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Although two-dimensional (2D) monolayer cell culture models are still widely used as the optimal
models for anticancer activity research, three-dimensional (3D) multicellular tumor spheroid (3D MTS)
models that can better approximate the tumor environment can offer an alternative to bridge the gap
between in vitro and animal model studies. Isoalantolactone is among the sesquiterpene lactones found
in medicinal plants, including the roots of Elecampane (Inula helenium L.), and is known to have
various pharmacological activities, including anticancer activity. In this study, we investigated whether
the anticancer activity of isoalantolactone observed in 2D models could be reproduced in a 3D MTS
model derived from human hepatocellular carcinoma (HCC) Hep3B cells. According to our results,
isoalantolactone inhibited the formation of MTSs in a manner dependent on the treatment concentration,
which was accompanied by an increase in reactive oxygen species (ROS) generation. In particular,
as isoalantolactone treatment and the culture time increased, the area of proliferating cells was replaced
by cells in which apoptosis was induced. Additionally, in MTSs, isoalantolactone increased the ex-
pression of death-receptor-related proteins and the activity of caspase-3, and it decreased the expression
of the Bax/Bcl-2 expression ratio and total poly(ADP-ribose) polymerase. However, when the pro-
duction of ROS was artificially blocked, all these changes caused by isoalantolactone were attenuated
and the cell survival rate of MTS cells was restored. Therefore, the results of this study suggest
that the induction of apoptosis in Hep3B cell-derived MTSs by isoalantolactone is achieved through
the activation of extrinsic and intrinsic pathways and is ROS-dependent.
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Fig. 1. Inhibition of proliferation and induction of apoptosis by isoalantolactone in Hep3B cells. (A) Chemical structure of

isoalantolactone. (B-F) Cells were cultured in medium containing the indicated concentrations of isoalantolactone (IATL)
for 48 hr. (B) After isoalantolactone treatment, cell viability was measured by the CCK-8 assay. (C-F) Quantitative
analysis of isoalantolactone-induced apoptosis was performed by flow cytometry using PI and annexin V/PI staining.
(C and E) Representative profiles of flow cytometry results are presented. (D and F) The frequencies of apoptotic cells
were expressed as percentages of cells in sub-G1 phase (D) and annexin V-positive cells (F). (B, D and F) Data were
expressed as the mean + SD (*p<0.05 and ***p<0.001 compared to untreated cells).
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Fig. 2. Inhibition of formation, induction of apoptosis, and generation of ROS by isoalantolactone in MTSs derived from Hep3B
cells. Spheroids were formed for 3 days and treated with the indicated concentrations of isoalantolactone for 6 days.
(A) Images of representative spheroids obtained by a phase-contrast microscopy at each indicated time were presented.
(B) Spheroid size was calculated using Image J software. Data were expressed as the mean + SD (”p<0.01 and ***p<0.001
compared to untreated spheroids). (C and D) Spheroids were stained with PI and TUNEL apoptosis detection kit (C)
or DCF-DA (D) and Representative fluorescence images were acquired under a fluorescence microscope.
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Fig. 3. Effect of ROS in inhibiting formation and inducing apoptosis by isoalantolactone in MTSs derived from Hep3B cells.
Spheroids were formed for 3 days and treated with 5 pM isoalantolactone or pretreated with or without 20 mM NAC
for 1 h and then treated with 5 uM isoalantolactone for the indicated days (A and B) or 6 days (C). (A) Images of
representative spheroids obtained by a phase-contrast microscopy at each indicated time were presented. (B) Spheroid
size was calculated using Image J software. Data were expressed as the mean + SD (***p<0 001 compared to untreated

oL B
spheroids;

p<0.001 compared to 5 pM isoalantolactone-treated spheroids). (C) Representative fluorescence images of

spheroids stained with PI and TUNEL apoptosis detection kit were acquired by fluorescence microscopy.
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ArE e AMAE st X FH AFE 842 Fas
o] ¥r4[10, 23]% F7}EIOI(Fig. 4E) o1& 23E & s
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pase-3 2 caspase-7% 22 &E7}7] caspaseEY A3l 9
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ase (PARP)E 233t dild =9 B8 & T35t 49T
[19, 36]. & A7 Ao A = isoalantolactone®] * &€
spheroid®l| A] caspase-3°] &A= RN o™, B & A E
PARPS] 32 #ZEHZA GUAAT, L PARP Tz 9
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signal-regulated kinase % mitogen-activated protein kinase
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g. 4. The role of ROS in changes in the expression of apoptosis regulatory proteins, increased caspase-3 activity, and reduced

cell survival by isoalantolactone in MTSs derived from Hep3B cells. Spheroids were formed for 3 days and treated with
5 puM isoalantolactone or pretreated with or without 20 mM NAC for 1 hr and then treated with 5 pM isoalantolactone
for 6 days. Spheroids were dissociated into single cells with trypsin and then stained with DCF-DA (A and B) or annexin
V/PI (C and D). (A and B) The levels of ROS production were determined using flow cytometry and representative
profiles were shown (A), and the percentages of DCF-positive cells were shown as bars (B). (C and D) The frequencies
of annexin V-positive cells were determined using flow cytometry and representative profiles were shown (A), and the
percentages of apoptotic cells were indicated by bars (B). (E) Total spheroid lysates were prepared and the expression
of the indicated proteins was detected by Western blot analysis using the ECL detection system. (F) Caspase-3 activity
was measured using colorimetric substrates. (G) Cell viability of cells isolated from spheroids was assessed by MTT
assay. (B, D. F and G) Data were expressed as the mean + SD (***p<0.001 compared to untreated spheroids; ##p<0.01

and "p<0.001 compared to 5 uM isoalantolactone-treated spheroids).

= -2-(autophagic cell death) @ A=A 2~Ed| ~(endoplas-
mic reticulum stress) 53 22 TS Al U =4 74
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