  Aberrant changes in the gut microbiota are implicated in many diseases, including inflamma-
tory bowel disease (IBD). Gut microbes produce diverse metabolites that can shape the immune system and
impact the intestinal barrier integrity, indicating that microbe-mediated modulation may be a promising
strategy for preventing and treating IBD. Although fecal microbiota transplantation and probiotic supple-
mentation are well-established IBD therapies, novel chemical agents that are safe and exert strong effects
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Total synthesis;
Inflammatory bowel

Gulilz?s:(;biota; on the gut microbiota are urgently needed. Herein, we report the total synthesis of heudelotinone and the
Short-chain fatty acids; discovery of 5S-heudelotinone (an enantiomer) as a potent agent against experimental colitis that acts by
Immune system; modulating the gut microbiota. 55-Heudelotinone alters the diversity and composition of the gut microbio-
Intestinal barrier; ta and increases the concentration of short-chain fatty acids (SCFAs); thus, it regulates the intestinal im-
Drug discovery mune system by reducing proinflammatory immune cell numbers, and maintains intestinal mucosal

integrity by modulating tight junctions (TJs). Moreover, 5S-heudelotinone (2) ameliorates colitis-
associated colorectal cancer (CAC) in an azoxymethane (AOM)/dextran sulfate sodium (DSS)-induced
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in situ carcinoma model. Together, these findings reveal the potential of a novel natural product, namely,
5S-heudelotinone, to control intestinal inflammation and highlight that this product is a safe and effective
candidate for the treatment of IBD and CAC.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of
Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Inflammatory bowel disease (IBD), which includes Crohn’s disease
(CD) and ulcerative colitis (UC), is a chronic relapsing disorder of the
gastrointestinal (GI) tract that is characterized by persistent intestinal
inflammation'*>. Diarrhea, bloody stool, abdominal pain, fatigue, and
weight loss are common clinical symptoms of IBD and are related to
poor quality of life and higher risk of developing colitis-associated
colorectal cancer (CAC)™*. Currently, the incidence and prevalence
of IBD appear to be gradually increasing, and IBD is becoming a
health problem worldwide’. The causes of IBD are complex and
include genetic susceptibility, environmental exposure, disordered
gut microbiota, dysregulated immune responses, and impaired in-
testinal mucosal barrier function®’. Currently, anti-inflammatory
drugs (such as amino salicylate and corticosteroids), antibiotics,
and immunosuppressive drugs are the main clinical treatments for
IBD®. However, these treatments are far from ideal, partly because
they only alleviate symptoms and cause severe adverse effects.
Hence, novel strategies or reagents that are both highly effective and
safe are needed.

Although the etiology and pathogenesis of IBD remain largely
unknown, recent studies have revealed that dysbiosis of the gut
microbiota plays a pivotal role in IBD pathogenesis”'’. Signifi-
cantly decrease in overall biodiversity, excessive growth of patho-
genic bacteria, and reduced abundance of beneficial bacteria in the
fecal microbiome have been observed in patients with IBD'' '3,
The gut microbiota contributes to host physiology by producing of a
myriad of metabolites'*'. Short-chain fatty acids (SCFAs), mainly
acetate, propionate and butyrate, are metabolites that are produced
by the gut microbiota during dietary fiber fermentation in the in-
testinal tract'®. The biological functions of SCFAs include shaping
immune responses, promoting epithelial barrier function, main-
taining intestinal barrier integrity, inhibiting the growth of harmful
bacteria, and regulating tumor growth and development'’'®.
Decreased levels of SCFAs have been observed in patients with IBD
and in experimental mouse models of IBD'’. Therefore, the gut
microbiota and related metabolites play important roles in the
occurrence and development of IBD.

The gut microbiota and its metabolites can subsequently affect the
immune balance in the intestines of IBD models by regulating both
innate and adaptive immune cells'*'®. Innate immune cells, such as
macrophages and dendritic cells (DCs), can sense changes in the gut
microbiota and rapidly induce inflammatory responses against
invading microbes; additionally, SCFAs suppress proinflammatory
cytokine production and promote the anti-inflammatory functions of
immune cells to prevent excessive inflammatory responses™’ >*.
Among adaptive immune disorders, imbalances in T helper type 17
(Th17) and regulatory T (Treg) cells are believed to be crucial for the
development and progression of IBD*°. Th17 cells, which are char-
acterized by the secretion of large amounts of proinflammatory cy-
tokines (such as IL-17A), play a central role in triggering exaggerated
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inflammatory responses in the intestine®® *°. Treg cells are a

specialized subpopulation of T cells that suppress the immune
response by secreting anti-inflammatory cytokines, thereby main-
taining homeostasis and self-tolerance””*’. Changes in the compo-
sition of the gut microbiota and SCFAs cause CD4" T cells to
differentiate into Th17 cells, which contribute to the development of
IBD*'~*, In addition to regulating both innate and adaptive immune
cells, SCFAs are the most important factors in the maintenance of
intestinal epithelial integrity and the restoration of barrier function.
The intestinal epithelium serves as a crucial physical barrier, bridging
the gap between the gut microbiota and intestinal immune sys-
tem'”'®**, Throughout this process, tight junctions (TJs), which are
composed mainly of Claudins, Occludins and Zonula Occludens-1
(ZO-1), determine paracellular permeability”*. Under normal phys-
iological conditions, TJs interact with the commensal microbiome
and intestinal immune system to maintain mucosal homeostasis.
When the integrity of the physical barrier is impaired, detrimental
microbial ligands or metabolites translocate into the gut and activate
immune cells, leading to inflammatory responses”™. Kelly et al.*’
reported that SCFAs, especially butyrate, play an important role in
maintaining intestinal epithelial integrity and restoring barrier func-
tion. Butyrate enhances the expression of Claudin-1 and ZO-1, reg-
ulates the redistribution of Occludins and can also promote epithelial
barrier function through IL-10 receptor-dependent repression of
Claudin-2"*°. In summary, IBD involves a complex interaction
among gut microbes, their metabolites (especially SCFAs), the
epithelial barrier and the immune system. Therefore, modulation of
the gut microbiota might be a promising strategy for IBD treatment.
Diterpenoids are among the most structurally diverse natural
products, and many of them have shown promising effects in
the treatment of inflammatory diseases in preclinical and
clinical studies, such as rheumatoid arthritis, autoimmune dis-
eases, asthma and IBD*0™%, Therefore, diterpenoids may
have potential therapeutic effects on inflammatory diseases. Ice-
texanes are natural diterpenoid products that are extracted from
various Salvia specie’®. These compounds have a [6,7,6]-tricyclic
structure, which is believed to be constructed by the natural
rearrangement of the more commonly found [6,6,6]-fused
abietane diterpenoids. Norditerpenoids, a specific type of diter-
penoid, are relatively rare in nature. Furthermore, few reports
have described norditerpenoids with a [6,7,6]-tricyclic ring.
Herein, some isolated norditerpenoids with [6,7,6]-tricyclic ring
are summarized in Fig. 1. These norditerpenoids were extracted
from plants such as Ricinodendron heudelotii, Trigonostemon
chinensis, and Flueggea virosa™’ ™. However, there have been
limited reports on their synthesis, biological properties, and po-
tential pharmaceutical applications; thus, there are significant
opportunities for further study on norditerpenoids. Heudelotinone
(12-hydroxy-3-0x0-9(10 — 20)-abeo-16,17-dinor-abieta-1(2),8,
10(20),11,13-pentaene) is an icetexane-type dinorditerpenoid
featuring a [6,7,6]-tricyclic core. In 1991, Connolly et al. first
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Figure 1

isolated heudelotinone from the stem bark and roots of R. heu-
delotii*’ and determined its structure. Subsequently, many other
research groups also extracted and isolated heudelotinone from
Jatropha curcas, T. chinensis, Trigonostemon xyphophylloides and
Jatropha multifida®® . However, heudelotinone is present at low
levels in the plants of origin, and only 20 mg of heudelotinone can
be extracted from 15 kg of bark; thus, it is difficult to obtain
heudelotinone in large quantities by traditional extraction and
separation methods**>%3, which makes it impossible to conduct
in vivo pharmacological evaluations. Accordingly, it is of great
value to synthesize heudelotinone in large quantities and elucidate
its pharmacological mechanism.

Herein, we report for the first time the total synthesis of the
racemate of the natural product heudelotinone via a simple and
efficient manner that yields gram-level quantities. A pair of
enantiomers, namely, SR-heudelotinone (1) and 5S-heudeloti-
none (2), are obtained by chiral resolution via chiral high-
performance liquid chromatography (HPLC). Next, we demon-
strate that 5S-heudelotinone (2) exhibits potent effects against
dextran sulfate sodium (DSS)-induced colitis and that the un-
derlying mechanism depends on the gut microbiota. Moreover,
5S-heudelotinone (2) regulates the diversity and composition of
the gut microbiota, increases the proportion of beneficial bac-
teria, decreases the abundance of pathogenic bacteria, and im-
proves the levels of SCFAs. Further analysis revealed that 5S-
heudelotinone (2) could reduce the populations of various im-
mune cells, including macrophages, DCs, myeloid-derived sup-
pressor cells (MDSCs) and Thl7 cells, and simultaneously
promote the integrity of the intestinal mucosa by maintaining
intestinal TJ integrity in a DSS-induced mouse colitis model;
moreover, these effects are all mediated via the gut microbiota.
Additionally, treatment with 5S-heudelotinone (2) ameliorates
ongoing colitis and inhibits the occurrence and development of
CAC in an azoxymethane (AOM)/DSS-induced in situ carci-
noma model. Together, our findings reveal a novel candidate for
the treatment of IBD and provide a unique perspective on
innovative IBD drug discovery.

Icetexane-type norditerpenoid natural products.

2. Materials and methods
2.1.  Chemicals

Commercially available chemical reagents and solvents were
purchased from different high-quality reagent companies and
were used without further purification. All air-sensitive reactions
were performed under an atmosphere of argon, and the solvents
were dried by distillation over Na. Thin layer chromatography
(TLC) was used to monitor the reactions on silica gel plates.
Column chromatography was performed on silica gel with
200—300 mesh. '"H NMR and '>C NMR spectra were recorded
with a Bruker Avance 400, and the data were reported in the
following form: chemical shift (referenced to residual solvent
peaks (CDCl; '"H NMR = 7.26 ppm, '°C NMR = 77.16 ppm;
CD;0D 'H NMR = 3.31 ppm, >C NMR = 49.00 ppm) or to
Si(CH3)4 as an internal standard), multiplicity (s = singlet,
d = doublet, t = triplet, ¢ = quartet, m = multiplet), coupling
constants (quoted in Hz) and integration. High-resolution mass
spectra (HRMS) were detected with an IonSpec QFT mass
spectrometer with ESI ionization. Determination of specific op-
tical rotations was recorded with an Insmark IP 120 digital
polarimeter.

2.2.  Animals

C57BL/6J (wild type; WT) mice (male, 6—8 weeks old, 20—22 g)
and Sprague—Dawley rats (male, 6—8 weeks old, 180—220 g)
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The mice were maintained under specific
pathogen-free conditions with a 12 h light-dark cycle. All the
animal experiments were performed in accordance with the Reg-
ulations for the Administration of Affairs Concerning Experi-
mental Animals (Tianjin, revised in June 2018) and in compliance
with the Guiding Principles in the Care and Use of Animals of the
American Physiological Society, and the animal experiments were
approved by the Institutional Animal Care and Use Committee
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(IACUC) of Nankai University (Tianjin, China, No. 2023-
SYDWLL-000537).

2.3.  DSS-induced experimental colitis and treatment
The experimental procedures were as follows:

I) To investigate the protective effect of 5S-heudelotinone (2),
40 mice were randomly divided into 4 groups (n = 10): a
Control group, DSS group, low-dose group (50 mg/kg) and
high-dose group (100 mg/kg). To induce acute experimental
colitis, the mice were administered 3% (w/v) DSS (molecular
weight of 36,000—50,000 Da; MP Biomedicals, UK) dis-
solved in their drinking water for 10 days. 5S-Heudelotinone
(2) was suspended in 10% DMSO + 90% maize oil, and mice
in each treatment group received the corresponding dose of
5S-heudelotinone (2) via intragastric (i.g.) administration
once per day. Moreover, mice in the Control and DSS groups
were given the same volume of solvent via i.g. administration.
The body weight and pathological features of each mouse
were evaluated daily. The disease activity index (DAI) was
determined and recorded daily to quantify colitis severity as
previously described.

II) To investigate the central role of the gut microbiota in the
amelioration of colitis by 5S-heudelotinone (2), 30 mice were
stochastically divided into 3 groups (n = 10): an ABX group,
ABX + DSS group and ABX + DSS+2 group. All the mice
were administered broad-spectrum antibiotic cocktails
(including 1 mg/mL ampicillin (J&K, A01-290395), 1 mg/mL
metronidazole (J&K, J07-M0924), 0.5 mg/mL vancomy-
cin (INALCO, 1758—9326) and 1 mg/mL neomycin (J&K,
A01-557926)) for 5 days to deplete the resident microbiome of
the intestine. Then, 2% DSS was administered for 7 days to
induce experimental colitis due to the enhanced sensitivity of
gut microbiota-depleted mice to DSS. 5S-Heudelotinone (2)
was administered throughout the whole process.

III) In the therapeutic experiment, colitis was induced by
administering 3% DSS in drinking water for 7 days, and
then, the mice were given normal drinking water for the
remaining days. The mice were administered 5S-heudeloti-
none (2) by gavage beginning on Day 7 and continuing until
they were euthanized.

2.4.  Quantitative RT-PCR

Total RNA was extracted from mouse colon tissues using TRIzol
(TaKaRa) and transcribed to cDNA using All-in-one cDNA Syn-
thesis Supermix (TransGene Biotech). Real-time PCR analysis
was performed using PerfectStart Green qPCR MasterMix
(TransGene Biotech) according to the manufacturer’s protocol.
The results were normalized to the expression of a housekeeping
gene. The primer sequences are listed in Table S2.

2.5.  Western blotting analysis

Cells or colon tissue samples were lysed in RIPA buffer (Beyo-
time, Shanghai, China) supplemented with protease inhibitors for
30 min on ice. The homogenates were centrifuged at 11,000 rpm
for 20 min at 4 °C. The total protein concentrations in the su-
pernatants were quantified by the BCA assay (Thermo Fisher
Scientific, Waltham, MA, USA). Protein samples with equal
concentrations were separated in SDS-PAGE gels and transferred
to PVDF membranes (Bio-Rad). After blocking with 5% BSA for

2 h, the membranes were incubated at 4 °C overnight with primary
antibodies against the following target proteins: TNF-a (ABclo-
nal, A11534, dilution 1:1000), IL-6 (ABclonal, A0286, dilution
1:1000), IL-18 (ABclonal, A16288, dilution 1:1000), COX2
(Abcam, ab79393, dilution 1:1000), iNOS (Abcam, ab178945,
dilution 1:1000), B-Actin (Proteintech, CL594-66009, dilution
1:5000), GAPDH (Abways, AB0037, dilution 1:5000), Claudin-2
(Abcam, ab53032, dilution 1:1000), Claudin-4 (Abcam,
ab15104, dilution 1:1000), Claudin-7 (Abcam, ab27487, dilution
1:1000), ZO-1 (Abcam, ab96587, dilution 1:1000), and Occludin
(Abcam, ab216327, dilution 1:1000). After washing, the mem-
branes were incubated with the corresponding secondary anti-
bodies for 2 h at room temperature (RT). The immune complexes
were detected with an ECL reagent (Thermo Fisher Scientific,
Waltham, MA, USA).

2.6. Measurement of cytokine levels by enzyme-linked
immunosorbent assay (ELISA)

Proteins were extracted from distal colons of healthy and DSS-
induced IBD mice treated with or without 5S-heudelotinone (2).
The concentrations of TNF-« and IL-6 were quantified by enzyme-
linked immunosorbent assay following the manufacturer’s in-
structions (Biolegend, CA, USA). The absorbance was determined
at 450 nm using a microplate reader (Bio-Rad, iMark, USA).

2.7. Fecal genomic DNA extraction and 16S-rRNA gene
sequencing

Total genomic DNA samples were extracted using the Omega
Mag-bind Soil DNA Kit (M5636-02) (Omega Bio-Tek, Norcross,
GA, USA) following the manufacturer’s instructions and stored at
—20 °C prior to further analysis. The quantity and quality of the
extracted DNA were measured using a NanoDrop NC2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
and agarose gel electrophoresis, respectively. PCR amplification
of the bacterial 16S rRNA gene V3—V4 region was performed
with the forward primer 338F (5-ACTCCTACGGGAGG-
CAGCA-3") and the reverse primer 806R (5'-GGAC-
TACHVGGGTWTCTAAT-3). Sample-specific 7-bp barcodes
were incorporated into the primers for multiplex sequencing. The
PCR solutions included 5 pL of buffer (5 x ), 0.25 puL of Fast pfu
DNA Polymerase (5 U/uL), 2 pL (2.5 mmol/L) of dNTPs, 1 pL
(10 pmol/L) of each forward and reverse primer, 1 pL. of DNA
template, and 14.75 pL of ddH,O. The thermal cycling conditions
included initial denaturation at 98 °C for 5 min, followed by 25
cycles of denaturation at 98 °C for 30 s, annealing at 53 °C for
30 s, and extension at 72 °C for 45 s, with a final extension of
5 min at 72 °C. The PCR amplicons were purified with Vazyme
VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and
quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, USA). After individual quantification
step, the amplicons were pooled in equal amounts, and pair-end
2 x 250 bp sequencing was performed using the Illumina
NovaSeq platform with a NovaSeq 6000 SP Reagent Kit (500
cycles) at Suzhou PANOMIX Biomedical Tech Co., Ltd.

2.8. Targeted SCFA quantitative analysis
In this experiment, 100 mg/mL mixed standard stock solutions of

6 SCFAs (acetic acid, propionic acid, isobutyric acid, butyric acid,
isovaleric acid and valeric acid) and 100 mg/mL caproic acid
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stock solution were prepared in water and ether, respectively. The
6 SCFAs and caproic acid working solutions were both prepared
by dilution in the appropriate standard stock solution. Then,
375 pg/mL internal standard (IS) solution containing
4-methylvaleric acid was similarly prepared with ether. Fecal
samples were homogenized for 1 min with 500 pL of water and
100 mg of glass beads, and then these samples were centrifuged at
4 °C for 10 min at 12,000 rpm. Then, 200 pL of supernatants were
extracted with 100 pL of 15% phosphoric acid, 20 pL of
4-methylvaleric acid solution (375 pg/mL) as the IS, and 280 pL
of ether. Subsequently, the samples were centrifuged at 4 °C for
10 min at 12,000 rpm after vortexing for 1 min, and the super-
natants were transferred to a vial prior to GC-MS analysis. Then,
GC analysis was performed on a trace 1300 gas chromatograph
(Thermo Fisher Scientific, USA). The GC was fitted with an
Agilent HP-INNOWAX capillary column (30 mm X 0.25 mm
ID x 0.25 pm), and helium was used as the carrier gas and
delivered at 1 mL/min. Samples were injected in split mode at
10:1 in an injection volume of 1 puL and at an injector temperature
of 250 °C. The temperatures of the ion source and MS transfer line
were 300 and 250 °C, respectively. The column temperature was
programmed as follows: an initial temperature of 90 °C, followed
by an increase to 120 °C at 10 °C/min, an increase to 150 °C at
5 °C/min, and finally an increase to 250 °C at 25 °C/min, and this
final temperature was maintained for 2 min. Mass spectrometric
detection of metabolites was performed with an ISQ 7000
(Thermo Fisher Scientific, USA) in electron impact ionization
mode. Single ion monitoring (SIM) mode was used with an
electron energy of 70 eV.

2.9.  AOM/DSS-induced CRC model

C57BL/6J mice were administered a single intraperitoneal injec-
tion of AOM (Sigma-Aldrich, USA) at a dose of 10 mg/kg as
previously described™*. One week later, the mice were subjected to
3 cycles of 2% DSS administration for 7 days followed by regular
sterile water for 14 days. During each cycle, the mice received
different doses of 5S-heudelotinone (2) (50 and 100 mg/kg)
continuously for the first 2 weeks. The mice were sacrificed on
Day 84. The lengths of the colon and intestine were measured, and
the tumor number and size in each mouse were counted and
recorded. Colonic tissues were collected to generate Swiss rolls
and processed for hematoxylin and eosin (H&E) and Ki67
staining.

2.10.  Immunohistochemistry and immunofluorescence analysis

In brief, a 1-cm segment of the distal colon was fixed with 4%
paraformaldehyde and embedded in paraffin, and 4-pum-thick
sections were stained with H&E according to standard protocols.
Colonic pathology was evaluated based on a previously described
histological scoring system. For immunohistochemistry, the sec-
tions were stained with an antibody against Ki67 (Boster Bio-
logical Technology, A00254, China) overnight at 4 °C. For
immunofluorescence, the sections were stained with antibodies
against Occludin (Abcam, ab216327, dilution 1:100) and ZO-1
(Abcam, ab96587, dilution 1:200). For cell death analysis, ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was performed using the One Step TUNEL
Apoptosis Assay Kit (Beyotime, Cat. No. C1088, China) ac-
cording to the manufacturer’s protocol.

2.11. Isolation of intestinal immune cells

Colon tissues were first incubated in preheated Ca/Mg-free Hanks’
balanced salt solution (HBSS, BasalMedia, B430KJ) with
5 mmol/L EDTA (Solarbio), 1 mmol/L dithiothreitol (Biosharp,
BS110) and 5% fetal bovine serum twice for 20 min each with
shaking to remove the mucus and intestinal epithelial cells. After
washing with complete HBSS, the colon tissues were then
digested in complete medium supplemented with 2 mg/mL
Collagenase IV (Biosharp, BS165) for 1 h at 37 °C with shaking.
The supernatants were filtered through 70-pum cell strainers and
resuspended in FACS buffer. After centrifugation for 10 min, in-
testinal immune cells were obtained.

2.12.  Isolation of splenic immune cells

Spleen tissues were first ground and filtered through cell strainers.
The supernatants were then discarded after centrifugation. The
splenic cells were added to ACK lysis buffer (Solarbio, R1010)
and incubated for 30 min. After centrifugation for 5 min, the
splenic immune cells were obtained.

2.13.  Flow cytometry

For cell surface antigen staining, cells were preincubated with FcR
Blocking Reagent (BioLegend) for 30 min at 4 °C before being
stained with antibodies. The cells were stained with mouse anti-
bodies against the following target proteins: CD45 (FITC,
BioLegend, lot 103108, clone 30-F11, dilution 1:100), CD4 (PE,
BioLegend, lot 100407, clone GK1.5, dilution 1:100), CD3e
(PerCP/Cyanine5.5, BioLegend, lot 100328, clone 145-2Cl11,
dilution 1:100), IL-17A (APC, BioLegend, lot 506915, clone
TC11-18H10.1, dilution 1: 100), FOXP3 (Alexa Fluor® 647,
BioLegend, lot 320013, clone 150D, dilution 1:100), CD11b (PE,
BioLegend, lot 101208, clone M1/70, dilution 1:100), F4/80
(APC, BioLegend, lot 123116, clone BMS, dilution 1:100), I-A/I-
E (APC, BiolLegend, lot 107614, clone M5/114.15.2, dilution
1:100), Gr-1 (APC, BioLegend, lot 108412, clone RB6-8CS5,
dilution 1:100), and CD11c (PE, BioLegend, lot 117307, clone
N418, dilution 1:100). Flow cytometry was performed using a BD
LSR Fortessa. The data were analyzed using FlowJo software.

2.14.  Acute toxicity assay

For the acute toxicity study of 5S-heudelotinone (2), C57/6] mice
were fasted for 12 h and then intragastrically administrated with
different dosages of 5S-heudelotinone (2) (500 and 1000 mg/kg)
once. Body weighs were measured every other day. Each group
consisted of 10 mice (5 males and 5 females).

2.15.  Subacute toxicity assay

For the subacute toxicity study of 5S-heudelotinone (2), C57/6]
mice were fasted for 12 h and then intragastrically administrated
with different dosages of 5S-heudelotinone (2) (100 and
200 mg/kg) daily for 14 days. Body weighs were measured every
other day. Each group consisted of 10 mice (5 males and 5 fe-
males). To evaluate the biosafety of 5S-heudelotinone (2), blood
samples were collected for blood routine assay and blood
biochemical assay. Major organs, including heart, liver, spleen,
lung, and kidney, were collected and stained with H&E for his-
topathologic analysis.
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2.16.  Pharmacokinetics (PK) study

Six male Sprague—Dawley rats were randomly divided into two
groups to receive intravenous (2 mg/kg) or oral administration
(20 mg/kg) of 5S-heudelotinone (2). Blood samples of each group
were collected from retrobulbar venous plexus at 5, 15, 30 min, 1,
2,4, 6,8, 12 and 24 h post-dose into heparinized tubes. Plasma
was obtained after centrifugation and stored at —20 °C until they
were analyzed. In this study, UPLC-MS/MS analysis was carried
out on an Ultra performance liquid chromatographic system
(Shimadzu, Japan). The chromatographic column was Synergi
Fusion-RP 80A LC Column (50 mm x 2 mm, 4 pm). Mass
spectrometric detection was performed on API 4000 mass spec-
trometer with an electrospray ionization (ESI) interface operating
in positive ion mode, was manufactured by SCIEX (Framingham,
USA). The MS/MS system was operated at unit resolution in the
multiple reaction monitoring (MRM) mode, and the monitored
transitions were m/z 269.2 — 210.7 for 5S-heudelotinone (2). The
plasma concentration—time profiles of 5S-heudelotinone (2) were
plotted.

2.17.  Liver microsomal metabolic stability study

A solution of 5S-heudelotinone (2) (1 mmol/L final concentration)
was incubated in a 100 mmol/L potassium phosphate buffer so-
lution (pH 7.4) containing human or rat liver microsomes (HLMs,
BiolV, X008070; RLMs, Rild-biotech, LM-DS-02M, 0.5 mg/kg),
the enzyme cofactor nicotinamide adenine dinucleotide phosphate
(NADPH, Solarbio, N8100, 1 mmol/L) and 5 mmol/L MgCl,. A
negative control without NADPH was also performed in parallel
to assess any chemical instability or non-NADPH dependent
enzymatic degradation. Verapamil (Sigma, V4629) was used as
positive control for metabolism across species. Time points were
taken at 0, 15, 30, 60, 90 and 60 min by adding acetonitrile with
internal standard tolbutamide (Sigma, T0891) to stop the reaction.
Samples were vortexed for 2—3 min and then centrifuged at
15,000 rpm for 10 min. An aliquot of the supernatant (100 pL)
was mixed with 100 pL ultra-pure water prior to analysis. The
concentrations of 5S-heudelotinone (2) in the samples were
determined by UPLC-MS/MS. The intrinsic clearance (CL;,,) and
half time (z;,) were calculated. In this study, UPLC-MS/MS
analysis was carried out on an Ultra performance liquid chro-
matographic system (ExionLC, SCIEX, USA). The chromato-
graphic column was Waters CORTECS® C18+ (2.1
mm X 50 mm, 2.7 pm). Mass spectrometric detection was

performed on Triple QuadTM 4500 mass spectrometer with an
electrospray ionization (ESI) interface operating in positive ion
mode, was manufactured by SCIEX (Framingham, USA). The
MS/MS system was operated at unit resolution in the multiple
reaction monitoring (MRM) mode, and the monitored transitions
were m/z 269.1 — 211.1 for 5S-heudelotinone (2).

2.18.  Statistical analysis

All results are shown as the mean + SEM as indicated. Levels of
significance for comparisons between two groups were evaluated
with unpaired two-tailed Student’s ¢ test and one- or two-way
analysis of variance (ANOVA) of comparison of multiple
groups. GraphPad Prism 9.0 software was used for statistical
analysis. Statistical significance is indicated as follows: *P < 0.05,
"p < 0.01,"™P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001,
"P < 0.05 and **P < 0.01, and n.s. indicates no significance. For
the quantification of Western blotting results, the bands were
quantified by Imagel] software.

3. Results

3.1.  Total synthesis of heudelotinone

The strategy for synthesizing the [6+746] ring system in heu-
delotinone was designed to proceed as shown in Scheme 1,
making use of the Diels—Alder (DA) reaction to join two readily
available fragments, namely, Danishefsky-type diene 4 and dien-
ophilic substrate 5. Intermediate 5 could be elaborated from
known compound 6.

Our investigation started by preparing 5 from known com-
pound 6 in 79% yield over two steps, namely, silyl enol ether
formation and IBX oxidation, and Danishefsky-type diene 4 was
obtained in three steps according to a previously reported
method™. With intermediates 4 and 5 in hand, we poised to
explore the key DA reaction to furnish the desired [6+746] ring
system”°. Initially, a Lewis acid was supposed to form a complex
with a dienophilic substrate to promote the DA reaction. Under a
variety of Lewis acid conditions, such as zinc chloride, zinc
bromide, dimethyl aluminum chloride, tin dichloride, and diethyl
aluminum chloride, no reaction was observed or the starting ma-
terial decomposed into a complex mixture. Interestingly, when
boron trifluoride ether was applied, dione 8 was obtained in 75%
yield, but the desired product 8a was not detected. Next, we

MeO o
Me :>TBSO ‘.O Me
Me" Mme Me” pe
Heudelotinone
Diels-Alder
reaction
OTBS 7
M OMe OMe
RS OO
Me Me
4 6
(Danishefsky-type diene) known
Scheme 1  Retrosynthetic analysis of heudelotinone.
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planned to synthesize 10 from 8 in three steps (double-bond shift,
reduction and elimination). Primarily, we aimed to obtain com-
pound 9a from 8 under the treatment of p-TsOH in methanol.
However, a 49% yield of product 9 and a nearly equal amount of
9" were generated. Then, compound 9 was expected to produce
alcohol 10a under the treatment of LAH in THF. Fortunately, the
desired product ketone 10 was directly generated. This trans-
formation presumably occurred due to the instability of reduction
product 10a, which underwent an elimination reaction to yield 10
during the heating and concentration processes. Eventually, 10
was subjected to demethylation using boron tribromide, producing
product 11 in a yield of 92% (Scheme 2). The 'H NMR data, '*C
NMR data, and other analytic data of synthesized product 11 were
identical to those of the reported naturally occurring heudeloti-
none. Herein, an efficient route for synthesizing heudelotinone
with a yield of 5 g was developed.

Since the absolute configuration of heudelotinone has not yet
been reported, we separated compound 11 via chiral HPLC and
obtained two corresponding enantiomers (Supporting Information
Figs. S36 and S37, Table S3). Next, we verified the structures and
absolute configurations of the two separated components. First, we
measured the specific rotation of 11, components 1 and 2. As
shown in Supporting Information Table S4, the specific rotation of
compound 11 was 0, and components 1 and 2 were a pair of
corresponding enantiomers with opposite optical activities.
Finally, the absolute configurations of the two enantiomers were
determined by X-ray crystallographic diffraction analysis; the
results revealed that component 1 was in the R configuration and
component 2 was in the S configuration, namely, SR-heudeloti-
none (1) and 5S-heudelotinone (2), respectively (Supporting
Information Tables S5 and S6).

% LiIHMDS, TMSCI
C‘j@we%
Me

6 7

OTMS

3.2.  5S-Heudelotinone delays the onset of colitis

Most terpenoids have anti-inflammatory activities, and the plants of
origin (J. curcas and Trigonostemon howii) for heudelotinone also
exert anti-inflammatory effects and are used to treat diarrhea™’.
Hence, to investigate whether SR-heudelotinone (1) and 5S-heu-
delotinone (2) inhibit the inflammatory response during the devel-
opment of IBD, we first treated healthy C57BL/6J mice with
compound 1 or 2 by gavage at a dosage of 100 mg/kg once per day
(Supporting Information Fig. S1A). Over 11 days, no evident
clinical or histological abnormalities were observed in terms of
body weight (Fig. SIB-S1E), colon length (Fig. S1F and S1G),
histopathology (Fig. SIH) or spleen tissue (Fig. S1I and S1J),
indicating that at this dosage and in this solvent, neither compound
was toxic. Next, we treated C57BL/6] mice with SR-heudelotinone
(1) and 5S-heudelotinone (2) when establishing a DSS-induced
acute experimental colitis model, which is widely used because
its clinical and pathological features are similar to those of human
UC. Mice were administered 3% DSS in their drinking water for 9
days, and 1 or 2 suspended in 10% DMSO +90% maize oil was
synchronously administered via the i.g. route at a dosage of
50 mg/kg once per day (Supporting Information Fig. S2A). We
found that both preventive compounds 1 and 2 attenuated experi-
mental colitis by improving the body weight, DAI score, colon
length, pathology and spleen weight of the mice, and the effect of
compound 2 was better than that of 1 (Fig. S2B-S2J).

To further investigate the effect of 5S-heudelotinone (2) on the
development of IBD, we treated mice with 5S-heudelotinone (2) at
two different doses once per day after the acute colitis model was
successfully established as mentioned above (Fig. 2A). 5S-Heude-
lotinone (2) significantly ameliorated the DSS-induced decrease in
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body weight in a dose-dependent manner (Fig. 2B). Moreover, the
DAI was also decreased after the administration of 55-heudelotinone
(2) (Fig. 2C). Shortened colon length and increased spleen weight are
symptoms of DSS-induced colitis. Compared with the DSS group, we
observed marked relief of colonic shortening and splenomegaly in the
5S-heudelotinone (2)-treated groups (Fig. 2D and E, Supporting
Information Fig. S3). H&E staining of colon tissue sections showed
that the mice in the DSS group presented severe pathology, as evi-
denced by widely disrupted crypt architecture, great reductions of
goblet cell numbers, severe mucosal damage, abundant inflammatory
cell infiltration and higher histology scores. In contrast, 5S-heude-
lotinone (2) treatment significantly ameliorated these symptoms, and
these mice exhibited well-preserved crypt architectures, limited
inflammation, intact mucosal structure, and lower histology scores
(Fig. 2F and G). To further verify the protective effect of 5S-heude-
lotinone (2) on the intestinal mucosa, we carried out a TUNEL assay.
The results demonstrated that treatment with 5S-heudelotinone (2)
resulted in significant decrease in apoptosis, especially in the high-
dose group (Fig. 2H and I). Furthermore, excessive secretion of
proinflammatory cytokines is closely related to intestinal inflamma-
tion and the clinical symptoms of IBD. Therefore, we assessed the
levels of proinflammatory cytokines, including TNF-«, IL-6 and IL-
18. As expected, 5S-heudelotinone (2) led to a profound reduction in
the levels of these cytokines, as determined by RT-qPCR, ELISA and
immunoblotting analysis (Fig. 2]-Q). Additionally, we also found
that the expression of two inducible enzymes that are associated with
inflammation, namely, iNOS and COX-2, was restored to the level
observed in the Control group after treatment with 55-heudelotinone
(2) (Fig. 2M and P); these results indicated that 5S-heudelotinone (2)
weakened the inflammatory response during the development of
colitis. Taken together, these findings suggest that treatment with 5S-
heudelotinone (2) can effectively delay the onset of colitis and pre-
emptively alleviate the symptoms of colitis.

Moreover, in an acute toxicity study of 5S-heudelotinone (2),
mice tolerated intragastric administration of 5S-heudelotinone (2)
at dosages up to 1000 mg/kg. No mice died within 2 weeks, and
no behavioral abnormality (i.e., lethargy, clonic convulsion,
anorexia, or ruffled fur) were observed in the treated animals. In
addition, there was no significant difference in weight change
between the 5S-heudelotinone (2)-treated groups and the Control
group for both genders over a 2-week period (P > 0.05)
(Supporting Information Fig. S4). Meanwhile, a subacute toxicity
study of 5S-heudelotinone (2) demonstrated that no deaths or
abnormal behaviors were observed among the treated mice. The
body weight changes of mice in each group showed no statistically
significant differences compared with the Control group in each
gender (P > 0.05) (Supporting Information Fig. S5A and S5B). As
well as blood routine assays, blood biochemical assays were
performed to evaluated the biosafety of 5S-heudelotinone (2). As
shown in Fig. S5C-S5I, there was no obvious changes of the
values of red blood cells (RBC), mean corpuscular hemoglobin
concentration (MCHC), red blood cell-specific volume (HCT),
mean corpuscular volume (MCV), platelets (PLT), red blood cell
volume distribution width (RDW), and mean platelet volume
(MPV) in the mice treated with 5S-heudelotinone (2). Moreover,
no obvious increases in indicators including alkaline phosphatase
(ALP), alanine transaminase (ALT), aspartate transaminase
(AST), creatinine (CRE), and blood urea nitrogen (BUN)
demonstrated no apparent kidney or liver damage arising from 5S-
heudelotinone (2) (Fig. S5J-S5N). In addition, we also carried out
hematoxylin and eosin staining of vital organs (i.e., heart, liver,
spleen, lung, and kidneys) for histopathological examination.

Accordingly, no marked signs of inflammation or histopatholog-
ical abnormalities were found (Supporting Information Fig. S6),
further proving that 5S-heudelotinone (2) did not have a negative
impact on major organs and may be safe for the in vivo treatment
of experimental colitis.

3.3.  5S-Heudelotinone alleviates colitis in a gut microbiota-
dependent manner

The preliminary pharmacokinetic study of 5S-heudelotinone (2)
indicated a poor oral bioavailability. Moreover, 5S-heudelotinone
(2) exhibited relative low stability in HLMs and RLMs with
t1» = 28.66 and 2.38 min, respectively. However, we discovered
that 35.51%—66.59% of 5S-heudelotinone (2) was directly
excreted through the intestines (Supporting Information Figs. S7
and S8 and Table S1). Therefore, we speculate that 5S-heudelo-
tinone (2), through gut microbiota, makes the host resistant to
colitis. To investigate whether the protective effect of 5S-heude-
lotinone (2) against colitis depends on the gut microbiota, a gut
microbiota-depleted mouse model was established by adminis-
tering a quadruple antibiotic cocktail (ABX) for 5 days before
DSS treatment (Fig. 3A). Notably, the effect of 5S-heudelotinone
(2) on mitigating disease was abrogated when the gut microbiota
was eliminated by ABX, as evidenced by the indistinguishable
body weight (Fig. 3B), DAI (Fig. 3C), colon length (Fig. 3D and
E, Fig. S9A), spleen weight (Fig. S9B and S9C), spleen index
(Fig. S9D), pathological evaluation (Fig. 3F) and histological
score (Fig. 3G) between the ABX + DSS group and ABX + DSS
+ 2 group. In addition, we also measured the levels of proin-
flammatory cytokines and inducible enzymes by RT-qPCR and
immunoblotting analysis. Indeed, 5S-heudelotinone (2) no longer
weakened the inflammatory response after gut microbiota deple-
tion (Fig. 3H-M). These results indicate that the protective effect
of 5S-heudelotinone (2) against colitis depends on the gut
microbiota.

3.4. 5S-Heudelotinone treatment alters the diversity and
composition of the gut microbiota

To determine whether 5S-heudelotinone (2) treatment altered the
gut microbiome, high-throughput gene-sequencing analysis of 16S
rRNA was performed with fecal bacterial DNA that was isolated
from mice in the Control group, DSS group and DSS + 2 group.
The number of unique amplicon sequence variants (ASVs) in the
DSS group was 11,176, which was significantly lower than that in
the Control group (16,506), while the number was dramatically
increased after 5S-heudelotinone (2) treatment, reaching 15,923
(Fig. 4A and Supporting Information Fig. S10). Then, employing
a generalized linear model via diverse methodologies, we
measured the gut microbial alpha diversity. Different indices
(including the Chao, observed-species, Shannon and Simpson
indices) displayed similar trends. Compared with the Control
group, the DSS group showed a prominent decrease in the alpha
diversity index. However, 5S-heudelotinone (2) treatment reversed
this trend and resulted in a significantly higher alpha diversity than
treatment with DSS alone (Fig. 4B). Next, beta diversity analysis
was conducted to generate a principal coordinate analysis (PCoA)
plot based on the Jaccard distance, Bray—Curtis metric distance
and unweighted UniFrac distance algorithms. An apparent sepa-
ration cluster among ASVs revealed the different community
structures among the three groups, suggesting that these com-
munities were distinct in terms of their compositional structures
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Figure 2  5S-Heudelotinone (2) treatment preemptively ameliorates DSS-induced colitis. (A) Procedure for establishing a DSS-induced acute
colitis model in C57BL/6J mice and 5S-heudelotinone (2) treatment. (B) Changes in the body weights of mice in the four groups (Control, DSS,
50 mg/kg 5S-heudelotinone (2) and 100 mg/kg 5S-heudelotinone (2)). (C) DAI of mice in the four groups. (D, E) Representative images and
statistical analysis of colon length of mice in the four different groups on Day 9 (n = 10 per group). (F, G) Representative images of H&E staining
of histological distal colon sections from the different groups and histological scores (n = 10 per group). Scale bars: 500 um, 100 pm. (H, I)
TUNEL assay. TUNEL-positive nuclei, as indicated by fluorescence, represent apoptotic cells. The percentages of apoptotic cells in the distal
colon sections are shown in the scatter plot, and representative images of TUNEL-positive cells from each group are shown (n = 6 per group).
Scale bar: 100 pm. (J—M) The mRNA levels of TNF-a, IL-1(, IL-6 and iNOS in colon tissue from each group were quantified by RT-qPCR
(n = 6 per group). (N, O) The levels of the cytokines TNF-« and IL-6 in colon tissues from each group were measured by ELISA (n = 6
per group). (P) The levels of inflammatory cytokines and inducible enzymes were analyzed by immunoblotting analysis. (Q) Statistical analysis of
the expression levels of inflammatory cytokines and inducible enzymes. The data are presented as the mean + SEM; P values are calculated by
two-way ANOVA with Turkey’s multiple comparisons test (B—C), one-way ANOVA with Dunnett’s T3 multiple comparisons test (E, I, J-O) and
unpaired two-tailed Student’s ¢ test (G, Q): P < 0.05, P < 0.01, #p < 0.001 (DSS group vs. Control group); *P < 0.05, **P < 0.01,
##%P < (0.001 (5S-heudelotinone treatment groups vs. DSS group); P < 0.05, **P < 0.01 (50 mg/kg 5S-heudelotinone group vs. 100 mg/kg 5S-
heudelotinone group).
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(Fig. 4C). These results reveal that 5S-heudelotinone (2) alters the
reduction in gut microbiota diversity and the structures of mi-
crobial communities in mice that are challenged with DSS.

Subsequently, to further elucidate the bacterial community
profiles in the three groups, we assessed the impact of
5S-heudelotinone (2) on the bacterial composition and relative
abundance of the gut microbiota. At the phylum level, each
group had almost the same predominant microbial taxa,
including Firmicutes, Bacteroidetes, Proteobacteria, Verruco-
microbia and Deferribacteres, but these taxa were present at
different ratios in the different groups (Fig. 4D). Firmicutes and
Bacteroidetes accounted for 49.70% and 47.46% of the intestinal
flora in the Control group, respectively. However, the proportion
of Bacteroidetes was dramatically decreased to 25.46% in the
DSS group, while 5S-heudelotinone (2) reversed this effect,
increasing the abundance of Bacteroidetes up to 53.29%
(Fig. 4E). Additionally, the phyla Proteobacteria and Deferri-
bacteres were present in relatively high abundances in the DSS
group (10.76% and 1.11%, respectively), whereas their abun-
dances were significantly decreased to 1.76% and 0.10% in the
DSS + 2 group (Fig. 4F and G). Moreover, the Firmicutes to
Bacteroidetes ratio (F/B) was altered by DSS treatment, which is
typically observed in IBD. After treatment with 5S-heudeloti-
none (2), the ratio was restored to normal levels (Fig. 4H).
Taxonomic compositions were also compared at the class/order/
family levels (Supporting Information Fig. S11). Notably, at the
genus level, the abundances of S24-7 and Odoribacter were
dramatically decreased in the DSS group but enriched in the 5S-
heudelotinone (2)-treated group (Fig. 4J and K). Among these
genera, Odoribacter is a genus of butyrate-producing bacteria
with anti-inflammatory properties that alleviates IBD, and S24-7
is a clade that is associated with treatment-induced remission of
murine colitis. Moreover, 5S-heudelotinone (2) also increased
the percentage of Akkermansia, which has been proposed to act
as a potential probiotic (Supporting Information Fig. S12A).
Moreover, the relative abundances of Shigella, Parabacteroides
and Clostridium, which are virulent pathogens that have been
reported to promote IBD, were significantly reduced after 5S-
heudelotinone (2) treatment (Fig. 4L, Fig. S12B and S12C).
These results indicate that 55-heudelotinone (2) could dramati-
cally increase the proportion of beneficial bacteria and decrease
the abundance of pathogenic bacteria.

Next, high-dimensional class comparisons were performed to
identify marked differences in the predominant bacterial com-
munities between the DSS group and 5S-heudelotinone (2)-treated
group via linear discriminant analysis (LDA) of effect size
(LEfSe). As a result, the genus Lactobacillus (from the class
Bacilli to the family Lactobacillaceae) and the genus Shigella
(from the class Gammaproteobacteria to the family Enterobac-
teriaceae) were the key strains that caused dysbiosis of the gut
microbiota in the DSS group. Nevertheless, the family S24-7
(from the phylum Bacteroidetes to the order Bacteroidales), the
genus Odoribacter (from the phylum Bacteroidetes to the family
Odoribacteraceae), and the genus Butyricicoccus were enriched in
the 5S-heudelotinone (2)-treated group, which might be associated
with the effect of 5S-heudelotinone (2) on ameliorating colitis
(Fig. 4M). Furthermore, we organized a comparison cladogram
and heatmap to analyze the gut microbiota in the two groups
(Fig. 4N). In conclusion, treatment with 5S-heudelotinone (2)
strikingly alters the diversity and composition of the gut
microbiota.

3.5.  5S-Heudelotinone treatment increases metabolite SCFAs

The gut microbiota contributes to the production of various me-
tabolites; thus, changes in the composition and abundance of gut
microbes always lead to changes in microbial metabolites. Since
we found that SCFA-producing bacteria were predominant in the
58-heudelotinone (2)-treated group, we explored the effect of 55-
heudelotinone (2) on SCFAs, a kind of microbial metabolites that
play key roles in maintaining intestinal homeostasis. Targeted
metabolomics was used to evaluate the concentration of SCFAs in
fecal samples. As shown in Fig. 5, the concentrations of butyric
acid and valeric acid in the feces from mice in the DSS group were
significantly reduced compared to those in the feces from mice in
the Control group (Fig. 5C and E). After 5S-heudelotinone (2)
administration, the levels of seven SCFAs tended to increase, with
significant differences observed in the levels of propionic acid,
butyric acid, isobutyric acid and valeric acid compared with those
in the DSS group (Fig. 5B-E); however, there were no statistically
significant differences in the levels of acetic acid, isobutyric acid
and caproic acid (Fig. 5SA—F and G). Next, Spearman’s rank
correlation analysis was performed to investigate the relationship
between the microbial community and SCFAs. At the phylum
level, the relative abundance of Proteobacteria and Deferri-
bacteres was negatively correlated with the levels of propionic
acid, butyric acid and valeric acid, and the level of Verrucomi-
crobia was positively correlated with the levels of isobutyric acid
and valeric acid (Fig. 5H). At the genus level, S24-7 and
Ruminnococcus exhibited positive correlations with propionic
acid, butyric acid and valeric acid; Akkermansia showed positive
correlations with isobutyric acid and valeric acid; and Para-
bacteroides, Prevotella, Sutterella, Enterococcus and Mucispir-
illum were negatively correlated with propionic acid, butyric acid
and valeric acid (Fig. 5I). In summary, these results suggest that
treatment with 5S-heudelotinone (2) can increase the concentra-
tions of SCFAs in feces, especially the concentrations of butyric
acid and valeric acid, which is consistent with the finding that
SCFA-producing bacteria are the predominant bacteria in the 55-
heudelotinone (2)-treated group.

3.6.  5S-Heudelotinone shapes intestinal immune responses by
regulating both innate and adaptive immune signaling in a gut
microbiota-dependent manner

The crosstalk between the gut microbiota and immune system is
complex and is partially dependent on microbial metabolites, such
as SCFAs. SCFAs, especially butyric acid, perform important
immunomodulatory functions, including the regulation of both
innate and adaptive cells'®. Considering that 5S-heudelotinone (2)
affected the concentration of SCFAs, we next explored whether
5S-heudelotinone (2) affects intestinal mucosal immunity. First,
we examined the infiltration of innate immune cell populations in
the colon via flow cytometry. Consistent with previous studies, the
proportions of macrophages, DCs and MDSCs in the intestinal
tissues dramatically increased with the development of colitis.
Interestingly, treatment with 5S-heudelotinone (2) at both dosages
(50 and 100 mg/kg) significantly reduced the numbers of these
three types of immune cells (Fig. 6A). Given that the spleen is the
largest immune organ in the body, its abnormal enlargement might
reflect immune system disorder. Therefore, we also analyzed the
proportions of macrophages and DCs in the spleen tissues of mice.
Consistent with the changes in colon tissue, the numbers of these
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Figure 3  5S-Heudelotinone (2) attenuates DSS-induced colitis in a gut microbiota-dependent manner. (A) Procedure for establishing a gut
microbiota-depleted model in C57BL/6J mice and 5S-heudelotinone (2) treatment. (B) Changes in the body weights of mice in the three groups
(ABX, ABX + DSS, ABX + DSS + 2). (C) DAI of mice in the three groups. (D, E) Representative images and statistical histogram of colons
from the different groups on Day 14 (n = 8 per group). (F, G) Representative images of H&E staining of histological distal colon sections from
the different groups and histological scores (n = 8 per group). Scale bars: 500 um, 100 pm. (H—K) The mRNA levels of TNF-«, IL-13, IL-6 and
iNOS in colon tissues from each group were quantified by RT-qPCR (n = 6 per group). (L) The levels of inflammatory cytokines and inducible
enzymes were analyzed by immunoblotting analysis. (M) Statistical analysis of the expression levels of inflammatory cytokines and inducible
enzymes. The data are presented as the mean + SEM; P values are calculated by two-way ANOVA with Turkey’s multiple comparisons test
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#p < 0.01, ™ P < 0.001 (ABX group vs. ABX + DSS group); n.s. = not significant.

two types of immune cells in the spleens of DSS-induced colitis
mice were decreases by 5S-heudelotinone (2) treatment
(Supporting Information Fig. S13A). Collectively, these findings
suggest that 5S-heudelotinone (2) treatment leads to a decrease in
the numbers of innate immune cells, including macrophages, DCs
and MDSCs.

In addition, adaptive immune disorders, including imbalances
in Th17 and Treg cells, are believed to be the fundamental cause

of IBD. To investigate the impact of 55-heudelotinone (2) on Th17
and Treg cells, flow cytometry was used to analyze T-cell response
phenotypes in both colon and spleen tissues. Compared with the
Control group, an increased proportion of IL-17A-expressing
CD4* T cells (Th17) was observed in the colons of DSS-treated
mice, and 5S-heudelotinone (2) treatment reversed this effect at
both dosages (Fig. 6B). Considering that Th17 cells are a major
source of proinflammatory cytokine IL-17A secretion, this result
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Figure 4

5S-Heudelotinone (2) treatment significantly alters the diversity and composition of the gut microbiota. (A) Venn diagram of ASVs of

the gut microbiota in mice from each group. (B) Alpha diversity boxplot (including the Chao, observed species, Shannon and Simpson indices).
(C) Genus-level PCoA plot based on Jaccard, Bray—Curtis metric and unweighted UniFrac distance algorithms. (D) Bar plots of the phylum
taxonomic levels in the Control, DSS and DSS + 2 groups. (E) Relative abundance of Bacteroidetes in the three groups. (F) Relative abundance of
Proteobacteria in the three groups. (G) Relative abundance of Deferribacteres in the three groups. (H) Firmicutes to Bacteroidetes ratio (F/B) in
the three groups. (I) Bar plots of the genus taxonomic levels in the Control, DSS and DSS + 2 groups. (J) Relative abundance of S24-7 in the three
groups. (K) Relative abundance of Odoribacter in the three groups. (L) Relative abundance of Shigella in the three groups. (M) LDA score plot of
differentially abundant taxonomic features between the DSS group and DSS + 2 group (the criterion for feature selection is log LDA score >3).
(N) Heatmap of the 30 most differentially abundant taxa between the DSS group and DSS + 2 group at the genus level. n = 10. The data are
presented as the mean + SEM; P values are calculated by one-way ANOVA with Dunnett’s T3 multiple comparisons test: *P < 0.05, #P < 0.01,
###p < 0.001 (DSS group vs. Control group); *P < 0.05, **P < 0.01, ***P < 0.001 (5S-heudelotinone treatment groups vs. DSS group).
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5S8-Heudelotinone (2) treatment increases the concentrations of microbial metabolite SCFAs. Concentrations of (A) acetic acid,

(B) propionic acid, (C) butyric acid, (D) isobutyric acid, (E) valeric acid, (F) isovaleric acid and (G) caproic acid in the feces from mice in the
three groups. Heatmap of the Spearman correlation between SCFA levels and the gut microbiota at the (H) phylum level and (I) genus level in the
DSS and DSS + 2 groups. Positive correlations are represented in red, and negative correlations are represented in blue. n = 6. The data are
presented as the mean + SEM; P values are calculated by one-way ANOVA with Dunnett’s T3 multiple comparisons test: *P < 0.05 (DSS group
vs. Control group); *P < 0.05, **P < 0.01, ***P < 0.001 (55-heudelotinone treatment group vs. DSS group); n.s. = not significant.

indicated that 5S-heudelotinone (2) may inhibit the production of
IL-17A by reducing the proportion of Th17 cells. Moreover, we
found that the percentage of Treg cells was increased in the colons
of DSS-treated mice, and 5S-heudelotinone (2) restored the pro-
portion of Treg cells to the level that was observed in the Control
group (Supporting Information Fig. S14). This result might have
occurred due to the abnormal increase in Th1l7 cell numbers,
which may have led to a compensatory increase in Treg cell
numbers. Similarly, we also measured the proportions of Th17 and
Treg cells in the spleen tissues of mice. Compared with the
Control group, the ratio of Th17 cells was significantly increased
and the ratio of Treg cells was dramatically decreased in the DSS
group, but both dosages of 5S-heudelotinone (2) reversed these
effects (Fig. S13B).

To further investigate whether the 5S-heudelotinone (2)-
induced changes in immune cells depend on the gut microbiota,

immune cells were isolated from the colon tissues of gut
microbiota-depleted mice and analyzed by flow cytometry. The
percentages of macrophages, DCs and MDSCs were not signifi-
cantly different between the ABX + DSS group and the
ABX + DSS + 5S-heudelotinone (2) group (Fig. 6C). Consistent
with this finding, the number of Th17 and Treg cells exhibited
corresponding changes in the gut microbiota depletion groups
(Fig. 6D and Supporting Information Fig. S15). We also analyzed
the proportions of these immune cells in spleen tissues. The results
showed that the ABX + DSS + 5S-heudelotinone (2) group dis-
played a trend that was similar to that in the ABX + DSS group
after the gut microbiota was depleted (Supporting Information
Fig. S16). These results indicate that the 5S-heudelotinone (2)-
induced changes in the gut microbiota are responsible for the
inhibition of innate immune cells and the decrease in the pro-
portion of Th17 cells, which thereby relieve the symptoms of
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5S-Heudelotinone (2) treatment regulates the proportion of innate immune cells and Th17 cells in a gut microbiota-dependent

manner. (A) Representative staining and percentages of macrophages (F4/80" CD11b"), DCs (major histocompatibility complex (MHC) class
I CD11c™) and MDSCs (Gr-11 CD11b™) among CD45™ cells from colon tissues of each group. n = 6. Dot plots are gated on CD45™ cells.
Numbers adjacent to the outlined areas indicate the percentage of the gated population in each group. (B) Representative staining and percentage
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colitis. In other words, 5S-heudelotinone (2) regulates the immune
system in a gut microbiota-dependent manner.

3.7.  5S-Heudelotinone enhances intestinal barrier integrity in a
gut microbiota-dependent manner

The intestinal barrier bridges the gap between the gut microbiota
and the intestinal immune system and thus maintains mucosal
homeostasis™. Moreover, it is well established that SCFAs,
particularly butyric acid, are important for promoting epithelial
barrier function and maintaining the intestinal barrier integrity '’.
Therefore, we suggest that 5S-heudelotinone (2) also affects the
continuous intercellular barrier, especially TJs. Consequently, the
expression levels of TJ proteins, including Claudins, ZO-1 and
Occludin, were examined by RT-qPCR. The mRNA level of
Claudin-2 was significantly increased in the mice with colitis, and
the levels of Claudin-4, Claudin-7, Occludin and ZO-1 were
dramatically downregulated; these results were consistent with
previous reports on mice with colitis. Notably, 5S-heudelotinone
(2) treatment reversed these trends in TJ protein expression in
mice with colitis to some extent (Fig. 7A-E). Next, we verified
the protein levels of TJ Proteins, including Claudin-2, Claudin-4,
Claudin-7, ZO-1 and Occludin, by western blotting. The results
showed that 5S-heudelotinone (2) treatment significantly amelio-
rated the changes in TJ protein expression caused by DSS (Fig. 7F
and G). To visualize the expression level and localization of ZO-1
and Occludin, immunofluorescence staining was performed. Both
TJ proteins were present along the inner lining of the columnar
epithelium of the colon, and the expression levels were dramati-
cally decreased in mice with colitis but increased after treatment
with 5S-heudelotinone (2) (Fig. 7H and I). These results indicate
that 5S-heudelotinone (2) restores the expression of TJ proteins
and therefore maintains the barrier function of the intestinal
epithelium. Additionally, we examined the expression levels of
these TJ proteins in a DSS-induced colitis model after gut
microbiota depletion and treatment with or without 5S-heudelo-
tinone (2) by RT-qPCR and immunoblotting analysis. The results
showed that the changes in the expression of these TJ proteins
were consistent with the findings in the colitis model mice
described above, but treatment with 5S-heudelotinone (2) could no
longer reverse the effects of DSS when the gut microbiota was
depleted (Fig. 7J-P). In summary, the gut microbiota plays a
crucial role in the enhancement of intestinal barrier integrity by
5S8-heudelotinone (2).

3.8.  5S-Heudelotinone alleviates the ongoing colitis

To further determine whether 5S-heudelotinone (2) can alleviate
ongoing colitis, we adjusted the experimental procedure. That is,

we first established the DSS-induced colitis model, and then, when
most mice exhibited decreased body weight and diarrhea, we
therapeutically treated these mice with 5S-heudelotinone (2)
(Fig. 8A). Compared with mice in the Control group, a successive
7-day administration of DSS resulted in significant weight loss
and bloody stool in the other three groups of mice. Among these
groups of mice, mice in two groups were administered 5S-heu-
delotinone (2) at dosages of 50 and 100 mg/kg once per day, and
the other group was administered solvent. After therapeutic
treatment for 7 days, 5S-heudelotinone (2) attenuated the clinical
symptoms of colitis, including the severe weight loss (Fig. 8B),
higher DAI (Fig. 8C), shortened colon length (Fig. 8D and E,
Supporting Information Fig. S17A), splenomegaly (Fig. S17B-
S17D) and abnormal pathology (Fig. 8F and G); these results
indicated that both dosages of 5S-heudelotinone (2) exerted pro-
found therapeutic effects on ameliorating the symptoms of colitis,
and there was no marked difference between low-dose and high-
dose 5S-heudelotinone (2). In addition, TUNEL staining was
also performed on colon tissues from mice of each group.
Compared with the Control group, the number of TUNEL-positive
nuclei was significantly increased in the DSS group, while this
number was sharply decreased in both the 5S-heudelotinone (2)-
treated groups, indicating that 5S-heudelotinone (2) could prevent
apoptosis in colon tissues, thereby alleviating DSS-induced in-
testinal mucosal damage and restoring intestinal barrier integrity
(Fig. 8H and I). These results show that 5S-heudelotinone (2) also
provides therapeutic benefits against DSS-induced colitis in mice.

3.9.  5S-Heudelotinone reduces CAC development in mice

IBD is an independent risk factor for the occurrence and devel-
opment of CAC?. To verify whether 5S-heudelotinone (2) affects
the development of CAC, we combined the procarcinogen AOM
with 3 cycles of 2% DSS to chemically trigger CAC; then, the
mice were treated with 5S-heudelotinone (2) daily in parallel with
the AOM/DSS protocol (Fig. 9A). First, we evaluated the weight
of the mice to assess disease development. The results showed that
in the first round of DSS administration, the mice in the three
model groups all exhibited weight loss. Beginning on the 4th day,
the weights of mice in the AOM (AOM/DSS-treated only) group
significantly declined and reached the lowest value on the second
day after the resumption of normal drinking water. Compared with
the AOM group, the weights of mice in the two 5S-heudelotinone
(2)-treated groups began to decrease until the 6th day, and diarrhea
and hematochezia were greatly ameliorated compared with those
in the AOM group. After two weeks of recovery, the symptoms
and physical signs of the mice in the three groups steadily
recovered. In the remaining two rounds of DSS treatment, the
colitis-induced morbidity was similar to that in the first round even

of Th17 cells (CD4" IL-17A™") among CD45" CD3™ cells from colon tissues of each group. n = 6. Dot plots are gated on CD45% CD3™ cells.
Numbers adjacent to the outlined areas indicate the percentage of the gated population in each group. (A, B) The data are presented as the
mean £+ SEM; P values are calculated by one-way ANOVA with Dunnett’s T3 multiple comparisons test: #p <0.01, "P < 0.001 (DSS group vs.
Control group); *P < 0.05, **P < 0.01, ***P < 0.001 (5S-heudelotinone treatment groups vs. DSS group). (C) Representative staining and
percentages of macrophages (F4/80" CD11b™), DCs (MHC class II* CD11c™) and MDSCs (Gr-17 CD11b*) among CD45% cells from colon
tissues of the gut microbiota depletion groups. n = 6. Dot plots are gated on CD45" cells. Numbers adjacent to the outlined areas indicate the
percentage of the gated population in each group. (D) Representative staining and percentages of Th17 cells (CD4" IL-17A") among CD45™"
CD3 cells from colon tissues of the gut microbiota depletion groups. n = 6. Dot plots are gated on CD45% CD3™ cells. Numbers adjacent to the
outlined areas indicate the percentage of the gated population in each group. (C, D) The data are presented as the mean + SEM; P values are
calculated by one-way ANOVA with Dunnett’s T3 multiple comparisons test: **P < 0.01, ¥*P < 0.001 (ABX + DSS group vs. ABX group);

n.s. = not significant.
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Figure 7

Claudin-2 Claudin-4 Claudin-7 ZO-1  Occludin

The protective effect of 5S-heudelotinone (2) against TJ disruption is dependent on the gut microbiota. (A—E) The mRNA levels of

Claudin-2, Claudin-4, Claudin-7, ZO-1 and Occludin in colon tissues from each group were quantified by RT-qPCR. (F) The TJ protein levels of
Claudin-2, Claudin-4, Claudin-7, ZO-1 and Occludin in colon tissues from each group were assessed by immunoblotting analysis. (G) Statistical
analysis of TJ protein expression levels. (H, I) The localization and expression levels of ZO-1 and Occludin were determined by immunofluo-
rescence staining. Scale bar: 100 pm. (A—G) The data are presented as the mean - SEM; P values are calculated by one-way ANOVA with
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though the symptoms were quite different: the mice in the AOM
group presented mild symptoms in the second round of DSS
treatment but severe weight loss and hematochezia in the third
round because of the different stages of colitis and tumor occur-
rence and development (Fig. 9B). Consistent with the effects on
DSS-induced colitis, 5S-heudelotinone (2) treatment also
increased colon and intestine lengths (Fig. 9C and Supporting
Information Fig. SI8A and S18B). Moreover, at the end of the
12th week, 100% of mice in the AOM group developed tumors
throughout the entire colon, especially in the middle to distal
portion (Fig. 9D). However, only 62.5% of the mice in the low-
dose group and 32.5% of the mice in the high-dose group
showed tumor formation (Fig. 9E). Furthermore, 5S-heudeloti-
none (2) treatment significantly decreased the number of tumors
per mouse and reduced the average size of the tumors compared
with AOM alone. As shown in Fig. 9F, the tumor size of the mice
in the AOM group (diameters of >3 mm) was generally larger
than that of the mice in the 5S-heudelotinone (2)-treated groups
(diameters of 1—2 mm). In addition, mice in the AOM group
exhibited higher tumor loads in their small intestines, with 7.1
adenomas per mouse, whereas mice in the low-dose and high-dose
5S-heudelotinone (2) groups developed an average of 4.2 and 4.1
adenomas per mouse, respectively (Fig. S18C). We also measured
the weights of the spleens from mice in the different groups. The
results showed that the spleen weight of the mice in the high-dose
group returned to the level observed in the Control group when the
mice were treated with 5S-heudelotinone (2) (Fig. S18D and
S18E). Finally, the colonic tissues were prepared as Swiss rolls
and processed for H&E and Ki67 staining. Histological exami-
nations demonstrated that the colon tissue structures of mice in the
AOM group was disordered, as evidenced by disrupted crypt ar-
chitecture and goblet cells, thickened and fibrotic muscle layers,
distorted gland structures, enlarged and darkly stained nuclei,
large adenomas in the middle and distal portion of colon and
abundant inflammatory cell infiltration. In contrast, in both 5S-
heudelotinone (2)-treated groups, the colon tissue mucosa was
relatively complete, the crypt architecture and goblet cells were
only slightly disrupted, and the infiltration of inflammatory cells
was decreased. Moreover, hyperplasia was decreased and mostly
located in the distal portion of the intestine, and the degree of
tumor malignancy was significantly lower than that in the AOM
group (Fig. 9G). In addition, Ki67 staining showed that 5S-heu-
delotinone (2) treatment markedly decreased the numbers of Ki67-
positive cells, indicating that the number of malignant prolifer-
ating cells and degree of tumor malignancy were both reduced
(Fig. 9H). These results demonstrate that 5S-heudelotinone (2)
potently reduces CAC development in mice.

4. Discussion
IBD is a set of chronic inflammatory conditions that affect the GI

tract, and it occurs in patients worldwide; however, no effective
and safe therapies have been developed for use in clinic'”.

Changing the composition of the gut microbiota and related me-
tabolites have been proposed as novel approaches for treating
autoimmune diseases, including IBD'®. In this research, we
initially synthesized the racemate of heudelotinone and investi-
gated the protective and therapeutic role of 5S-heudelotinone (2)
(one of the enantiomers) on DSS-induced colitis, as evidenced by
the reversal of body weight loss, DAI, shortened colon length and
histology score. Importantly, the beneficial effects of 5S-heude-
lotinone (2) depended on the gut microbiota, as shown by the
finding that these effects were lost in an ABX-treated mouse
model. Analysis of 16S rRNA gene sequencing and targeted
metabolomics revealed that 5S-heudelotinone (2) enriched the
abundance and diversity of the gut microbiota, increased the
proportion of SCFA-producing bacteria as well as the production
of SCFAs, and decreased the ratio of pathogenic bacteria. Via an
upregulation in SCFA levels, 5S-heudelotinone (2) sequentially
modulated the intestinal immune system and promoted the intes-
tinal mucosa integrity. Notably, these protective effects were
abrogated by the administration of ABX prior to the induction of
colitis, providing further verification that the effect of 5S-heude-
lotinone (2) depends on the gut microbiota (Fig. 10).

Icetexanes are natural diterpenoid products that are charac-
terized by a [6,7,6]-tricyclic core that is supposed to be con-
structed via the rearrangement of [6,6,6]-fused abietane
diterpenoids”’. Diterpenoids have been reported to have various
biological activities, including anticancer, antibacterial and anti-
inflammatory activities®>®'. Importantly, diterpenoids have been
identified as potential therapeutic agents for treating IBD; how-
ever, the precise molecular mechanisms underlying their effects
remain elusive, and only a limited number of candidates have
advanced to clinical trials. Therefore, exploring the pharmaco-
logical activity of diterpenoids against IBD and the underlying
mechanism is of great value. Heudelotinone, an icetexane type of
dinorditerpenoid, was first isolated from the stem bark and roots of
R. heudelotii in 1991 and displays antitumor activity and inhibi-
tory activity against thioredoxin reductase (TrxR) in vitro*"3>3.
To verify the exact pharmacological activity and explore the po-
tential clinical value of heudelotinone, we developed a concise
and accessible synthetic route to produce ample quantities of
heudelotinone for its comprehensive biological evaluation in
various animal models. By performing a DA reaction, we rapidly
constructed the critical 6-7-6-tricyclic core of heudelotinone.
After reduction, elimination and demethylation reactions, com-
pound 12 was ultimately obtained. This efficient synthetic route
yielded a racemate of heudelotinone on a gram scale through only
6 linear steps starting from known compound 6, with an overall
yield of 22%. A pair of enantiomers, namely, SR-heudelotinone
(1) and 5S-heudelotinone (2), were obtained by chiral separation
via chiral HPLC, and their absolute configurations were deter-
mined by X-ray diffraction of single crystals. Considering the
traditional anti-inflammatory activity of diterpenoids, we explored
the effects of 5R-heudelotinone (1) and 5S-heudelotinone (2) on
experimental colitis. Notably, 5S-heudelotinone (2) exerted a

Dunnett’s T3 multiple comparisons test (A—E) and unpaired two-tailed Student’s ¢ test (G): *P < 0.05, #P < 0.01, P < 0.001 (DSS group vs.
Control group); *P < 0.05, **P < 0.01, ***P < 0.001 (5S-heudelotinone treatment groups vs. DSS group). (J—N) The mRNA levels of Claudin-
2, Claudin-4, Claudin-7, ZO-1 and Occludin in colon tissues from the gut microbiota depletion groups were quantified by RT-qPCR. (O) The TJ
protein levels of Claudin-2, Claudin-4, Claudin-7, ZO-1 and Occludin in colon tissues from the gut microbiota depletion groups were assessed by
immunoblotting analysis. (P) Statistical analysis of TJ protein expression levels. (J—P) The data are presented as the mean = SEM; P values are
calculated by one-way ANOVA with Dunnett’s T3 multiple comparisons test (J—N) and unpaired two-tailed Student’s ¢ test (P): #p < 0.0,
##p < 0.01, ¥ P < 0.001 (ABX + DSS group vs. ABX group); n.s. = not significant.
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Figure 8 Therapeutic treatment with 5S-heudelotinone (2) alleviates DSS-induced colitis. (A) Procedure for the therapeutic treatment of DSS-

induced acute colitis with 5S5-heudelotinone (2). (B) Changes in the body weights of mice in the four groups (Control, DSS, 50 mg/kg 5S-
heudelotinone (2) and 100 mg/kg 5S-heudelotinone (2)). (C) DAI of mice in the four groups. (D, E) Representative images and statistical analysis
of colon length of mice in the four different groups on day 14 (n = 10 per group). (F, G) Representative images of H&E staining of histological
distal colon sections and histological scores of different groups (n = 10 per group). Scale bars: 500 um, 100 um. (H, I) Representative image of

TUNEL staining and statistical analysis of TUNEL-positive nuclei (n =

6 per group). Scale bar: 100 pum. The data are presented as the

mean + SEM; P values are calculated by two-way ANOVA with Turkey’s multiple comparisons test (B—C), one-way ANOVA with Dunnett’s T3
multiple comparisons test (E, T) and unpaired two-tailed Student’s # test (G): *P < 0.05, #P < 0.01, P < 0.001 (DSS group vs. Control group);
*P < 0.05, ¥*P < 0.01, ***P < 0.001 (5S-heudelotinone treatment groups vs. DSS group).

dramatic effect on IBD and CAC. Importantly, this is the first Cig
dinorditerpenoid to be studied in the context of experimental IBD,
and this study has significant implications for future discovery in
the field of natural products.

The human microbiota comprises approximately 1150 bacte-
rial species, and more than 99% of these bacteria belong to the
phyla Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia
and Deferribacteres. Recently, the commensal gut microbiota has
been found to be both ecologically and functionally disrupted
during IBD'"®?, Common microbial profiles in IBD samples
include reduced richness and diversity of the microbiota,
decreased relative abundances of Bacteroidetes and Lachnospir-
aceae, and increased abundance of Proteobacteria and Actino-
bacteria®®*. Previous studies have shown that the biodiversity of
the fecal microbiota from IBD patients is significantly reduced
and that the gut microbiota of IBD patients is unstable compared

to that of healthy individuals®. In our research, 5S-heudelotinone
(2) dramatically increased the abundance and diversity of the in-
testinal microbiota in mice with DSS-induced colitis. In addition,
multiple studies have investigated differences in the composition
of the gut microbiota in IBD patients and healthy individuals.
Proteobacteria species have been identified as the primary path-
ogenic bacteria that produce endotoxins, and some members of
Proteobacteria might be able to exploit host defenses and promote
proinflammatory responses in susceptible hosts; thus, the expan-
sion of Proteobacteria is thought to be correlated with the in-
flammatory response to DSS. Moreover, microbial diversity
studies have consistently demonstrated an increase in the abun-
dance of Proteobacteria in patients with IBD. Notably, the caus-
ative agent Shigella (from the phylum Proteobacteria to the
family Enterobacteriaceae) is a gram-negative pathogenic bacte-
rium that can invade, disrupt and destroy the intestinal epithelial
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5S-Heudelotinone (2) reduces colonic tumorigenesis in a mouse model of CAC. (A) Procedure for the AOM/DSS-induced estab-

lishment of the CAC model in C57BL/6J mice and 5S-heudelotinone (2) treatment. (B) Changes in the body weights of mice in the four groups
(Control, AOM, 50 mg/kg 5S-heudelotinone (2) and 100 mg/kg 5S-heudelotinone (2)). (C) Statistical histogram of colon lengths in the different
groups on Day 84. (D) Representative images of colon and colorectal tumors in the different groups on Day 84. (E) Summarized results of tumor
numbers per mouse and numbers of mice with tumors in the different groups on Day 84. (F) Statistical analysis of the number and size distribution
of colorectal tumors in the different groups on Day 84. (G) Representative images of H&E staining of histological sections of “Swiss rolls” from
different groups. (H) Histological staining for Ki67 in colorectal tumors from the four groups of mice. Scale bars: 2000 pm, 1000 pm, 100 um and
50 um. n = 8. The data are presented as the mean + SEM; arrows indicate colorectal tumors; P values are calculated by two-way ANOVA with
Turkey’s multiple comparisons test (B) and one-way ANOVA with Dunnett’s T3 multiple comparisons test (C, F): *P < 0.05, #P < 0.01,
###p < 0.001 (AOM group vs. Control group); *P < 0.05, **P < 0.01, ***P < 0.001 (5S-heudelotinone treatment groups vs. AOM group).

barrier®. Therefore, these pathogenic bacteria play important
roles in driving the development of IBD. Our studies showed that
Shigella (from the phylum Proteobacteria to the family Entero-
bacteriaceae) was the predominant bacterial genus in the DSS
group, and 5S-heudelotinone (2) dramatically decreased the pro-
portions of Proteobacteria, Gammaproteobacteria, Enterobac-
teriaceae and Shigella from 10.76%, 7.93%, 7.90% and 7.19% in
the DSS group to 1.76%, 0.16%, 0.15% and 0.12%, respectively,
and these proportions were maintained at 0.60%, 0.16%, 0.08%
and 0.05% in the Control group. These results suggest that 55-
heudelotinone (2) may improve colitis by reducing the abundance
of harmful bacteria.

Conversely, some probiotic bacteria exert protective effects.
S24-7, a family of common commensal bacteria in humans, has

been shown to be effectively extinct in patients with diarrhea®®®’.

Similarly, the abundance of Akkermansia, a crucial organism that
is located at the mucosal interface between the lumen and host
cells, was decreased in patients and mice with colitis or CAC7°,
Previous studies revealed the protective effects of extracellular
vesicles derived from Akkermansia muciniphila in DSS-induced
colitis’'. Further studies suggested that Amuc_1100, a specific
outer membrane protein isolated from A. muciniphila, blunts co-
litis associated tumorigenesis through the expansion and activation
of CTLs, which is demonstrated by TNF-« induction and PD-1
downregulation®®. Another research discovered that Amuc_2172,
an acetyltransferase of A. muciniphila, reprogrammed the colo-
rectal tumor microenvironment (TME) with H3K14ac-induced
HSP70 transcription and promoted CTL-related immune
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response in the process of colorectal tumorigenesis’~. Moreover,
Akkermansia can produce SCFAs, including propionate and
butyrate, thereby playing key roles in maintaining intestinal bar-
rier function and host metabolism’>. However, Matute et al.
revealed that Intelectin-1 (ITLN1) decreased the thickness of the
inner colonic mucus layer by binding and determining the local-
ization of the mucin-degrading bacterium A. muciniphila’.
Therefore, it seems that the pro-inflammatory effect of A. muci-
niphila occurs under certain conditions, which may be related to
the factors such as the strain specificity, the sex of the host, the
coexistence of other pathogenic bacteria, and differences in ani-
mal model”> ””. In our study, the current evidence has demon-
strated its potential value in preventing or treating IBD and CAC.
In addition, Odoribacter is also a genus of SCFA-producing
bacteria with anti-inflammatory properties that promote the alle-
viation of IBD. A decreased abundance of Odoribacter (member
of the phylum Bacteroidetes) was verified in IBD samples.
Intriguingly, Odoribacter appears to be related to metabolic health
benefits when coupled with Akkermansia, particularly in the
context of metabolism-related pathologies’®. Butyricicoccus
pullicaecorum, a producer of butyrate with probiotic potential,
attenuates colitis in rats and strengthens the epithelial barrier in
cells. Therefore, a promising probiotic candidate could be derived
from the genus Butyricicoccus, as patients with IBD display lower
fecal counts of these bacteria’®*". In this study, 5S-heudelotinone
(2) significantly promoted the growth of S24-7, Akkermansia, and
Odoribacter in fecal samples, and S24-7, Odoribacter and
Butyricicoccus were the predominant members of the bacterial
community after 5S-heudelotinone (2) treatment. Collectively,
these results indicate that 5S-heudelotinone (2) increases the
abundance of beneficial bacteria while simultaneously decreasing
the proportion of pathogenic bacteria, thus alleviating DSS-
induced colitis. Nonetheless, further studies are needed to deter-
mine how 5S-heudelotinone (2) affects these commensal bacteria
in mice with IBD.

The gut microbiota not only directly affects intestinal ho-
meostasis but also produces various metabolites (such as SCFAs,
tryptophan catabolites, secondary bile acids (sBAs), branched-
chain amino acids, and polyamines) to modulate the progression
of intestinal diseases at both the metabolic and immunological
levels®'. Among these metabolites, SCFAs are a group of fatty
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Proposed mechanisms by which 5S-heudelotinone (2) affects colitis.

acids with carbon numbers less than 6, and these SCFAs are
metabolized from undigested carbohydrates by the gut microbiota
in the intestinal tract. SCFAs primarily include acetate, propio-
nate, butyrate, isobutyrate, valerate, isovalerate and caproate”.
The significance of SCFAs in the body’s inflammatory response
has been extensively evidenced. The introduction of soluble fiber
into the diet resulted in the decreased levels of pro-inflammatory
cytokines such as IL-6, IL-8, and TNF*’. The effects of SCFAs
on the host’s inflammatory response show conflicting results be-
tween pro-inflammatory and anti-inflammatory effects, possibly
due to the different binding receptors and local concentrations®.
Butyrate exerts anti-inflammatory effects by binding to and acti-
vating free fatty acid receptor 3 (FFAR3/GPR41), however, acti-
vation of FFAR2/3 by SCFAs further triggers the downstream
mTOR, PI3K, ERK1/2, or MAPK signaling pathways, leading to
pro-inflammatory effects®* *°. Moreover, SCFAs also enter cells
directly to regulate inflammation by inhibiting TNF expression,
NF-kB signaling pathway, and histone deacetylation®”*%. In
addition, SCFAs are also capable of regulating inflammation by
endothelial cells. SCFAs activate anti-inflammatory signaling
pathways by inhibiting HDACs in endothelial cells. As an HDAC
inhibitor, butyrate reduces the production of pro-inflammatory
cytokines and oxidative stress, thereby inhibiting vascular
inflammation and regulating endothelial function®”. In summary,
the primary mechanisms through which SCFAs regulate inflam-
mation are cell signal transduction and histone deacetylase inhi-
bition”*. Reduced concentrations of SCFAs have been observed in
patients with IBD and in experimental IBD mouse models'’.
Therefore, SCFAs play important roles in the occurrence and
development of IBD. Currently, oral administration of exogenous
butyrate has been used in clinical studies to treat IBD and improve
intestinal inflammation®™’'. Our data clearly demonstrate that 5S-
heudelotinone (2) can effectively increase the levels of SCFAs,
especially propionic acid and butyric acid, in fecal samples from
IBD model mice.

It is widely accepted that SCFAs ameliorate inflammatory re-
sponses by modulating immune cells and enhancing intestinal
barrier integrity'®. SCFAs modulate the activity of innate immune
cells, including macrophages, neutrophils, and DCs, thereby
contributing to the function of the immune system®*. Macrophages
play a crucial role in maintaining gut homeostasis’’. Previous
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studies have demonstrated that butyric acid suppresses the pro-
duction of inflammatory by intestinal macrophages is associated
with the inhibition of HDAC activity. Moreover, butyric acid alters
macrophage metabolism and increases their antibacterial activity
by inhibiting mTOR kinase activity’> **. Similarly, butyrate also
can boost the antibacterial capabilities of macrophages by inhib-
iting HDAC3". In addition, SCFAs are essential regulators of
macrophage polarization. Butyrate altered the metabolic behavior
of macrophages to increase OXPHOS and also promoted alter-
native macrophage activation’®. Another crucial component of the
innate immune defenses is the neutrophil. SCFAs alter neutrophils
recruitment by regulate the production of inflammatory mediators
such as TNF-a, IL-17, CXCL1 and CXCL8” . Moreover,
activation of FFAR2 by SCFAs in neutrophils has been demon-
strated to induce their chemotaxis'®'"'. DCs are also part of the
host defense and play an important role in the induction and
maintenance of immune tolerance under homeostatic condi-
tions' %, Butyrate can inhibit the maturation of DCs when exposed
to various inflammatory stimulation, and it can also alter the an-
tigen capture capacity by modulating the differentiation and
functions of DCs. Moreover, butyrate modulates the production of
cytokines and chemokines, such as IL-23, IL-10 and IL-12, that
are secreted by DCs'® %, Wang et al. revealed that butyrate
functioned as a histone deacetylase (HDAC) inhibitor, impeding
the functional differentiation of human monocyte-derived DCs'"’.
In conclusion, it is well-established that SCFAs, especially buty-
rate, modulate different aspects of innate immune response.
Additionally, SCFAs also affect the polarization and activation of
Th1, Th2, and Th17 cells by inhibiting HDACSs, promote colonic
Treg cell differentiation and increase the number of Treg cells'®.

In addition to regulating both innate and adaptive immune
cells, SCFAs, especially butyrate, are the most important com-
ponents for maintaining intestinal epithelial integrity and restoring
barrier function'”. The intestinal physical barrier, which is
composed of intestinal epithelial cells (IECs) and the mucus layer,
is the first line of defense against bacterial toxins and harmful
pathogens'®. TJs are multiprotein complexes that form a
continuous intercellular barrier between IECs and maintain
selectively permeable barriers, which are needed to regulate the
transport of macromolecules and prevent the infiltration of path-
ogens from the intestinal lumen. TJs are primarily composed of
transmembrane proteins (such as Claudins and Occludins) and
junctional adhesion molecules (JAMs), which are the main factors
that regulate paracellular permeability. When the TJ barrier is
disrupted, paracellular permeability is significantly increased,
leading to the penetration of macromolecules and pathogenic
bacteria into the lamina propria and then resulting in disordered
mucosal immune responses and inflammation. Studies have re-
ported that the TJs in IBD patients are disrupted, indicating that
the integrity of the intestinal barrier is impaired; this can lead to or
promote the progression of IBD'%®. Therefore, restoring intestinal
barrier integrity may be an effective strategy for the prevention
and treatment of IBD. In our IBD model that was treated with 55-
heudelotinone (2), both immune cells and the epithelial barrier
were strongly affected, and the gut microbiota played a crucial
role in this process, which was verified in an ABX mouse model.

5. Conclusions
In summary, we describe for the first time a concise and efficient

method for the synthesis of a racemate of heudelotinone and
investigate the effect and underlying mechanisms of 5S-

heudelotinone (2) on experimental colitis and CAC. By targeting
the gut microbiota, 5S-heudelotinone (2) increases the levels of
SCFAs, thereby promoting a balanced immune response and a
robust intestinal barrier for the prevention and treatment of IBD.
This work highlights that utilizing reagents to modulate the gut
microbiota is a safe and efficient strategy, and this study demon-
strates that 5S-heudelotinone (2) is a promising candidate for the
prevention and treatment of IBD-related diseases.
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