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E-and Z- guggulsterones and nine guggulsterone derivatives (GSDs) were synthesized and
evaluated for their preferential cytotoxicity against human PANC-1 cell in nutrient deprived
medium utilizing antiausterity strategy. Among the synthesized compounds, GSD-1 and GSD-
7 showed potent cytotoxicity against PANC-1 cells under nutrient-deprived conditions in a
concentration dependent manner, with a PCsp value of 1.6 uM and 3.2 uM, respectively. The
effect of GSD-1 and GSD-7 was further evaluated in a real time using live cell imaging. Both
of these compounds altered PANC-1 cell morphology, leading to cell death at sub micromolar
concentration range. GSD-1 and GSD-7 also inhibited PANC-1 cell colony formation in a
concentration-dependent manner. GSD-1 and GSD-7 are lead structure for the anti-austerity

drug development.
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cause of cancer death.! The 5-year survival rate of the patients is the lowest among different
cancer types because the patients are diagnosed usually at the advanced metastatic stage.? In
addition, therapeutic protocols for the treatment of pancreatic cancer often fail to be effective
due to drug resistance and impaired drug delivery pathways.?*?%® Therefore, novel
chemotherapeutic agents to target pancreatic cancer are urgently required. An “anti-austerity
strategy” has been developed*® as a promising approach for drug discovery against pancreatic
cancer. Human Pancreatic tumors are hypovascular in nature with limited supply of nutrients,
the cancer cells are in starvation state within the tumor microenvironment. Therefore, tolerance
to nutrition starvation is one of the critical factors for the pancreatic cancer cells to survive in
tumor microenvironment. *° It has been found that Human PANC-1 pancreatic cancer survives
for over 3 days even in the complete absence of essential nutrients such as glucose, amino
acids, and serum. Discovery of agents inhibiting such tolerance to starvation leading to cancer
cell survival is the promising anti-austerity strategy in anti-cancer drug discovery.®’ In this
approach, the compounds or extracts are exposed to pancreatic cancer cell line under the
nutrient deprived medium (NDM) and the normal medium (DMEM). Compounds that show
preferential cytotoxicity under NDM is selected as anti-austerity agents. The activity is
represented as a PCsg value, which is the concentration at which 50% of the tumor cells were
preferentially killed in NDM without exhibiting cytotoxicity in DMEM. This strategy has been
successfully employed in the screening of thousands of medicinal plant extracts and the
compounds for the discovery of unique anti-cancer agents from the natural source.®’ A natural
lignan “arctigenin” has been discovered as one of the promising antiausterity agent, which has
successfully passed early Phase Il human clinical trial, with significant survival benefits among
the pancreatic patients without toxic side effect.® It encouraged us to explore on natural product

candidates to discover potent antiausterity agents through medicinal chemistry approach.



Commiphora mukul, a plant widely used in the Indian traditional medicine to treat various
diseases.® It has been reported for anti-proliferative activity against various cancer cells,1%!
therefore is an attractive candidate for cancer chemotherapy drug development. Meanwhile,
there have been remarkable efforts in synthesizing potential anti-austerity agents.’?* In this
project, we initiated a medicinal chemistry project and synthesized new GS derivatives (GSD)

in an attempt to discover potential anti-austerity agents.
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Figure 1. Molecular design of guggulsterone derivatives.
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Scheme 1. Synthesis of guggulsterone derivatives

a. R-CH2PPh3Br (4 eq), t-BuOK (4 eq), THF, reflux, 1-24 h; b. SeO (1 eq), TBHP (2.4 eq),
CH2Cl, 0 °C, 3—3.5 h; c. cyclohexanone (10 eq), Al(OiPr)s (2.5 eq), benzene, 80 °C, 2-3 h
16—63% (3 steps); d. p-TsOH (0.1 eq), benzene, 80 °C, 1 h, 13-26%; e. Pd/C, H., EtOH, 2.5-6
h, 93—94%



First, we designed the following guggulsterone derivatives; alkyl-substituted derivatives on D-
ring (E-type), these (Z)-isomers (Z-type), and enone-deficient derivatives (Fig. 1). Generally,
intrinsic electrophiles are reactive toward various intracellular molecules to play essential roles
in cellular signals. In this context, two enone moieties on GS are expected to play crucial roles
for the biological activity. Thus, these enone-deficient derivatives, as well as the side chain-
modulated derivatives, were designed for the structure-activity-relationship (SAR) study.

For the concise and flexible synthesis of our designed GS derivatives in a short time, Kang’s
synthetic method was utilized.®®*1® It is composed of Wittig reaction, allylic oxidation,!’ and
Oppenauer reaction by using dehydroepiandrosterone (1) as a starting material. The use of
various Wittig reagents enabled us to introduce different alkyl groups on D-ring (Scheme 1).
The higher stereoselectivities were observed to give E-alkenes 2a-e with trace amounts of Z-
isomers. The resulting alkenes 2a-e were oxidized to dienones via allylic oxidation and the
subsequent Oppenauer reaction to provide all E-type derivatives, including natural E-GS.
Furthermore, E-GS, GSD-2, and GSD-4 were partially converted to Z-isomers under Kang’s
isomerization condition.!® For the synthesis of enone-deficient derivatives, GSD-7 was
obtained as an inseparable mixture of E/Z isomer via Wittig reaction followed by Oppenauer
reaction. Synthesis of GSD-8 was achieved from the known compound 4 through the three-step
sequence. Hydrogenation of GSD-8 proceeded in a stereoselective manner to give GSD-9 as a
single diastereomer. Considering previous reports,® the reaction would proceed from sterically

less hindered a-face, providing the 17-ethyl derivative with a $-configuration.



Table 1

E-type derivatives

Z-type derivatives

compound E/Z R PCso (uM) ICs0 (LM)

(NDM) (DMEM)
E-guggulsterone E Me 42 > 100
GSD-1 H 1.6 11
GSD-2 E Et 50 > 100
GSD-4 E n-Pr 14 > 100
GSD-6 E (CH2)sO0Me 52 > 100
Z-guggulsterone VA Me 37 42
GSD-3 z Et 17 > 100
GSD-5 VA n-Pr 18 > 100

arctigenin® 0.80

apositive control

Table 2

compound PCso (uM) ICs0 (M)
(NDM) (DMEM)
E-guggulsterone 42 > 100
GSD-7 3.2 > 100
GSD-8 > 100 > 100
GSD-9 18 > 100
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Figure 2. Preferential cytotoxic activity of A) GSD-1 and B) GSD-7 against the PANC-1 human
pancreatic cancer cell line in nutrient-deprived medium (NDM) and Dulbecco’s modified Eagle’s
medium (DMEM).

Following the antiausterity strategy, the synthesized E-GS, Z-GS, and nine GSDs were
investigated for its anti-austerity activity against the PANC-1 tumor cell line (Table 1, 2, Figure
2). Among these, GSD-1 and GSD-7 showed the most potent preferential cytotoxicity against
PANC-1 cells in NDM, exhibiting a PCs, value of 1.6 pM and 3.2 uM, respectively. In
particular, the PCs,value of GSD-1 is comparable to that of arctigenin (PCs, 0.8 uM), a positive
control used in this study.’ The selectivity index of GSD-1 and GSD-7 in NDM was found to
be 6.5 times and 34 times compared to DMEM. Based on the observed activity, a clear structure
and activity can be deduced. In particular, table 1 shows that unsubstituted exocyclic double
bond within enone moiety in D-ring of GSDs seems to be essential for the potent activity.
(GSD-1 > E and Z-guggulsterone and GSD-2-6). All the GSD derivatives with substituents at
exocyclic double bond displayed weak activity. Table 2 shows cytotoxicities of enone-deficient
derivatives. GSD-8 and GSD-9 exhibited inactive or weak cytotoxicity. On the other hand,
GSD-7 showed potent preferential cytotoxicity with PCs, value of 3.2 uM, implying that one
enone moiety on A-ring is important for cytotoxicity of GSD-7.

The promising antiausterity activity of GSD-1 and GSD-7 encouraged us to investigate

the effect of these compounds on PANC-1 cells in a real-time frame. Therefore, PANC-1 cells



were treated with GSD-1 (3 pM) and GSD-7 (5 uM) in NDM, and incubated in a stage-top
incubator at 37 °C in an atmosphere of 5% CO». The image of cellular events was captured in
every 10 min in the phase-contrast mode on an EVOS FL digital cell imaging system for 24 h.
As seen in Movie 1, GSD-1 and GSD-7 inhibited the cell mobility within short time after
exposure leading to shrinkage of PANC-1 cells followed by swelling of cells and leakage of

cytoplasmic contents into the media causing cell death within 12 h (Figure 3, movie 1).

A) GSD-1

B) GSD-7

Figure 3. Captures of the live imaging of the effect of (A) GSD-1 (3 uM), and (B) GSD-7 (5
pM) on PANC-1 cells at different intervals of time (hour: minute) in nutrient deprived medium.

[Please insert movie 1 here in the web version]

[Please insert this movie clip in the HTML version of the paper]




Movie 1. Time-lapse video showing the detailed events upon exposure to GSD-1 (3 uM) and
GSD-7 (5 uM) against PANC-1 cells in nutrient-deprived medium (NDM) with one frame
per 10 min for 24 h on the EVOS FL digital imaging system (10x objective)

Phase contrast

Treated
(GSD-1)

Treated

Figure 4. Morphological changes of PANC-1 cells induced by GSD-1 ((3 pM) and GSD-7 (5
uM), in comparison to untreated cells (i.e., the control) in nutrient-deprived medium (NDM).
PANC-1 tumor cells were treated with GSD-1 and GSD-7 in NDM and incubated for 24 h. Cells
were stained with ethidium bromide (EB) and acridine orange (AO) and photographed under
fluorescence (red and green) and phase contrast modes using an EVOS FL digital microscope.

The effect of GSD-1 and GSD-7 on the alteration of PANC-1 morphology and cell death
was further visualized by the ethidium bromide (EB) — acridine orange (AO) double-staining
fluorescence assay. In this assay, the live cell emits bright-green fluorescence due to AO,

while dead or dying cells and emits predominantly red fluorescence due to EB. PANC-1 cells
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in the control show an intact cellular morphology and emitted exclusive green fluorescence
of live cells even after exposed to nutrient deprivation for 24 hours. Contrary to this, PANC-
1 cells treated with GSD-1 and GSD-7 showed rounded cell morphology of PANC-1 cells’

and emitted exclusive red fluorescence, suggestive of total cell death.
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Figure 5. Effect of GSD-1 and GSD-7 on colony formation by PANC-1 cells. (A)
Representative PANC-1 cell colonies treated with different concentrations of GSD-1 and
GSD-7. (B) Graph showing mean values of the area occupied by PANC-1 cell colonies
(three replicates). ****p < 0.0001, *p < 0.05 when compared with the untreated control
group.

All these promising biological responses of GSD-1 and GSD-7 encouraged us to further
evaluate these compounds against colony formation potential of PANC-1 cells. Pancreatic
cancer is highly metastatic, and the invading cancer cells form metastatic colonies in the distant
organs such as stomach, liver and lungs. Therefore, antiausterity agents with inhibitory activity
against colony formation are therapeutically beneficial against pancreatic cancer. Hence, GSD-
1 and GSD-7 was investigated against PANC-1 cell colony formation following the protocol
described previously. PANC-1 cells (500 cells) were exposed to GSD-1 (1.25, 2.5 and 5.0 uM)

and GSD-7 (12.5, 25 and 50 uM) at non-cytotoxic concentration in DMEM and incubated for
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24 h. After that, the cells were washed twice with PBS followed by addition of fresh DMEM
(without any test compound) and placed in a CO> incubator to allow colony formation for 10
days. At the end of experiment, cells were stained with crystal violet, and the area occupied by
colony is evaluated. As shown in the Figure 5, the control PANC-1 cells grew and occupied
14%-18% of the total well area. Contrary to that, PANC-1 cells exposed with GSD-1 showed
complete inhibition of colony formation even at the lowest tested dose of 1.25 uM. GSD-7 on
the other hand inhibited colony formation only at the maximum tested concentration of 50 uM.
From these results, GSD-1 was concluded as the most rewarding candidate for the drug
development against pancreatic cancer. During nutrition starvation, Akt is overexpressed in
pancreatic tumor cells and therefore regarded as austerity marker. Antiausterity agents, such
as arctigenin, grandifloracin, kigamycin, ancistrolikokine E3 have been found to inhibit Akt
activation.*®>" Therefore, it is possible that GSD derivatives might inhibit the activation of the
Akt pathway leading to preferential cytotoxicity during the starvation condition. Further works

on this area is currently in progress and will report in due course.
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