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Colorectal cancer is considered to be a highly immune-related disease, and the severe chronic
inflammatory stress in the tumor microenvironment (TME) greatly impedes the effective pro-
gnosis and treatment of colorectal cancer. Based on a dual strategy, anti-proliferation and in-
hibition of inflammatory factor HMGB1, a series of GN-derivatives were synthesized and
screened for their anticancer efficacy, and compound 22 showed the strongest anti-proliferat-
ive activity against HCT116 cells, with ICs, value 13.1 pmol-L™. To improve the solubility,
compounds 23-40 were synthesized and then evaluated for activities against colon cancer
cells. Finally, compounds 23 and 24 with good water solubility were screened as target mo-
lecules. In anti-proliferation tests, both displayed the strongest activity on CT26 cells, with
ICs value 1.1 and 1.4 pmol-L™, respectively; in the cloning tests, they also showed a strong
anti-proliferative activity against CT26 cells; moreover, they promoted apoptosis, and
blocked cells in G,/M phase in a concentration-dependent manner; in Western Blot tests, they
decreased the levels of cyclin A2, cyclin B1 and CDK1 in a concentration-dependent manner.
In anti-inflammation aspect, both them displayed strong anti-inflammation activity; com-
pound 23 reduced the levels of NO in both RAW264.7 cells and CT26 cells in the anti-inflam-
matory tests, and the ICsy values were 10.3 and 1.1 pmol-L™", respectively; Western Blot
showed 23 decreased the levels of HMGB1, RAGE, TNF-q, IL-6, IL-1 and COX-2 in a dose-de-
pendent manner. In animal tests, compound 23 reduced the volume and weight of tumor
more obviously than compound 24 and 5-FU, and its effect was a dose-dependent. In sum-
mary, compound 23 has therapeutic effect for the treatment of colorectal cancer in some de-
gree, and it has potential to be a candidate for treatment of colorectal cancer.

1. Introduction

Colorectal cancer is one of the most common malignant tu-

only can promote tumor cell proliferation, matrix degradation
and remodeling, angiogenesis and immune-suppression, but also
promote tumor invasion and metastasis ‘> *. Among the factors,

mors worldwide, and its incidence and mortality increases year
by year . Clinically, surgery, chemotherapy, and antibody ther-
apy are applied to colorectal cancer. Chemotherapy is common
and convenient, but almost the all drugs used have significant
side effects and low tissue selectivity; that is to say, during the
treatment, the drugs also cause significant toxic side effects to
normal cells “°. Moreover, colorectal cancer cells in the advanced
stages often spread from the body cavity to the abdominal cavity
to lead to multiple metastases, which makes it more difficult to
treat because chemotherapy and antibody drugs cannot penet-
rate ",

Colorectal cancer is considered to be a highly immune-re-
lated disease. In the tumor microenvironment (TME), the chronic
inflammation stress persists and lots of inflammatory factors are
released “"'. These inflammatory factors play an important role
in the generation and development of colorectal cancer. They not
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® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(26)61210-1

high mobility group protein B1 (HMGB1) is an important inflam-
matory factor in TME, and it plays a crucial role in inflammatory
and immune responses by mediating the release of various in-
flammatory factors and chemokines '*. HMGB1 acts as a damage-
associated molecular pattern (DAMPs) or an early warning signal
under stress conditions, and it can also form a complex with CX-
CL12 to induce cell migration. HMGB1 responds to early injury
signals (such as ROS) during tissue damage, releasing earlier than
other damage markers (DAMPs) **'°
half-life, enablingit to form large complexes with other mo-
lecules that stabilize its circulation. Especially, HMGB1 also plays
an important role in tumor development and treatment. HMGB1
often overexpresses in many forms of cancer, and extracellular
HMGB1 in the TME promotes tumor development by enhancing
anti-apoptotic mechanisms, inflammatory response, and im-
mune system evasion '’. Hence, inhibiting HMGB1 mediated sig-
naling pathway is beneficial for the treatment of cancer, and
HMGBI inhibitor possibly is a potential drug to colorectal cancer.

In recent years, GA derivatives (GA is aglucon of glycyrrhizin)
were confirmed to inhibit the activity of HMGB1 in immune cells,

. HMGB1 has a relatively long

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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as well as in cancer cells . HMGB1 is a marker of inflammation in

TME, and its expression level is high in both immune cells and
cancer cells. GA derivatives with N-glycosidic linkage bond were
found to exhibit good anti-inflammatory activities, and they dose-
dependently reduced the levels of IL-1f3 and TNF-a in RAW264.7
cells and HK-2 cells. Additionally, the compounds showed dose-
dependent inhibitory effects on the levels of HMGB1, TLR4, NF-
kB, P-NF-xB, and NLRP3 in HK-2 cells; in septic mice, they re-
duced serum IL-1f and TNF-a expression levels in a dose-de-
pendent manner, and inhibiting HMGB1, NLRP3, p-NF-kB and
Caspase-1 p20 protein levels, finally improving renal injury
symptoms in septic mice "’. GA derivatives containing disulfide
bonds also were confirmed not only to reduce the expression of
HMGB1, TLR4, IL-18, TNF-a and TGF-f1 in RAW264.7 cells, but
also inhibit the expression of TLR4, IL-18, Col1l and a-SMA in non-
small cell lung cancer A549 cells; in animal model, the com-
pounds significantly reduced the state of lung inflammation and
fibrosis caused by paraquat, and decreased the level of HMGB1 in
mouse lung tissue *’. This shows the GA derivatives with inhibit-
ing HMGB1 bioactivity significantly have strong anti-inflamma-
tion activities in different kind cells, and have anticancer activity
in some degree. However, as far as the GA derivatives as HMGB1
inhibitors we obtained is concerned, their anticancer activities
are lower. Therefore, to find GA derivatives with good anti-
colorectal cancer proliferative activity is our objective.

In last a few years, 3-amino-substituted GA (GN) which the
hydroxyl group at C-3 position of GA replaced with amino group
(-NH,) was found to show a stronger anti-cancer activity than
GA . It can be predicted the amide derivatives of GN are more
stable than GA ester derivatives. It is well known that the esteri-
fication of carboxyl group at C-30 of GA could enhance the antic-
ancer activity, and among methyl ester, ethyl ester and benzyl es-
ter at C-30, the benzyl ester displayed the best anti-tumor activ-
ity *; in addition, introducing soluble amino acid fragments at C-
30 position, this not only enhance the solubility of the com-
pounds, but also improve their pharmacokinetic properties **. We
thought modification of GN at C-30 position just like GA will en-
hance GN anti-proliferative inhibition activity. The process of tar-
get compound discovery and optimization is shown in Scheme 1.

Therefore, in order to obtain the active compounds for anti-
colorectal cancer with high efficiency and low toxicity based on
HMGB1 as the target, GN was selected as start material, and 3-
amino group (-NH,) was modified with active organic acid, fol-
lowing C-30 position introducing amino acid to obtain a series of
GN derivatives. Then, their anti-inflammatory and anti-tumor
activities are evaluated in vitro and in vivo. By which, we hope to
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obtain a candidate of colorectal cancer and provide a material
foundation and theoretical basis for its treatment.

2. Results and discussion

2.1. Design, synthesis and characterization of compounds

In the process of structural modification and optimization of
compound, ester bond replacing with amide bond often
proves its chemical properties and plasma metabolic stability,
and even enhance the bio-activity of compound. The amide deriv-
atives of GN are more stable than the ester derivatives of GA. The

im-

active organic acids including cassia bark acid, caffeic acid, and
ferulic acid were chosen, because they are aromatic fatty acids
with very low toxicity to the human body, and all have strong anti-
inflammatory and anti-tumor properties ***. The a and S-unsat-
urated carbonyl groups in cassia bark acid are considered Mi-
chael acceptors, and cinnamic acid and its derivatives can effect-
ively inhibit cancer cell proliferation, prevent cancer cell migra-
tion, and induce apoptosis. The combination of GN and active aro-
matic acid maybe exerts a positive synergistic anti-tumor eff-
ect °*?. Therefore, to improve anticancer activity, benzyl or sub-
stituted benzyl groups were introduced at the C-30 position of
GN, at the same time, cassia bark-acids or their derivatives were
introduced at the C-3 position, resulting in compounds 1-20. To
further enhance the anti-tumor activity of these compounds, a
hydroxyl group was added to the cassia bark-acid phenyl ring on
basis of compound 1. This change not only added the electron
density of the phenyl ring but also facilitated hydrogen bonding
with the target site, thereby enhancing the anticancer activity.
Consequently, compounds 21-22 were synthesized.

The synthesis route and structure of compound 1-22 are il-
lustrated in Scheme 2. Using GA as the starting material, it reacts
with bromo-benzyl (or which has different substituents at the or-
tho position) in DMF to form glycyrrhizin benzyl ester. The OH
group at C-3 position was then oxidized by PCC, and then re-
duced by NaCNBH; to form an important intermediate C. Finally,
intermediate C was condensed with cassia bark-acid to yield com-
pound 1. The synthesis processes and workups for compounds
2-22 are similar to that of compound 1.

In order to improve the solubility and biocompatibility of
compounds, the carboxyl group at C-30 was transformed into
amide by introducing amino acid or amino acid ester to obtain
compounds 23-40. The structure of compounds 23-40 and the
synthesis process of compound 23 are shown in Scheme 3. Com-
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Scheme 1 The whole idea and process of target compound discovery and optimization.
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Compounds 1-22

Scheme 2 Synthesis routes and structures of compounds 1-22.

pound 23 was synthesized from GA, acylation, oxidation-reduc-
tion, and re-condensation with cassia bark acid derivative to
amide, and finally deprotecting BOC under trifluoroacetic acid to
obtain compound 23. Compound 23 is good solubility. The syn-
thesis and workups of other compounds 24-40 are similar to
those of 23.

In the synthesis process, the choice of oxidant is crucial in the
oxidation of the hydroxyl group at C-3 position of GA to a ketone.
Pyridine-chloroacetic acid (PCC) effectively oxidized secondary
alcohols to ketones under mild conditions, with minimal side
products and no over-oxidation. In contrast, other oxidants, such
as 2-iodobenzoyl benzoic acid (IBX), can directly convert satur-
ated alcohols into @, S-unsaturated carbonyl compounds and ox-
idize benzyl functional groups to phenyl ketones, resulting in
more side products.

As for intermediate C, both two isomers (3a-NH, and 3§-
NH,) were obtained, but the product with 38 configuration was
predominant and the yield was higher; moreover, they can be
separated with column chromatography. In the condensation re-
action process of forming the amide bond, the condensation
agent is crucial factor; EDCI was good catalyst, the yield is higher;
compared with EDCI, CDI showed a lower activity, and the yield
is lower when it is used.

All the compounds were characterized by MS and NMR, and
the spectral data of the compounds were consistent with expecta-
tions. In the infrared spectra, there are strong absorption peaks
in the range of 1725-1735 cm™', which is the characteristic ab-
sorption of C=0 in the ester group at C-30 in the five-ring skelet-
on. The absorption peak at about 1680 cm™ is the characteristic
absorption of C=0 in the unsaturated ketone carbonyl at C-11 of
GN. In the "H NMR spectra, the chemical shifts of CH-12 appear at
about § 5.6 as singlets, the chemical shifts of hydrogen atom in-
OCH; at 30 appears at about § 3.7 as singlets, and the signals of
hydrogen atoms in CH3-23, 24, 25, 26, 27, 28, 29 appear near §
0.8-1.3 ppm as singlets. In the ®C NMR spectra, the chemical
shifts of the carbon atoms at the C-11 position of GA appeared
around 6 200.3, the chemical shifts of the carbon atoms in the
C=0 group at the 30 position are around & 177.1, the chemical
shifts of the carbon atoms in the unsaturated double bonds at the
C12 and C13 positions are near ¢ 128.7 and 169.4, respectively.

All compounds are white or light yellow solids at room tem-
perature. Compounds 1-22 are highly soluble in common organ-
ic solvents such as dichloromethane, ethyl acetate, DMF, and
DMSO, but they are insoluble in water, with a Clog P value of
around 11. Compounds 23-28 are highly soluble in water, with a
Clog P value ranging from 6.75 to 7.89. Compounds 29-40 have
some water solubility, with a Clog P value ranging from 7.18 to
9.51 (Supplementary Table 1).
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2.2. Anti-proliferative inhibition activities of compounds against
cancer cells

In order to evaluate the inhibitory effect of the compounds
on the proliferation of different cancer cells, CCK-8 method was
used to determine the ICsy values of compounds 1-22 to six
kinds of cancer cells with GA and 5-FU as positive controls **. As
can be seen from Supplementary Table 2, most of the compounds
showed very low anticancer activities against A549 and Hela
cells, with ICs, values greater than 500 pmol-L™; for the three liv-
er cancer cells, only compounds 16 and 19 showed slightly
stronger activities against SK-HEP1 (ICso, 25.1 + 1.8 and 38.1 *
1.5 pmol-L™), and the others displayed lower activities. However,
most of the compounds showed good activities against colon can-
cer cell lines. Compounds 1, 3, 13, 19, 21 and 22 showed strong
inhibitory effect on the proliferation of HCT116 cells; among
them, compound 22 displayed the highest activity with ICs, value
of 13.1 + 1.7 umol-L™. Seen from the ICs, values, the introduction
of substituents on the benzene ring at C-30 of GN could not im-
prove its anticancer activity, on the contrary, compound 1
without substituent on that showed high proliferative inhibition
activity to HCT116 cells, and its ICs, value was 36.1 pmol-L™.
However, the substituents of benzene ring on the cassia bark-
acetic acid at C-3 of GN significantly influence activity. The OCH;
group decreased the anti-proliferative inhibition activity on
HCT116 cells (compound 2, ICs, 216.5 pmol-L™), and F atom en-
hanced the anti-proliferative inhibition activity (compound 3,
ICsg, 34.3 pmol-L™"). However, when R, is NO,, compound 4
showed a stronger activity than compound 2 (R, = OCHj3), but
much lower than compounds 1 (R, = H) and 3 (R, = F). This indic-
ates the effect of the substituent of cassia bark-acid on its anti-
HCT116 activity is not significant. Unlikely, compounds 17-20
have obvious inhibitory activity against SK-HEP1 cells, and their
ICs, is between 25.1-50 pmol-L™. There is a clear relationship
between the structure and activity of compound. When the 4" po-
sition of the benzene ring on cassia bark-acid (R,) is substituted
with -F, -NO,, -H, and -OCHj3, the anti-hepatocellular carcinoma
cell proliferation activity decreased progressively, with the order
of activity F > NO, > H > OCHj3. This indicates that introducing
electron-withdrawing groups on the benzene ring of cassia bark-
acid is more beneficial for enhancing activity.

After introducing hydroxyl group on the cassia bark-acid,
compounds 21 and 22 showed significant anti-proliferative in-
hibition against six types of cancer cells. Compound 21 exhibited
superior inhibitory activity against HCT116 cells compared to
compound 3; and compound 22 showed strong anti-proliferative
activity against various cell lines, especially in colorectal cancer,
with ICsq of 13.1 umol-L™". Markedly, two hydroxyl groups on the
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Scheme 3 Synthesis routes and structures of compounds 23-40.

aromatic ring of cassia bark-acid further intensified the inhi-
bitory activity. This may be due to the hydroxyl group enhancing
its affinity for the large target protein by forming hydrogen
bonds.

Considering compounds 1-20 showed better activities
against colorectal cancer and hepatocellular carcinoma cells than
against A549 and Hela cells, compounds 23-40 were evaluated
using colorectal cancer cells (HCT116, CT26 and HT-29) and hep-
atocellular carcinoma cells (SK-HEP1, HEPG2, Huh7). As can be
seen from Supplementary Table 3, compounds 23, 24, 25, 28,
27, 30, 31 and 34 showed strong inhibitory effect on the prolifer-
ation of CT26 and HT-29 cells, and their ICs, values were all be-
low 30 pmol-L™"; among them, compounds 23 displayed the
strongest proliferative inhibition on CT 26 cells, and 24 was the
next; their ICg, values were 1.1 and 1.4 pumol-L™ respectively.
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This indicates introducing polar groups or amino acids at the C-
30 position of GN possibly enhanced inhibitory activities against
colon cancer cell proliferation, and improved the selectivity
against CT26 cells. Of these compounds, 23-25 have guanidine
fragments at the C-30 position, and 26-28 have lysine fragments;
both them are with a free amino group at the end. They not only
have high water solubility but also strong anti-proliferative activ-
ity. Possibly, the polar groups were beneficial to the compound
molecules to penetrate cell membranes. Compound 23 exhibited
a higher inhibitory activity against CT26 cells than compound 28,
possibly due to its lower lipophilic-to-water partition coefficient
(23, Clog P 6.75; 28, Clog P 7.19). Significantly, compound 23
also displayed strong proliferative inhibition against three types
of liver cancer cells, while 28 showed significant activity only for
colon cancer, suggesting the longer amino acid carbon chain is
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beneficial to enhance selectivity to colon cancer. The relationship
of structure and activities (SAR) from compounds 29-40 indic-
ates that smaller amino acid fragment (e.g. glycine and alanine)
can enhance activity more significantly than the larger ones like
phenylalanine and leucine. This is not only because the bio-activ-
ities are determined by their lipid-water partition coefficients
and pKa, butalso the spatial steric hindrance between com-
pound and target site is crucial factor. As shown in Supplement-
ary Table 3, the substituents on the aromatic ring of cassia bark-
acids also significantly influenced the proliferative inhibition of
compounds. Of compounds 23-25, compound 23 with one OH
group exhibited the strongest activity, while compound 25 with
two OH groups displayed a lower activity than 23. This is pos-
sibly because the intramolecular hydrogen bonds formed by the
two OH groups affected the compound’s binding to target site.
However, for compounds 26-28, compound 28 with two OH
groups on the cassia bark-acid benzene ring, exhibited higher
activity than 26. This is the opposite of the activity order ob-
served in compounds 23-25. This difference may be attributed to
the elongation of the carbon chain at C-30 to enhance the mo-
lecule’s lipophilicity. For these soluble compounds, the presence
of two OH groups significantly affects binding to target sites or
metal ions in active sites, thereby influencing anticancer activity.
Therefore, we draw a conclusion that the introduction of amino
acids at C-30 mainly affects the lipid-water partition coefficient,
pKa value and affinity to the target site, while the substituents on
the cassia bark acid benzene ring mainly affect the binding to the
target site. The relationships of structures of compounds and
activities (SAR) are summed up as Scheme 4.

Based on the results of proliferative inhibition of cancer cells
by all compounds, compounds 22, 23, 24, 27 and 28 were selec-
ted as target molecules to carry out in follow-up tests.

2.3. Effect of compound concentrations on colorectal cancer cells
proliferation

In order to illustrate the inhibitory effect of the compounds
on the proliferation of colorectal cancer cells, the HCT116 cells
were treated with different concentrations of the compound for
24 h, then stained with DAPI/EdU, and then observed under the
fluorescence microscope. DAPI (4',6-diamino-2-phenylindole)
mainly stains the DNA in the nuclei, and it emits blue fluores-
cence under ultraviolet excitation by binding specifically to the
AT base sequence in the double helix groove of DNA *°. EAU (5-
Ethynyl-2'-deoxyuridine) is a thymidine analog, which is incor-
porated into the newly synthesized DNA chain during cell DNA
replication to form a stable mark, thus EDU mainly stains prolif-
erating cells in the DNA synthesis period (S phase) The prolifer-
ative ability of cells was quantitatively evaluated by detecting the
red fluorescence signal of the marker. In combination with EAU
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and DAPI, the nucleus was first labeled with DAPI (blue), and
then the proliferating cells were labeled with EdU (emission
wavelength 500-700 nm red/450-550 nm green light), so as to
distinguish the proliferating cells from the total cell population
through different fluorescence signals.

As shown in Fig. 1, in the control group, after EAU staining,
the HCT116 cells showed strong red fluorescence, indicating
most of the HCT116 cells were in the proliferative phase and the
cell proliferation rate was fast; However, when the HCT116 cells
were treated with GA (50 pumol-L™ or 5-FU 50 pmol-L™") or com-
pound 22, the red fluorescence became gradually weak with con-
centration of the compound increasing. This indicates the antic-
ancer activity of compound increased with the concentration and
it is concentration-dependent. Compared with 5-FU or GA, com-
pound 22 showed higher anti-proliferative inhibitory activities.
When it was 25 pmol-L™", the positive rate of EAU cells decreased
to about 10%, indicating only 10% HCT116 cells are alive. As for
5-FU and GA, when they are 50 pmol-L™, the positive rate of EQU
cells decreased to about 43% and 35%, respectively. This sug-
gests compound 22 had a higher inhibitory activity against
HCT116 cells than the control 5-FU and GA.

Similarly, compound 23 exhibited effects on CT26 cell prolif-
eration comparable to those observed in HCT116 cells. After 24 h
co-culture with CT26, the green fluorescent protein (GFP) intens-
ity gradually decreased, indicating Edu-positive cell ratios re-
duced in a dose-dependent manner. This demonstrates the antic-
ancer activity of compound increased with concentration in-
crease; and it outperformed both the control drugs GA and 5-FU.
When compound 23 was 3 pmol-L™, the Edu-positive cell rate
dropped to approximately 30% (Figs. 2A and 2B).

As a comprehensive indicator of cellular functional level, the
formation rate of cloning can reflect the influence of compounds
on long-term survival and proliferation ability of cells more com-
prehensively, which is an indispensable part of the evaluation
system of compound biological properties. To further confirm the
inhibition of compound 23 on the proliferation and invasiveness
of CT26, the clonal formation of CT26 cells were investigated in
the presence of compound 23. Seen from the formation process
of the blank group CT26 cell clone, the cell colony became larger
and larger with the increase of time (Figs. 2C and 2D). This indic-
ates CT26 cells easily form cloning, and they have a high probab-
ility of tumor formation in vivo (subsequent animal experiments,
tumor models are made with CT26 cells). However, when com-
pound 23 was co-incubated with the CT26 cells, the formation
rate of clones significantly slowed down, and it was concentra-
tion-dependent (Fig. 2E). When compound 23 was 3 pumol-L™,
the cell clonal formation almost inhibited completely, and the in-
hibitory rate reached nearly 100%. This indicates the compound
possesses strong anti-CT26 cell proliferative and invasive capab-
ilities.

When R is benzyl, the substituents
on the benzene ring have little effect
on its anti- colon cancer activity.

When R is lysyl methyl
The substituents on the benzene ring or guanidinium, the water
have great influence on the antitumor R > solubility of the compound

activity of the compound, among
which OH has the greatest influence.

increases, and the anti-colon
cancer activity is enhanced.

When R is a lipophilic group, T
two OH (R, =R, = OH) enhance
the activity; when R is

anti-colon cancer activity.

'

(0]

R, \_)L\]
i y H
hydrophilic, a OH yields better RD/\

The stability of the compounds

\ was enhanced by the amide bond,

and the antitumor activity
of the compounds was improved.

When R = 0-Me-C,H,CH,, R, = H, R, is F, NO,, H, and OCHj,
the anti-SK-HEP1 cell proliferation activity decreased progressively,
with the order of activity F > NO, > H > OCH;.

Scheme 4 The relationships of structures of compounds and activities (SAR).
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Fig. 1 EdU fluorescence intensity (emission wavelength 500-700 nm, magnifica-
tion 20 x , scale = 100 um) after exposure of cells to compound 22 and GA (25
umol-L™) for 24 h (GA, positive control). Data are presented as mean * SD (n = 3
independent tests). P < 0.05, "P < 0.01, "'P <0.001 indicate significant differ-
ences between the compound group and the GA group; ***P < 0.001 indicates sig-

nificant differences between the GA group and the blank control group.
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Fig. 2 (A, B) EdU fluorescence intensity after exposing cells to compound 23, GA
(3 umol-L™), and 5-FU (3 pmol-L™) for 24 h (emission wavelength 450-550 nm,
magnification 20 x , scale bar = 100 um) (GA and 5-FU, positive control). (C) The
formation process of CT26 cell clones in the control group (magnification 40 x ,
scale bar = 100 um). (D) The clone clusters of CT26 cells treated with compound.
(E) The statistical diagram of clone clusters of CT26 cells Data are presented as
mean + SD (n = 3 independent tests). P < 0.05, P <0.01, P <0.001 indicate sig-
nificant differences between the compound group and the GA group; *P < 0.05,
#Pp < 0.01, **P < 0.001 indicates a significant difference between the GA group
and the 5-FU group compared with the blank control group.

2.4. Effects of compounds on the cell cycle and the migration

The cell cycle consists of four stages: G; phase (cell growth
and functional preparation), S phase (DNA replication), G, phase
(cell growth and preparation for division) and M phase (cell divi-
sion). The inhibition of the cell cycle of cancer cells is one of reas-
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ons to lead to the cell apoptosis, and it is positively correlated
with the anticancer activity of compound.

In order to determine whether the compounds arrest the cell
cycle, the HCT116 cells were treated with compound and stained
with PI, and then analyzed by flow cytometer. As shown in Fig. 3
and Supplementary Fig. 1, after the HCT116 cells were treated
with 22 for 24 h, the cells in the G,/M phase significantly in-
creased, while the cells in the G,/G; phase decreased. In the con-
trol group, the proportion of in the G,/M phase was 4.85%. As
compound 22 increased, the cells in the G,/M phase also rose.
When it was 25 pmol-L™, the cells in the G,/M phase increased to
20.43%, and the cells in the S phase decreased to 18.24%. This in-
dicates the compounds blocked HCT116 cells in G,/M phases in a
concentration-dependent manner.

B G/G, ms [COG6M

100

Cell cycle distribution/%

Ctrl GA 6.25 12.5 25 (umol-L™")

Fig. 3 Effects of different concentrations of compound 22 and GA (25 pmol-L™)
on the cell cycle of HCT116 cells. Statistical analysis of cell cycle distribution per-
centages. Data are presented as mean * SD (n = 3 independent tests).

In addition to cell HCT116, the compounds also arrested the
cell cycle of CT26. After co-incubated with compound for 24 h,
the proportion of cells in G,/M phase also increased, while the
proportion of cells in Gy/G; phase decreased. In the blank group
(5-FU), the cells in G,/M phase accounts for 4.85%. With the in-
crease of compound concentration, the proportion of cells in
G,/M phase gradually increased, this is just like for HCT116 cells.
Compared with 5-FU and GA, the compounds (23, 24, 27 and 28)
all showed good activities. Among them, compound 23 displayed
the strongest cell cycle arrest effect, and 24 was the next. When
compound 23 was 3 pmol-L™, the cells in G,/M phase increased
to 20.43%, which were 8-10 folds as much as that of 5-FU and GA
at the same concentration (Fig. 4 and Supplementary Fig. 2). This
suggests that one of the reasons for the anti-tumor effect of com-
pound was to block the cells in G,/M phase in a dose-dependent
manner, further giving rise to cell apoptosis.

120+

0O GM =S W Gy/G,

100
80
60

40

Cell cycle distribution/%

204

Ctrl 5-Fu GA0.75 1.5 3 07515 3 07515 3 0.75 1.5 3 (umol-L")
23 24 27 28

Fig. 4 Effects of different concentrations of compounds 23, 24, 27, 28, GA (3
umol-L™), and 5-FU (3 umol-L™) on the cell cycle of CT26 cells (GA and 5-FU, pos-
itive control). Data are presented as mean  SD (n = 3 independent tests).

In the course of colorectal cancer development, cancer cells
may break away from the primary tumor and enter the surround-
ing blood or lymphatic system, spreading to other parts of the
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body through the blood or lymph fluid, forming metastatic tu-
mors. To confirm whether the compounds inhibit the migration
of colorectal cancer cells, a series of scratch tests were done. The
results are shown in Fig. 5 and Supplementary Fig. 3. In the blank
group, the scratch began to heal after 24 h, and by 72 h the heal-
ing rate of HCT116 cells was 81.26%, indicating significant cells
migration without compound. However, when the cells treated
with the compound, the cell healing rate decreased, and it de-
creased with compound increasing. When compound 22 was 6.25
umol-L™, the cell migration rate of HCT116 cells was 30.42% for
24 h; and when it was 12.5 umol~L'1, the cell migration rate was
only 18.74%. This indicates the compound inhibited the migra-
tion of HCT116 cells in a concentration-dependent manner.

100

Healing rate/%
Healing rate/%
Healing rate/%

Ctrl

6.25
22

12.5 (umol-L ") Ctl 625 125 (umol-L)

Ctrl

625 12.5 (umol-L)

22

22

Fig. 5 Effect of compound 22 at different concentrations on the migratior} of
HCT136 cells. Qita are presented as mean * SD (n = 3 independent tests). P <
0.05, P<0.01, P<0.001vsthe control group.

Similarly, the tested compounds also strongly inhibited the
migration of CT26 cells. Seen from Fig. 6 and Supplementary
Fig.4, in the control group (5-FU), the wounds began to heal after
24 h, in the subsequent 48 h period, the wound areas showed sig-
nificant cell migration, with a healing rate of 81.26%. After being
treated with compounds 23, 24, 27, and 28, compared to 5-fluor-
ouracil (5-FU) and GA, the cell migration rates significantly de-
creased, this indicates all the compounds have a strong inhibi-
tion on the migration of CT26 cells. Among them, compound 23
showed the highest activity. As the concentration of compound
23 increased, the cell migration rate decreased in a dose-depend-
ent manner. When it was 1.5 pmol-L™", the cell migration rate of
CT26 cells was only 18.74% after 24 h, and the cell healing rate
was below 50% after 48 h. This indicates the compounds also in-
hibited CT26 cells migration, and decreased the cell healing rate.
Therefore, we draw a conclusion that the compounds can inhibit
colorectal cancer cells migration, and it is concentration-depend-
ent.

2.5. Effect of compound concentration on apoptosis of CT26 cells

To induce cell apoptosis is one of the mechanisms of antican-
cer for compound, and the cell numbers of apoptosis is correl-

A 50
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ated with its anti-tumor activity. When CT26 cells were co-incub-
ated with compound for 24 h and then stained with Giemsa *'.
Under an optical microscope, some cells were shrinkage and
cytoplasm condensation, and some cell nuclei fragmented into
nuclear debris, indicating the formation of apoptotic bodies (Fig.
7). With the concentration of compound increasing, more apop-
totic bodies formed; while the CT26 cells in the control group did
not show the significant signs of apoptosis. Compared with 5-FU
and GA, compounds 23, 24, 27 and 28 showed strong pro-apop-
totic effects.

To further confirm the promotion of the compounds on apop-
tosis of CT26 cells, the apoptosis were analyzed by flow cyto-
meter.

Seen from Fig. 8 and Supplementary Fig. 5, all the tested com-
pounds induced the CT26 cells apoptosis, and the effects were
concentration-dependent. Compared with 5-FU and GA, the com-
pounds showed stronger activities to induce apoptosis. For 23,
24, 27 and 28, they mainly induced CT26 cells early apoptosis.
When 24 was 0.75, 1.5 and 3 pmol-L™" respectively, the propor-
tions of early apoptosis rates account for 10.91%, 21.96% and
34.37%, respectively; for compound 27 under the same concen-
tration, the early apoptosis rates increased from 3.62% to 7.28%,
9.84% and 33.77%, respectively. for compound 27, the early ap-
optosis rates increased from 3.62% to 7.28%, 9.84% and 33.77%,
respectively. as for compound 28, the early apoptosis rates are
5.57%, 32.96%, and 35.45% respectively, showing obvious con-
centration dependence. However, unlike the three compounds
above, compound 23 significantly promoted both early and late
apoptosis. When it was 0.75 umol-L™", the proportion of early ap-
optosis accounts 27.79%, and the proportion of late apoptosis
was 30.29%; the total apoptosis rate was 46.27%; when it was 1.5
umol-L™, the early apoptosis rate was 31.03%, the late apoptosis
rate 30.29%; and the total apoptosis rate was 61.32%; when it
was up to 3 pmol-L™, the early apoptosis rate increased to
43.85%, the late apoptosis rate increased to 33.13%, and the total
apoptosis rate arrived in 76.98%.

In contrast, compound 23 showed stronger activity to in-
duce CT26 cell apoptosis, which is consistent with its inhibitory
effect on cell proliferation. This also suggests induction of apop-
tosis in a dose-dependent manner is one of the reasons for com-
pound to inhibit tumor cell proliferation.

To deeply understand the process of apoptosis, the CT26
cells were stained with a combination of Hoechst 33342 and PL
As shown in Fig. 9, with the increase of the concentration of com-
pounds 23, 24, 27 and 28, the blue fluorescence becomes
stronger, which is because the change of cell membrane per-
meability of apoptotic cells, leading to the increased uptake of
Hoechst 33342 dye 1. At the same time, as the concentration in-
creased, the red fluorescence became stronger, indicating an in-

100

48h

Healing rate/%

3 OO OO OO 5O (umol L)
Q- Q- Q- Q-

23 24 27 28

Fig. 6 Effects of the compounds, GA (3 pmol-L™), and 5-FU (3 pumol-L™") on CT26 cell migration. The statistical graphs of the migration of CT26 cells treated with com-
pounds 23, 24, 27, and 28, as well as GA (3 pmol-L™") and 5-FU (3 pmol-L™) for 24 h (A) and 48 h (B) respectively. Data are presented as mean * SD (n = 3 independent
tests). 'P < 0.05, "P<0.01, P < 0.001 vs the GA group; “P < 0.05, P < 0.01, ***P < 0.001 vs the blank control group.
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crease in necrotic cells. This indicates that the compounds induce
apoptosis and necrosis of CT26 cells in a concentration-depend-
ent manner.

2.6. Effect of compound concentration on ROS and MMP in CT26
cells

Under normal conditions, the mitochondrial membrane po-
tential (MMP) maintains at a constant level to ensure mitochon-
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drial function and cell survival **. As the center of the cell energy,
mitochondria also play a role in regulating apoptosis. A decrease
in MMP triggers the release of apoptotic factors, such as cyto-
chrome c. To confirm whether the cell apoptosis induced by the
compounds is achieved through the mitochondrial pathway, tet-
ramethyl rhodamine ethyl ester (TMRE) was selected as a fluor-
escent probe to monitor changes in the MMP of CT26 cells. TMRE
is a unique positively charged fluorescent probe specifically de-
signed for studying MMP. It penetrates the cell membrane and ac-
cumulates within the inner mitochondrial membrane. In normal
cells, the high MMP leads to significant dye accumulation, emit-
ting strong red fluorescence; however, when the MMP decreases,
the fluorescence intensity diminishes.

Seen from Fig. 10 and Supplementary Fig. 6, after co-incuba-
tion of the compound with CT26 cells for 24 h, the fluorescence
intensity in all the treated cells was significantly reduced, and it
gradually decreased with the concentration of compound increas-
ing, this indicates the MMP in CT26 cells decreased in a concen-
tration-dependent manner. When compound 23 was 0.75, 1.5
and 3 umol-L™", the fluorescence intensity decreased from 98.83%
to 79.77%, 59.67% and 18.19% of the blank control group, re-
spectively; for 24, it decreased from 98.55% to 83.87%, 71.10%
and 59.17% under the same concentration; as for 27, it de-
creased from 98.65% to 80.13%, 67.71% and 62.65%. for 28, it
decreased from 97.09% to 80.68%, 79.53% and 77.40%. This sug-
gests that all the compounds reduced MMP in a concentration-de-
pendent manner, further promoting tumor cell apoptosis. In con-
trast, compound 23 has higher activity to reduce MMP. This sug-
gests the reduction of MMP is one of the internal reasons for the
promotion of cell apoptosis by the compounds.

It is well known that when the MMP decreases, it may affect
the ions balance inside and outside the mitochondria, resulting in
the influence of the REDOX process inside the mitochondria. This
abnormal REDOX state may lead to the production of excessive
reactive oxygen species (ROS) *. In order to confirm this point,
DCFH-DA was selected as the fluorescent probe and measured
the ROS level in CT26 cells after treatment with the compound by
flow cytometer.

The results are shown in Fig. 11 and Supplementary Fig. 7.
Compared with the control 5-FU and GA groups, the level of ROS
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Fig. 9 Fluorescence images of CT26 cells stained with Hoechst 33342 /PI at different concentrations of the compounds, GA (3 umol-L™), and 5-FU (3 pmol-L™) (magnifica-
tion 20x , scale bar = 100 um) (GA and 5-FU, positive control). (A) is for the blank control, GA (3 umol-L™), and 5-FU (3 pmol-L™"). (B-E) are for compounds 23, 24, 27, and

28 respectively.

in cells in compound group was significantly increased after the
CT26 cells treated with compound for 24 h, and it was concentra-
tion-dependent. In contrast, compound 23 increased the level of
ROSin CT26 cells more significantly than other tested com-
pounds. This is consistent with their antitumor activities.

In conclusion, we can say the compounds inhibited colorectal
cancer cells proliferation by reducing MMP and increasing the
level of ROS, blocking the cell cycle, and further promoted the
cells apoptosis, even necrosis.

2.7. Effects of compounds on biomarkers in CT26 cells

2.7.1. Effect of compound on apoptosis-related proteins and cycle-
related proteins

Inhibiting signaling pathways in tumor cells often leads to
changes in the expression of apoptosis-related proteins Bcl-2,
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Bax, Cyt-c and MMP9 *. As shown in Fig. 12 (124, 12C-12G),
compound 23 downregulated the expression level of the anti-ap-
optotic protein Bcl-2 and upregulated the level of the pro-apop-
totic protein Bax, and the relative ratio of Bax and Bcl-2 in-
creased with the concentration of compound 23 increasing; when
23 was 3 umol-L™, it is up to about 1.2. Meanwhile, compound 23
inhibited the expression of MMP9 in a concentration-dependent
manner; and induced Cyt-c release, which is a mitochondrial ex-
tracellular matrix protein.

In addition, compounds blocking CT26 cells in G,/M phase
must be give rise to the change of proteins about cell cycle. To ex-
plain this problem, the levels of cyclin B1, CDK1 and cyclin A2
were analyzed by Western Blot. As shown in Fig. 12 (12B,
12H-12]) the expression levels of cyclin B1 and CDK1 decreased
in a concentration-dependent manner, indicating 23 inhibited the
activities of the kinases required for the transition from G,/M
phase in the cell cycle; meanwhile, the expression level of cyclin
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A2 also downregulated gradually with the concentration increas-
ing, suggesting that compound 23 may simultaneously affect the
progression from S phase to G, phase, leading to cell arrest at the
G,/M phase.

2.8. Anti-inflammatory activity of compounds

2.8.1. NO inhibition of compounds on RAWZ264.7 cells and colon
cancer cells

Whether the compounds maintain anti-inflammation within
microenvironment of tumor is another key question to our re-
search. To evaluate the anti-inflammatory activities of the com-
pounds (23, 24, 27, and 28), LPS-induced RAW264.7 cells,
or HCT116 or CT26 cells were used as a model. In the tests, the
content of NO in cells induced by LPS was defined as the maxim-
um value, and the anti-inflammatory activity of the compound
was evaluated by calculating the inhibition rate of NO release.
After treated the RAW264.7 cells with compound for 24 h, the
content of NO in RAW264.7 cells was measured by Greiss meth-
od (the survival rate of cells after LPS stimulation and compound
intervention was not significantly reduced before the experi-
ment).

In general, RAW264.7 cells are clearly rounded or oval in
shape, and their morphologies change obviously after LPS stimu-
lation. To visually observe morphological change, the LPS-stimu-

CT26 cells (GA and 5-FU, positive control). Data are presented as mean # SD (n = 3 independent tests). P < 0.05, "P < 0.01, "
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P <0.001 vs the GA group; *P < 0.05, *P < 0.01,

lated RAW264.7 cells were stained with Giemsa and observed un-
der microscope. Compared with the control group, the cells ex-
hibited pseudopodia formation, transformed into spindle-shaped
or polygonal forms with significant volume expansion. The cyto-
plasm showed a uniformly light purple coloration, while lyso-
somes and vacuoles increased in number. Notably, the nuclei be-
came more prominent (Fig. 13). To reduce the deviation of anti-
inflammatory results caused by cytotoxicity due to improper con-
centration, CCK-8 method was used to determine the half inhibit-
ory concentration (ICsy) of compounds on RAW 264.7 cells (Ta-
ble 1).

Then, the NO inhibitory tests of the compounds were carried
out, and the NO inhibition ICs, values are shown in Table 2. As
shown in Table 2, for both RAW264.7 cells and HCT116/CT26
cells, four compounds all demonstrated strong NO produce inhib-
ition. This indicates the compounds not only inhibited tumor cell
proliferation, but also exhibited anti-inflammatory activities
within the tumor microenvironment. Their ICs, values are closely
aligned with the cell half-inhibitory concentration (Supplement-
ary Table 1), suggesting that the minimum concentrations of
compounds for exerting the strongest anticancer and anti-inflam-
matory activities are close. Among the four compounds, com-
pound 23 showed the strongest inhibitory activity to NO produce
in three kinds of cell lines, and its ICs, values were 10.3, 20.1 and
1.1 pmol-L™ respectively. So, the following tests mainly focused
on compound 23.
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Fig. 13 Morphological changes in RAW264.7 cells after treatment with LPS (2
pg-mL™") for 24 h (Giemsa staining, magnification 10x , 20x , 40x , scale bars: 200
pum, 100 pm, 50 pm).

2.8.2. Effects of compounds on ROS and MMP in LPS-treated
RAW264.7 cells

Reactive oxygen species (ROS) are byproducts of normal cel-
lular metabolism. They also serve as key signaling molecules
playing a crucial role in the development of inflammatory dis-
eases. When oxidative stress occurs, excess ROS can attack pro-
teins, lipids, and DNA within cells, leading to cellular damage.
These damaged cells are cleared by the body, triggering the pro-

duction of endogenous injury-related molecular patterns and the
release of cytokines. To accesses the inhibitory effect of com-
pounds on ROS induced inflammation, LPS-induced RAW264.7
cells were used as a model and co-cultured with compound 23
and 24 for 24 h, and then detected the level of ROS with DCFH-DA
probe. As shown in the Fig. 14 and Supplementary Fig. 7, LPS
stimulation significantly elevated intracellular ROS levels in
RAW?264.7 cells. However, when the cells treated with com-
pound 23 or 24 at concentrations of 0.75, 1.5, and 3 ymol-L ™, the
cellular fluorescence intensity progressively decreased, indicat-
ing that ROS levels decrease with increasing compound concen-
tration. When compound 23 was 3 pumol-L™", the ROS levels de-
creased to 9.3% of the LPS group; for 24, the ROS levels de-
creased to 71.6% of the LPS group. In contrast, for GA at the same
concentration, the ROS levels decreased to 85.1% of that. This
demonstrates compound 23 exhibited much stronger anti-ROS
activity than compound 24 and GA.

Under oxidative stress conditions, ROS may disrupt mito-
chondrial membrane structure and functionality, leading to a de-
crease in MMP. MMP is a crucial parameter for maintaining nor-
mal mitochondrial function. This reduction in MMP inevitably
results in decreased ATP production within cells, causing energy
deficiency that adversely affects cellular functions and survival.
To further illustrate the effect of compound on MMP, the LPS

Table 1 ICs, values of compounds against three cell lines (Values represent the mean * SD values of at least three independent tests).

1C50/(umol-L ™)

1C50/(umol-L ™)

Compds Compds
RAW264.7 HCT116 CT26 RAW264.7 HCT116 CT26
23 13.6+0.8 231+14 1.1£0.6 24 113+ 14 334+18 14+12
27 12919 192.7 5.4 152+ 1.4 28 15.4+0.3 3204 +6.5 135+ 1.5
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Table 2 NO inhibition ICs, values of compounds in the LPS stimulation cells. (Values represent the mean + SD values of at least three independent tests).

1C5o/(umol-L™)

ICso/(umol-L™)

Compds Compds
RAW264.7 HCT116 CT26 RAW264.7 HCT116 CT26
23 103+1.8 201£1.2 1.1+08 24 139+ 14 302+1.2 13+17
27 269+19 80.3+2.1 16.4+1.9 28 172+ 0.6 243+1.6 18.1+0.7

Note: IC5 represents the concentration of compound that inhibits 50% of NO produce in the LPS model group.
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Fig. 14 Effect of compound 23 (A) and 24 (B) at different concentrations on ROS in LPS-induced RAW264.7 cells (GA, positive control). Data are presented as mean + SD
(n = 3 independent tests). 'P < 0.05, "P < 0.01, P < 0.001 vs the LPS group; "**P < 0.001 vs the blank control group.

treated RAW264.7 cells were used and the intracellular MMP
levels were measured by flow cytometry using TMRE as the fluor-
escent probe.

As shown in Fig. 15 and Supplementary Fig. 8, LPS treatment
resulted in a marked decrease in MMP levels in RAW264.7 cells.
However, when compound 23 or 24 was co-incubated with these
cells for 24 h, MMP levels significantly increased. As compound
concentrations increased, MMP levels continued to rise. At a 3
umol-L™" concentration of compound 23, levels approached the
control; for 24, MMP levels increased to 85% of the control
group. This indicates that compounds 23 and 24 not only inhibit
NO production but also effectively suppress the amplification and
persistence of inflammatory responses by reducing intracellular
reactive oxygen species (ROS) levels and enhancing MMP activity.

However, it is interesting to note that in the previous anti-
RAW264.7 cell proliferation experiment, compounds 23 and 24
increased ROS and decreased MMP, but in the anti-inflammatory
experiment using LPS- induced RAW264.7 cells as models, both
them decreased ROS and increased MMP. This seems to be con-
tradictory. In fact, this is reasonable. Because in tumor cells, ROS
not only induces cells apoptosis, but also stimulates inflammat-
ory responses. In LPS-induced RAW264.7 cells, the inflammatory
stress is closely similar to that in tumor microenvironments; and
the role of ROS as an inflammatory mediator far outweighs its
function in inducing apoptosis.

2.8.3. Effect of compound on inflammatory factors in RAW264.7
cells
In colorectal cancer, beyond NO and ROS factors, the

it

100 —

80

60 —

40

AY,, potential intensity/%

204

0

Ctrl LPS

T T
GA 0.75 1.5 3 (umol'L")
LPS +23

HMGB1/TLR4/NF-kB pathway plays a central role in inflammat-
ory activation, and blocking this signaling pathway can mitigate
NF-kB-mediated inflammatory responses. We first examined the
effects of compounds 23 and 24 on HMGB1 and TLR4 protein ex-
pression levels. Western blot results showed that compared to
the control group, LPS-treated RAW264.7 cells exhibited signific-
antly elevated levels of TLR4 and HMGB1 proteins *°. However,
after treatment with compound 23 or 24, both TLR4 and HMGB1
levels decreased in a concentration-dependent manner. At a com-
pound concentration of 3 umol-L™", compound 23 reduced TLR4
and HMGB1 levels to 27% and 41% of the LPS group, respect-
ively; compound 24 reduced TLR4 and HMGB1 levels to 36% and
48% of the LPS group, respectively. Concurrently, the effects of
compound 23 on downstream-associated proteins were ex-
amined, and the results demonstrated NF-kB p65 phosphoryla-
tion, along with TNF-a, IL-6, IL-1, and COX-2 levels were also re-
duced in a concentration-dependent manner (Fig. 16).

In general, abnormal activation of the HMGB1/RAGE path-
way is associated with tumor progression, metastasis and treat-
ment resistance. The binding of HMGB1 to RAGE activates the NF-
kB, MAPK and PI3K/AKT pathways, promoting tumor cell prolif-
eration, metastasis, angiogenesis and immune escape *°. To illus-
trate the inhibition of the compound on the HMGB1/RAGE path-
way, ELISA kit and WB were used to detect the expression levels
of HMGB1 and RAGE in CT26 cells after treatment with com-
pound 23 or 24 for 24 h. The results are shown in Fig. 17. Com-
pared with the blank group, HMGB1 and RAGE protein expres-
sion levels decreased in a concentration-dependent manner. At
the same time, compound 23 downregulated the PI3K/AKT path-

B
100
< 80
2
7
5
E 60 -
=
5 40
=]
o
3 20
0= T T
Ctl LPS GA 075 15 3 (umol'L™)
LPS + 24

Fig. 15 Effect of compounds 23 (A) and 24 (B) at different concentrations on MMP in LPS-induced RAW264.7 cells (GA, positive control).Data are presented as mean * SD
(n = 3 independent tests). P < 0.05, "P <0.01, P < 0.001 vs the LPS group; ***P < 0.001 vs the blank control group.
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Fig. 16 Effects of compound 23 and 24 on inflammatory factors in RAW264.7 cells. (A), (D) and (H) are results of Western blotting, GAPDH and B-actin as an internal refer-
ence; (B) and (C) represent the effects of compound 24 on the relative expression levels of TLR4 and HMGB1 proteins, respectively; (E), (F), (G), (1), (J), (K), (L), and (M)
represent the effects of compound 23 on the levels of TLR4, NF-kB, HMGB1, iNOS, TNF-q, IL-6, COX-2, and IL-1 proteins, respectively. Data are presented as mean + SD (n =
3 independent tests). P < 0.05, "P < 0.01, P < 0.001 vs the LPS group; **P < 0.01, ***P < 0.001 vs the blank control group.

way, as the downstream effector of RAGE, showed a significant
decrease in the phosphorylation level of these two key signaling
molecules. Therefore, the compounds inhibited inflammation
stress by blocking HMGB1/TLR4/NF-kB and HMGB1/RAGE sig-
naling pathway and downregulating the expression of PI3K/
AKT pathway-related proteins. This effect promotes the cells ap-
optosis.

In summary, we draw a conclusion the compounds take
strong anti-colorectal cells proliferation effects by both anti-in-
flammation and promoting apoptosis.

2.9. Therapeutic effect of compound in CT26.WT mouse model

To determine the acute toxicity of the compound in vivo and
the dose to be administered in animal bioactivity studies, the
LDs, value was first predicted by intraperitoneal injection of
compound 23 (high, medium and low dose groups) into 6-week-
old BALB/c mice (male and female, n = 5 per group). In the 1000
mg-kg™" dose group, three mice died from day 1 onward, while
the remaining mice experienced rapid weight loss. All mice in the
group died within 14 days, indicating that compound 23 at this
dose exhibited high toxicity. As for the 300 mg-kg™" dose group,
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all the mice showed sustained weight gain and no one died with-
in 14 days, suggesting compound 23 had a lower toxicity at this
dosage. While in the 600 mg-kg™ dose group, the mice continu-
ously weighted loss from day 1 to day 4, followed by gradual
weight recovery after day 4; finally, two mice died on days 2 and
one on days 3 post-administration, with in total three mice died
within 14 days. This indicates that compound 23 at the 600
mg-kg"' dose showed some toxicity in some degree, and half of
the mice died, suggesting that the half number lethal dose (LDs)
of compound 23 should be approximately 600 mg-kg™.

To further assess the therapeutic effect of the compound in
vivo, the CT26.WT mouse colon cancer cells were subcutaneously
injected into Balb/c mice to model the tumor. When the tumor
size reached about 100 mm®, the mice were divided into four
groups, model control group, positive control group, low-dose
group and high-dose group. The mice was administered by in-
traperitoneal injection once daily, with 5-FU as the positive con-
trol; PBS was administered in the model group. Meanwhile, the
tumor growth was monitored for about 14 days. As shown in Fig.
18, for both the compounds groups and 5-FU group, the tumor
size and body weight significantly reduced compared to that in
the model group; moreover, for the compounds groups, the tu-
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Fig. 17 Effects of compound 23 and 24 on the expression of proteins related to HMGB1/RAGE pathway; and effects of compound 23 on the expression of proteins related
to PI3K/AKT pathway. (A, D, G) The results of Western blotting, with GAPDH as the internal control. (B, C) The effects of compound 24 on the relative expression levels of
HMGB1 and RAGE proteins, respectively. (E-I) The effects of compound 23 on the relative expression levels of HMGB1, RAGE, PI3K, and AKT proteins. Data are presented as
mean + SD (n = 3 independent tests). P < 0.05, "P < 0.01, P < 0.001 vs the compound group and the blank control group.

mors were smaller and the body weights were lower than those
of 5-FU group, and it was dose-dependent. Among them, com-
pound 23 demonstrated a superior efficacy compared to com-
pound 24. This indicates that compounds have a good colorectal
cancer therapeutic effect, and it is much stronger than 5-FU at the
same doses. This is consistent with results from in vitro studies.

To show the therapeutic effect of compounds 23 and 24 is re-
lated to anti-inflammation, the expression levels of inflammatory
factors HMGB1, TNF-a and IL-6 in mouse serum were measured
by ELISA. As shown in Figs. 19A and 19B, when compound 23
was 30 mg-kg™', the expression levels of HMGB1 and RAGE in ser-
um of colon cancer model mice were reduced to 56.41% and
58.28% of the model control group; for 24, the expression levels
of HMGB1 and RAGE decreased to 65.38% and 70.54% of that, re-
spectively; Meanwhile, the expression levels of TNF-a and IL-6 in
serum decreased in a dose-dependent manner; compared with 5-
FU, it still showed stronger activities (Figs. 19C and 19D). In con-
trast, compound 23 has a better activity than compound 24. This
indicates that both the compounds inhibited the proliferation and
development of colon cancer, at least partly mechanism is
achieved by reducing inflammation in colon cancer tissues. This
is consistent with in vitro results.

3. Conclusions

Colorectal cancer is a highly immune-related disease, and its
TME determines its cells survival and development. Severe in-
flammation in TME prevents immune cells to play a role, and the
barrier effect of TME makes drugs difficult to distribute into the
tumor cells. To obtain the compounds which both having strong
inflammatory activities in TME and inhibiting the proliferation of
colorectal cancer cells, GN derivatives based on HMGB1 as the
target were synthesized and evaluated. CCK-8 results showed
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that all compounds had inhibition on the cell proliferation in
some degree. Of them, compound 22 with two hydroxyl groups in
cassia bark acid aryl ring showed the strongest activity against
HCT116 colon cancer cells (ICs, 13.1 pmol-L™") among them;
however, its water solubility is poor. To enhance the solubility of
compound, compound 23 and 24 were screened among com-
pounds 23-40. They displayed strong activity against CT26 cells,
with ICsy value 1.1 and 1.4 pmol-L™". This indicates both com-
pounds have strong selective inhibition to colon cancer CT26
cells. Possibly the guanidine group at C30 position enhanced the
proliferative inhibition on CT26 cells. In following tests, the com-
pounds also showed a strong anti-proliferative activity against
CT26 cells, and it was far stronger than the positive control 5-FU
and GA. Secondly, they blocked CT26 cells in G,/M phase and
blocked cell cycle and promoted apoptosis, and it was concentra-
tion-dependent; meanwhile, both compounds downregulated the
expression levels of Bcl-2 and MMP-9 in a concentration depend-
ent manner. Western Blot analysis revealed the levels of cyclin B1
and CDK1 also decreased in a concentration-dependent manner.
Besides that, the cyclin A2 level also downregulated, suggesting
the compounds simultaneously blocked the progression from S
phase to G, phase, leading to cellular arrest at the G,/M stage.

In the anti-inflammatory tests, compound 23 was able to re-
duce the levels of inflammatory factors in both RAW264.7 cells
and CT26 colon cancer cells, and the ICs, values were 10.3 and
1.1 pmol-L™" against NO production, respectively. In addition to
NO, compound 23 suppressed the persistence and amplification
of inflammatory responses by reducing intracellular ROS levels
and increasing MMP. Western Blot showed, after treatment of
CT26 cells with 23, the levels of TLR4 and HMGB1 decreased in a
concentration-dependent manner, and the phosphorylation of NF-
kB p65 was inhibited; correspondingly, TNF-q, IL-6, IL-1 and COX-
2 levels also decreased in a concentration-dependent manner. In
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addition, compound 23 also blocked the HMGB1/RAGE signal
pathway and downregulated the expression levels of PI3K/AKT
pathway related proteins, thereby inhibiting the proliferation of
CT26 cells. Therefore, compound 23 not only has good anti-in-
flammation activity, but also can inhibit CT26 cells proliferation,
and it is one of compounds we hope to seek.

Especially, in animal tests, compounds 23 and 24 reduced in
tumor size and body weight in dose-dependent manner, and it
was more significant than the positive control 5-FU. Moreover
they decreased the levels of HMGB1, RAGE, IL-6 and TNF-a, this
indicates their anticancer activity is consistent the anti-inflamma-
tion activity. In contrast, compound 23 is better.

In conclusion, through design and structural modification
and screening, compound 23 with dual inhibitory effects on can-
cer cell proliferation were obtained. It not only strongly inhibited
the proliferation of colon cancer cells (CT26), but also showed a
strong anti-inflammatory activity in the tumor microenviron-
ment. Therefore, compound 23 will be a great potential as a can-
didate drug for anti-colorectal cancer therapy, and deserve to fur-
ther investigate.

4. Experimental

4.1. Materials and instruments

All details see Supplementary materials.
4.2. Synthesis of the compounds

All details see Supplementary materials.
4.3. Cell experiments

A549, Huh7, CT26, Hela, HCT116, HT-29, and HEPG-2 cells
were cultured and passaged in high-glucose DMEM (HyClone)
medium supplemented with heat-inactivated fetal bovine serum

(10%) and antibiotics penicillin/streptomycin (1%). SK-HEP-1
cells were cultured and passaged in 1640 medium supplemented
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"P < 0.001 vs the Model group; **P < 0.001 vs the blank control group.

with 10% fetal bovine serum and 1% antibiotics (penicillin/strep-
tomycin). RAW264.7 cells were cultured and passaged in DMEM
medium supplemented with 10% fetal bovine serum and 1% anti-
biotic (penicillin/streptomycin). All culture conditions were
maintained at 37 °C, 5% CO,, and 95% humidity.

4.3.1. Compound cytotoxicity assessment

Seed the cell suspension into a 96-well plate (5 x 10° cells per
well) for 24 h, then add 10 pL of CCK-8 solution to each well and
continue incubating the cells in the incubator for 1-4 h. Measure
the absorbance values of each well at a wavelength of 450 nm us-
ing an enzyme-linked immunosorbent assay (ELISA) reader, cal-
culate the ICs, of each compound, and use it to indicate the effect
of each drug on cell survival rate.

4.3.2. EDU cell proliferation assay

Cells were seeded into a 96-well plate (6 x 10° cells/well)
and incubated overnight. After treating with various concentra-
tions of the test compound for 24 h, EdU staining solution was ad-
ded, and the cells were incubated at 37 °C for 2 h. After 2 h, the
cells were fixed with 3.7% paraformaldehyde for 15 min and
washed three times with BSA. After centrifugation, add Triton X-
100 and incubate for 20 min. Then add the fluorescent dye and
incubate in the dark for 30 min, followed by washing the cells
with BSA. Subsequently, stain the nuclei with DAPI and observe
under a fluorescence microscope. Finally, count the EdU-positive
cells using Image] software (NIH, Bethesda, MD).

4.3.3. Cell cloning experiment

Disperse the cells in 3 mL of the corresponding medium con-
taining serum, and inoculate the suspension into a six-well plate
(1-2 x 10° cells/well). Treat the cells with a specific concentra-
tion of the compound for 1-2 weeks until colonies form, replen-
ishing the medium every 3 days during this period. After the clon-
ing experiment, gently wash the cell colonies twice with PBS, fix
them with 4% (W/V) paraformaldehyde for 10 min, and finally
stain them with 1% crystal violet for 15 min. Photograph the
colonies using an optical microscope (Moticam Pro282B) and
count the number of colonies.
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4.3.4. Cell cycle experiment

Cells in the logarithmic growth phase (4.5 x 10° cells/well)
were seeded into a 6-well plate for culture. After the cells have
adhered, treat them with different concentrations of the com-
pound for 24 h. Then digest and collect the cells with trypsin,
wash them twice with PBS buffer pre-cooled to 4 °C, and fix the
cells with 70% ethanol solution pre-cooled to 4 °C for 12 h ac-
cording to the kit instructions. Subsequently, stain the cells with
PI dye for 30 min and perform cell cycle analysis using a flow
cytometer.

4.3.5. cell scratch assay

Add the cell suspension to a 6-well plate. After the cells have
adhered, observe under an optical microscope to confirm that the
cells completely cover the bottom surface of each well. Use the tip
of a 10 pL sterile pipette to draw three straight lines in each well.
Subsequently, add different concentrations of the test
pounds and capture images of the same scratch area at 0, 24, and
48 h. The scratch area is calculated using Image/ software.

com-

4.3.6. Hoechst and Giemsa staining experiments

Seed cells at a density of 4000 cells per well in a 6-well plate.
After the cells have adhered, add the test compounds at different
concentrations. After incubation for 24 , remove the supernatant,
fix the cells with 4% (W/V) paraformaldehyde for 30 min, then
add Giemsa or Hoechst 33342 staining solution diluted tenfold
with deionized water, and stain the cells for 30 min. Finally, rinse
off the excess dye with deionized water, observe the cell morpho-
logy under an optical microscope, and take photographs.

4.3.7. Apoptosis assay

Seed the cell suspension (3 x 10° cells/well) into a 6-well
plate. After the cells have adhered, add the test compounds at dif-
ferent concentrations. After 24 h, collect the cells by trypsin di-
gestion, rinse with pre-chilled PBS (4 °C), and resuspend in 100
uL of 1 x Binding Buffer. Add 5 pL of Annexin V-FITC and 10 pL of
PI staining solution to the sample. After staining in the dark for
15 min, add 400 pL of 1 x Binding Buffer. Finally, analyze the
sample using a flow cytometer.

4.3.8. Mitochondrial membrane potential (MMP) change detection
experiment

Seed cells (3 x 10° cells/well) into a 6-well plate. After the
cells have adhered, add different concentrations of the test com-
pound and incubate for 24 h. Collect the cells through digestion
and centrifugation, then incubate the cells with a 100 nmol-L™
TMRE solution for 30 min. After incubation, wash the cells with
PBS. Subsequently, use a flow cytometer to detect the effect of the
compound on the mitochondrial membrane potential of the cells.

4.3.9. Reactive oxygen species (ROS) burst detection experiment

Cultivate cells in a 6-well plate (3 x 10° cells/well). After the
cells adhered, add different concentrations of the test compound
and continue incubation. After 24 h of incubation, collect the cells
by trypsin digestion, wash once with PBS, then add a DCFH-DA
solution diluted with culture medium to the sample and incubate
the cells for 30 min. Wash the cells with PBS and use a flow cyto-
meter to detect the effect of the compound on ROS.

4.3.10. Protein immunoblotting

Cultivate cells in a 6-well plate (3 x 10° cells/well). After
24 h, add the test compound and set up DMSO control wells. After
the compound has acted for 24 h, remove the supernatant, wash
with PBS, add pre-chilled lysis buffer, and lyse on ice at 4 °C. After
15 min, centrifuge at 12 000 r-min”". After 15 min, perform BCA
protein quantification, then add protein loading buffer for denat-
uration. Prepare the gel according to the kit instructions, load
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30 pg of protein per group, and run at 80 V constant voltage for
30 min under ice bath conditions until the samples are on the
same line. Switch to 120 V constant voltage and run for 60 min.
Install the membrane transfer clamp and perform membrane
transfer at a constant current of 200 mA for 60 min to transfer
the proteins to the PVDF membrane. Block the PVDF membrane
for 120 min, wash with TBST, cut out the bands, and incubate
overnight at 4 °C with the corresponding primary antibody. Wash
with TBST and incubate in the corresponding secondary anti-
body on a shaking incubator. After 90 min, wash with TBST. Add
ECL chemiluminescent solution, detect using a chemilumines-
cence detector, and analyze data using Image].

4.3.11. Effect of compounds on NO release levels

Seed RAW264.7 cell suspension into a 96-well plate. After the
cells have adhered, divide them into a blank group, an LPS group,
and an LPS + compound group. After 24 h of cell culture, 50 pL of
supernatant was transferred to a new 96-well plate according to
the Griess reagent kit instructions. 50 uL of Griess reagent A and
50 pL of Griess reagent B were added sequentially, and the mix-
ture was incubated at room temperature for 5 minutes. The ab-
sorbance values at 540 nm were measured using a microplate
reader, and the ICs, values for each compound were calculated.

4.4. Establishment of a subcutaneous tumor model in mice and
evaluation of compound effects

Subcutaneous injection of 2 x 10° CT26 cells was performed
to establish a subcutaneous CT26 tumor mouse model. On day 10,
the tumor volume in Balb/c mice was approximately 70 mm?, and
the mice were randomly divided into 4 groups (n = 5). The mice
were then administered saline, 5-FU (30 mg-kg™), or compound
23 (15, 30 mg-kg ") via intravenous injection once daily for 14 d.
Tumor volume was measured using calipers, calculated using the
formula: Tumor volume = (tumor length x tumor width?®)/2. Body
weight and tumor volume were recorded every 2 days for each
group of mice. After 14 d of treatment, mice in each group were
euthanized,
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