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Ursolic acid (UA) is a naturally occurring ursane triterpenoid, which exhibits a wide range of unique
biological activities. To clarify its mechanism of action (MOA), a series of fluorescent derivatives of UA
(5a-c) were designed and synthesized by conjugation with 7-nitrobenzo-2-oxa-1,3-diazole (NBD) fluo-
rophore. Among them, 5c¢ exhibited similar anti-proliferative activity with UA against HCT116 cells (half
maximal inhibitory concentration (ICsg)=9.2140.50 pmol/L). Cell imaging experiment indicated that 5c
was rapidly taken up in HCT116 cells in a dose and time-dependent manner. Then, 5¢ was found to lo-
calize in endoplasmic reticulum (ER), lysosomes, and mitochondria, but not in nucleus of HCT116 cells
by confocal microscopy studies. Preliminary MOA proved that UA induced autophagy with a unique in-
tracellular distribution mechanism involving ER and lysosome. In all, our work provides new clues for
revealing the molecular mechanism of UA as an antitumor agent.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ursolic acid (UA, Fig. 1A) is widespread in fruits, vegetables, and
medicinal herbs. It has attracted considerable attention due to its
remarkable pharmacological activities, such as anti-inflammatory
[1,2], antiviral [3-5], hepatoprotective [6,7]. It has also shown ef-
ficacy in treating solid tumors, including gallbladder carcinoma,
breast cancer, and colorectal cancer [8-10]. UA is an interesting
and important natural triterpenoid for cancer therapy, but it faces
several challenges, including poor water solubility, poor pharma-
cokinetic properties, and unclear mechanism of action [11-13].

UA was reported to inhibit colorectal cancer (CRC) tumor
growth and metastasis alone or in combination with other anti-
tumor agents [14-16]. For example, UA synergized with oxaliplatin
and inhibited CRC cell proliferation and tumor growth in vivo [14].
Given the significant potential of UA in cancer prevention and
treatment, its detailed mechanism of action needs in-depth explo-
ration. Recently, various technological and scientific developments
have been employed to elucidate the actions of bioactive natu-
ral products, including biochip technology, drug affinity responsive
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target stability (DARTS), and activity-based protein profiling (ABPP).
Among them, fluorescence imaging technology showed its advan-
tages due to high sensitivity, fast response speed, in situ detection
in living cells, practicality, and simplicity of operation [17]. There-
fore, fluorescence imaging technology is widely used to investigate
cellular uptake, cellular localization, and specific interactions asso-
ciated phenotypes of bioactive natural products in living cells [18-
26].

To date, the distribution of UA in cells has not been reported.
Therefore, in this study, we designed and synthesized novel fluo-
rescent derivatives based on UA to visualize their cellular uptake
and subcellular localization.

The fluorescent derivatives were designed by UA combined
with a fluorophore via a linker region. Firstly, UA should be de-
rived from a position with minimal influence on its pharmacolog-
ical profile. UA exhibited potent antiproliferative activity against
HCT116 cells with half maximal inhibitory concentration (ICsq)
value of 8.75+0.13 umol/L (Table 1). Replacement of 35-OH with
hydroxamic acid (UA-1) resulted in a slight loss of cytotoxicity
(IC50 =26.49 pmol/L, Table S1 and Fig. S1 in Supporting informa-
tion). Furthermore, structural modifications of 35-OH with acety-
lation (UA-2) and dichloroacetate (UA-3), resulted in complete loss
of against HCT116 cells activity (ICsg > 50 pmol/L, Table S1 and
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Table 1
Antiproliferative activities of 5a-c and NBD-C6-NH,.

n=>5
NBD-C6-NH,

Compd. n HCT116 ICso (pmol/L)?
UA - 8.754+0.13

5a 1 >50

5b 3 >50

5¢ 5 9.214+0.50
NBD-C6-NH, 5 >50

3 CCK-8 assays: HCT116 cells were incubated with compounds for 72 h (means +
standard deviation (SD), n=3).

[¢] H 5

HoT % \H/n\u ‘
! - S5a-¢,n=1,3,5 .
:

Recognition moiety Linker Fluorophore!

Fig. 1. Design fluorescent derivatives of UA. (A) Chemical structure of UA. (B) Fluo-
rescent derivatives design strategy based on UA.

Fig. S1). Therefore, 38-OH was important for the antiproliferative
activity against HCT116 cells. We selected C-28 carboxyl group for
conjugating reactions. Secondly, 7-nitro-2,1,3-benzoxadiazole (NBD)
was then selected as fluorophore due to its excellent fluores-
cence/pharmacological properties, such as water solubility, small
size, cell permeability, and low toxicity [27]. Lastly, the conjugation
strategies were important for development of fluorescent deriva-
tives [28]. Thus, the carboxyl group of UA was extended by an alkyl
linker and subsequently connected with NBD, affording three UA
fluorescent derivatives (5a-c, Fig. 1B).

The antiproliferative activities of 5a-c (Fig. S2 in Supporting
information) was evaluated in vitro in comparison with UA. As
shown in Table 1, no obvious antiproliferative activities was de-
tected for compounds 5a and 5b with two or four-carbon spac-
ers (ICsg > 50 pmol/L). The fluorescent derivatives with six-carbon
spacers (5¢) exhibits cytotoxicity equivalent to that of UA against
HCT116 cells. NBD-C6-NH, with no UA moiety (Fig. S3 in Sup-
porting information) has no antiproliferative activity on HCT116
cells (ICsg > 50 pmol/L). Considering the favorable antiprolifera-
tive activity of 5c¢, it was selected for subcellular localization stud-
ies. As shown in Fig. S4 (Supporting information), 5c¢ exhibits sig-
nificant differences between maximum absorption (Aabs=480nm)
and emission (Aem =540 nm) wavelengths with a large stokes shift
of 60nm in an aqueous solution, which was suitable for the imag-
ing studies.

To further investigate the uptake of 5c¢ by HCT116 cells using
fluorescence microscopy, the dose dependence and time depen-
dence of 5c¢ in HCT116 cells were tested. As shown in Fig. 2A,
bright green fluorescence staining was observed inside the HCT116
cells when 5¢ was incubated at a concentration of 5, 10, and
20 pmol/L for 1h, indicating that 5c¢ could enter HCT116 cells in
a concentration-dependent manner. Similarly, 5¢ began to be ab-
sorbed into HCT116 cells after 15 min of incubation (Fig. 2B), indi-
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Fig. 2. The uptake of indicated 5c¢ in HCT116 cells, images were collected using
fluorescence microscopy. (A) The dose-course uptake of 20 umol/L 5¢ in HCT116
cells, (a) 5 pmol/L 5¢ for 1h, (b) 10 pmol/L 5c¢ for 1h, (¢) 20 pmol/L 5¢ for 1 h.
(B) The time-course uptake of 20 pmol/L 5¢ in HCT116 cells, (a) HCT116 cells were
treated with 20 umol/L 5¢ for 0.25h, (b) 0.5h, (c) 1h, (d) 2h, (e) 4h. Enlarged view
of representative cells, 10x.

cating that the uptake of 5c¢ at this concentration is quick and in
time-dependent manner.

To further investigate the subcellular localization of UA, we
treated 5¢ in HCT116 cells with various organelle-specific dyes. As
shown in Fig. 3, confocal microscopy of HCT116 cells contained
with LysoTracker Red, ER Tracker, and Mito Tracker confirmed the
localization of 5¢ in lysosomes, ER, and mitochondria with a Pear-
son’s correlation coefficient (PCC) value of 0.88, 0.92, and 0.70, re-
spectively. In contrast, 5¢ exhibited almost no colocalization in nu-
cleus (Fig. S5 in Supporting information). Additionally, when we
tested NBD-C6-NH,, no obvious overlap was detected (Fig. S6 in
Supporting information). Therefore, 5¢ provided visual evidence
that UA primarily localized with mitochondria, lysosome, and ER
in living cells.

The mitochondrion plays a critical role in apoptosis, while lyso-
somes and ER play critical roles in autophagy [29-32]. Previous
reports have indicated that UA induced apoptosis and autophagy
in various cancer cells, such as T47D, MCF-7, and PC-3 cells
[33,34]. Our subcellular localization studies have shown that UA
was distributed in the mitochondrion, ER, and lysosomes in HCT116
cells. To further clarify the subcellular distribution of UA and its
regulation of cell function, we investigated the expression lev-
els of apoptosis- and autophagy-related proteins by Western blot.
UA could down-regulate the expression levels of caspase-3 and
poly ADP-ribose polymerase (PARP) in a concentration-dependent
manner. Additionally, the expression levels of cleaved caspase-
3, cleaved PARP, and p53 were up-regulated in a concentration-
dependent manner after incubation with UA for 24 h (Fig. S7A in
Supporting information). Moreover, the expression levels of LC3-I,
LC3-II, and p62 were up-regulated with increasing the concentra-
tions of UA, and the ratio between LC3-II and LC3-I also increased
(Figs. S7B and C in Supporting information). These results indicate
that UA was widespread distributed in the ER, lysosome, and mi-
tochondria and exert its effects through autophagy and apoptosis
mechanisms.

In summary, we designed and synthesized three fluorescent UA
derivatives with a large stokes shift. Luckily, 5¢ retained similar
antitumor activity with UA against HCT116 cells using cell count-
ing kit-8 (CCK-8) assays in vitro, with IC5g value of 9.21+0.50
pmol/L. Fluorescence microscopy studies confirmed that 5c¢ could
quickly transport into HCT116 cells in a concentration- and time-
dependent manner. Confocal microscopy experiments revealed that
5¢ was distributed in the ER, lysosomes, and mitochondrial. In-
spired by subcellular localization study, the involvement of au-
tophagy and apoptosis mechanisms was demonstrated through
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Fig. 3. Subcellular localization of 5c. (A) Subcellular localization of 5¢ and ER Tracker (ER specific dye) in HCT116 cells. HCT116 cells incubated with 20 pmol/L 5c¢ for 1h. ER
tracker at Aex=587nm and Aem =615 nm. (B) Subcellular localization of 5¢ and LysoTracker (lysosomes specific dye) in HCT116 cells. HCT116 cells incubated with 20 pmol/L
5c¢ for 1h. LysoTracker Red at Aex=577nm and Aem =590 nm. (C) Subcellular localization of 5c¢ and Mito Tracker (mitochondria specific dye) in HCT116 cells. HCT116 cells
incubated with 20 pmol/L 5¢ for 1h. Mito Tracker at Aex =579 nm and Aem =599 nm. Scale bar: 20 um. Images were collected by confocal microscopy (Nikon A1R).

Western blot analysis. Overall, our work provides deeper insights
and visual tool for further studying the mechanisms in living cell.
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