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ARTICLE INFO ABSTRACT

Keywords: Background: B,p-Dimethylacrylalkannin (DMAKN), a natural naphthoquinone found in Zicao, a traditional Chi-
p,p-Dimethylacrylalkannin nese medicine (TCM), serves as the designated quantitative marker in the Chinese Pharmacopoeia. Despite its
Zicao

established role in assessing Zicao quality, DMAKN’s biological potential remains underexplored in research.
Methods: We investigated DMAKN’s involvement in Zicao’s anti-hepatocellular carcinoma (HCC) properties using
a combination of HPLC content analysis and comprehensive bioinformatics. Subsequently, both in vitro and in
vivo experiments were conducted to evaluate DMAKN'’s efficacy against HCC. Mechanistic investigations focused
on elucidating DMAKN’s impact on cell cycle regulation and induction of cell death.

Results: Integrated HPLC analysis and bioinformatics identified DMAKN as the primary active compound
responsible for Zicao’s anti-HCC activity. In vitro and in vivo studies confirmed DMAKN’s potent efficacy against
HCC. Notably, DMAKN demonstrated dual effects on HCC cells: inhibiting proliferation at lower doses and
inducing rapid cell death at higher doses. Mechanistic insights revealed that low-dose DMAKN induced G2/M
phase cell cycle arrest through modulation of CDK1 and Cdc25C phosphorylation, while high-dose DMAKN
triggered necrosis. Importantly, high-dose DMAKN caused a sharp increase in intracellular ROS levels in a short
time, while low-dose DMAKN gradually increased ROS levels over a long period. Additionally, low-dose DMAKN-
induced ROS activated the JNK pathway, crucial for cell cycle arrest, whereas high-dose DMAKN-induced ne-
crosis was ROS-dependent but JNK-independent.

Conclusion: This study underscores DMAKN’s pivotal role as the principal anti-HCC compound in Zicao, delin-
eating its differential effects and underlying mechanisms. These results demonstrate the potential of DMAKN as a
therapeutic agent for the treatment of HCC, providing important information for further study and advancement
in cancer therapy.

Traditional Chinese medicine
Hepatocellular carcinoma
Cell cycle

Necrosis
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Fig. 1. DMAKN was identified as the crucial active ingredient responsible for the anti-HCC effects in Zicao. (A) Chemical structure of DMAKN. (B) HPLC
method used for analyzing the content of shikonin and DMAKN in Zicao herbs. (C) Visualization of a total of 25 active ingredients in Zicao, along with their structural
types. (D) Overlapped HCC-related targets between TCGA and DisGeNET database. (E) Overlapped targets between HCC-related targets and Zicao-related targets. (F)
Visualization of a PPI network for potential targets of Zicao.
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Introduction

Liver cancer is the sixth most diagnosed cancer and the third leading
cause of cancer-related deaths, represents a significant global health
challenge (Sleeman et al., 2019). Hepatocellular carcinoma (HCC) is the
predominant type of primary liver cancer, accounting for 75 %-85 % of
all cases (Sung et al., 2021). Despite the availability of surgical options,
many patients diagnosed at late stages of HCC resort to systemic ther-
apies, which are primarily medications that circulate throughout the
body to target cancer cells. These therapies are crucial as initial in-
terventions and substantially impact patient outcomes (Fan et al., 2022).
Systemic therapies for HCC encompass multi-targeted tyrosine kinase
inhibitors (TKIs) such as sorafenib and lenvatinib (Mou et al., 2021).
These TKIs target multiple pathways crucial for HCC growth and
angiogenesis. Another notable advancement is the combination of ate-
zolizumab, a PD-L1 monoclonal antibody, and bevacizumab, an
anti-VEGF antibody (de Castro et al., 2022). This dual therapy harnesses
complementary mechanisms of immune checkpoint inhibition and
anti-angiogenic action, thereby enhancing the body’s immune response
against HCC cells while depriving them of essential nutrients. Further-
more, the combination of durvalumab, a PD-L1 inhibitor, with trem-
elimumab, a CTLA-4 inhibitor, offers a dual immune checkpoint
blockade (Abou-Alfa et al., 2022). This strategy aims to maximize the
immune system’s ability to recognize and destroy HCC cells by blocking
two distinct immune checkpoint pathways. While these first-line sys-
temic therapies show survival benefits, they are not without significant
challenges. Patients often develop resistance, face considerable side ef-
fects, and experience financial burdens. Therefore, there is a pressing
need for innovative HCC therapies that can overcome these challenges
and improve patient outcomes.

Natural products have played a foundational role in drug discovery,
particularly in cancer research advancement (Chunarkar-Patil et al.,
2024). Compounds like paclitaxel, vincristine, and camptothecin,
derived from natural sources, have been widely applied in cancer ther-
apy. Traditional Chinese medicine (TCM) is a rich source of natural
products with therapeutic potential (Li et al., 2022). In recent decades,
the isolation and identification of bioactive natural products from TCM
have emerged as central focuses in modern TCM research (Yuan et al.,
2016).

Zicao, the root of Lithospermum erythrorhizon Sieb. et Zucc, Arnebia
euchroma (Royle) Johnst, or Arnebia guttata Bunge, is a TCM herb cele-
brated for its anti-inflammatory and anticancer properties, particularly
against HCC(Yan et al., 2017). Shikonin, a prominent and extensively
studied component of Zicao, is renowned for its anticancer properties
(Guo et al., 2019). Interestingly, the Chinese Pharmacopoeia uses
DMAKN (Fig. 1A), rather than shikonin, as the quantitative marker for
Zicao quality control (Sha et al., 2024). Despite its importance, DMAKN
is less explored for its biological effects. This study aims to uncover the
role of DMAKN as a key ingredient responsible for the activity of Zicao,
and to explore its specific anticancer effects on HCC, with the goal of
elucidating the potential mechanism of this compound.

Materials and methods
Reagents

Chemicals, including DMAKN, shikonin, PI, NAC, Fer-1, Nec-1,
SP600125, and z-VAD-fmk were sourced from MedChemExpress
(Shanghai, China). The primary antibodies used were as follows: p-CDK1
(Thr14) (Beyotime, AF5758), p-CDK1 (Thr161) (Beyotime, AF5764), p-
CDK1 (Tyrl5) (Beyotime, AF5761), Cyclin Bl (Beyotime, AF6627),
Cdc25C (Beyotime, AF6462), p-Cdc25¢ (Immunoway, YP0058), CDK1
(Beyotime, AF0111), caspase-3 (CST, 9662), PARP (CST, 9542), GPX4
(Beyotime, AF7020), SLC7A11 (Beyotime, AF7992), MLKL (Beyotime,
AF5231), RIP1 (Beyotime, AF7896), and GAPDH (Santa Cruz, 365,062).
HRP-goat anti-mouse and HRP-goat anti-rabbit secondary antibodies
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(Invitrogen, 32,460) were used in our study.

Bioinformation analysis

The ingredients in Zicao were collected from TCMSP (http://t
cmspw.com/tcmsp.php). SwissTargetPrediction (http://www.swisst
argetprediction.ch/) was utilized to predict molecular targets. Data of
HCC-related genes were sourced from DisGeNET (https://www.disg
enet.org/), and gene expression profiles were extracted from TCGA
(https://portal.gdc.cancer.gov/). HCC-related gene expression data
from TCGA were analyzed using the R package "DESeq2’ to identify
DEGs with |log2FC| > 1 and p < 0.05. HCC-related DEGs were found to
overlap with Zicao targets. To further analyze PPI, we employed the
STRING online platform (https://string-db.org/), utilizing a confidence
score threshold > 0.4.

Cell culture

HepG2 and Huh7 cell lines were provided from ATCC. They were
cultured in DMEM, supplemented with 10 % FBS, under conditions of 37
°Cand 5 % COy. For 3D cell culture, 96-well plates were coated with 2 %
agarose in serum-free DMEM. After seeding 1 x 10 cells per well,
spheroids were treated with DMAKN and observed daily under a
microscope.

MTT assay for comparing the anti-HCC efficacy between shikonin and
DMAKN

Cells were seeded at 5 x 10° cells/well in 96-well plates. They were
separately treated with shikonin and DMAKN at various doses and time
points to evaluate their inhibitory effects on HCC cell viability. Cell
viability was then assessed to compare the anti-HCC efficacy of shikonin
and DMAKN in vitro.

Xenograft tumor model for evaluating the in vivo anti-HCC efficacy of
DMAKN

Male BALB/c nude mice were provided from ZhuHai Bestest
Biotechnology Co., Ltd. Huh7 cells, at a density of 5 x 10° in 0.1 ml
DMEM, were subcutaneously injected into the right flank of each mouse.
Upon reaching a tumor volume of approximately 100 mm?, the mice
were randomly assigned to three groups (n = 4): (i) the Vehicle group,
administered oral saline; (ii) the DMAKN-low group, administered
DMAKN (5 mg kg'!) via oral gavage; and (iii) the DMAKN-high group,
administered DMAKN (20 mg kg'l) via oral gavage. Tumor dimensions
were measured daily to calculate tumor volumes. After a 14-day treat-
ment period, the mice were humanely euthanized using CO5 inhalation.
Subsequently, the tumors were excised, weighed, and preserved for
further analysis.

Cell death quantification

Cells were plated in 6-well plates at a density of 5 x 10° cells/well,
24 h prior to DMAKN treatment. Following treatment, PI was incorpo-
rated into the culture media to facilitate flow cytometry analysis and
quantify PI-positive cells.

Cell cycle assay

Cells were seeded in 6-well plates at 5 x 10° cells/well 24 h before
DMAKN treatment. After 24 h of DMAKN treatment, cells were fixed,
stained with PI and RNase, and analyzed for cell cycle phases using flow
cytometry.
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Apoptosis assay

Cells were plated in 6-well plates at 5 x 10° cells/well 24 h before
DMAKN treatment. After 4 h of DMAKN treatment, flow cytometry with
Annexin V/PI double staining was conducted following the kit in-
structions (Beyotime Biotechnology, C1062L).

Western blotting analysis

Proteins were extracted from HCC cells using RIPA lysis buffer, fol-
lowed by centrifugation. Equal quantities of protein were separated via
SDS-PAGE and then transferred onto PVDF membranes. After blocking,
the membranes were incubated with primary antibodies at 4 °C over-
night. The following day, the membranes were further incubated with
secondary antibodies for 1 h. The immune-reactive proteins were then
detected using enhanced ECL.

ROS measurement

Cells were seeded in 6-well plates at 5 x 10° cells/well 24 h prior to
DMAKN treatment. After that, cells were incubated for 1 h with 20 pM
DCFH-DA. Then ROS generation was analyzed using flow cytometry.

Transfection of siRNA

GenePharma (Shanghai, China) provided the siRNA sequences tar-
geting JNK. The specific sequences used were 5-AAAGAAU-
GUCCUACCUUCUUU-3' and 5-AGAAGGUAGGACAUUCUUU-3. Opti-
MEM medium and Lipofectamine 3000 reagent were used for trans-
fection, following the manufacturer’s instructions. The efficiency of JINK
knockdown was assessed via western blotting 72 h post-transfection.

Statistical analysis

Data are expressed as mean + standard error from three independent
experiments. Statistical significance was assessed using one-way anal-
ysis of variance (ANOVA) with GraphPad Prism 8.0 software. Results
were considered statistically significant when p < 0.05.

Results

DMAKN as the crucial active ingredient is responsible for the anti-HCC
effects in Zicao

Our investigation began by analyzing shikonin and DMAKN contents
in Zicao herbs using HPLC. Our results, depicted in Fig. 1B, show
significantly higher DMAKN levels, surpassing shikonin, which is
consistent with previous studies(SHI et al., 2018). This underscores
DMAKN’s role as the quantitative marker for Zicao quality in the Chi-
nese Pharmacopoeia(Sha et al., 2024).

Concurrently, bioinformatics analysis was conducted to assess the
potential anti-HCC activity of Zicao ingredients. Using the TCMSP
database, we identified 51 Zicao-associated ingredients and filtered
them based on DL > 0.15, resulting in 39 compounds. After excluding
ingredients lacking structure and target information, a total of 25 active
compounds were screened from PubChem as Zicao’s active ingredients.
These compounds, primarily quinones, constitute the principal active
constituents (64 %) of this herb, accompanied by terpenes, furans, fatty
acids, and fatty acid esters (Fig. 1C). Subsequently, we predicted the
molecular targets of these 25 compounds using SwissTargetPrediction,
resulting in 533 potential targets of Zicao (Tab. S1). Additionally, we
gathered 9416 DEGs related to HCC from TCGA and 5725 therapeutic
targets for HCC from DisGeNET. Among these, 1598 targets overlapped
with HCC targets, as shown in Fig. 1D and Tab. S2. Further analysis
revealed 119 targets that may serve as differentially expressed anti-HCC
targets for Zicao, as depicted in Fig. 1E and Tab. S3.
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Table 1
The proportion of hub targets regulated by compounds.
No. Compound Ratio Target
1 B,p-Dimethylacrylalkannin 5/15  CHEK1,PTGS2,SRC,AURKB,PLK1
2 Ursolic acid 4/15 1L6,IL1B,PTGS2,BIRC5
3 Oleanolic acid 4/15 IL6,PTGS2,TOP2A,CDC25A
4 B-Hydroxyisovalerylshikonin 4/15 CDK1,PTGS2,CHEK1
5 B-Acetoxyisovalerylshikonin 4/15 CHEK1,PTGS2,AURKB,MELK
6 Propionylshikonin 4/15 CHEK1,SRC,AURKB,PLK1
7 Isovalerylshikonin 4/15 CHEK1,PTGS2,AURKB,MELK
8 Isobutyrylshikonin 3/15 SRC,PLK1,CHEK1
9 Arnebifuranone 3/15 CDC25C,CDC25A,SRC
10 Alkannan 3/15 CDC25C,CDC25A,CDK1
11 Acetylshikonin 2/15 SRC,CDK1
12 Shikonofuran B 2/15 CDK1,AURKA
13 Lithospermidin B 2/15 CDK1,PTGS2
14 Lithospermidin A 2/15 CDK1,PTGS2
15 a-Methyl-n-butylshikonin 1/15 CDK1
16 Shikonin 1/15 PTGS2
17 Deoxyshikonin 1/15 CDC25A
18 Arnebinone 1/15 CDK1
19 1-Methoxyacetylshikonin 1/15 PTGS2
20 Shikonofuran C 1/15 PTGS2
21 Mandenol 1/15 PTGS2
22 Ethyl oleate 1/15 PTGS2
23 Tormentic acid 0/15 -
24 Sitosterol 0/15 -
25 Lignoceric acid 0/15 -

To identify potential protein targets of Zicao, a PPI network,
comprising 91 nodes and 254 edges, was constructed using data from
STRING (Fig. 1F). Using CytoHubba in Cytoscape, we ranked the top 15
proteins by Degree. These hub targets, crucial for Zicao therapy of HCC,
have direct connections with multiple proteins. Notably, DMAKN
emerged with the highest hub targets, constituting 33.3 % (5/15). In
contrast, shikonin had only one hub target (Table 1). These findings
suggest that DMAKN exhibits stronger efficacy in HCC compared to
other compounds, including shikonin. Given the higher content of
DMAKN within the Zicao herb, these findings collectively support the
crucial role of DMAKN as the active ingredient responsible for the anti-
HCC effects in Zicao.

DMAKN exhibits significant anti-HCC activity both in vitro and in vivo

To validate DMAKN’s anticancer potential against HCC, we used
shikonin as a positive control due to its well-documented anticancer
activity across various cancers, including HCC (Gong and Li, 2011; Wei
et al., 2013). HepG2 and Huh7, two HCC cell lines, were employed to
assess the impact of DMAKN and shikonin on cell viability using MTT
assay. Fig. 2A illustrates a notable reduction in cell viability in both
HepG2 and Huh?7 cells following DMAKN treatment. Importantly, there
was no significant difference between the effects of DMAKN and shi-
konin, confirming that DMAKN also exhibits significant anti-HCC ac-
tivity. Subsequent colony formation assays (Fig. S1) further affirmed
DMAKN’s substantial suppression of colony formation in both cell lines,
underscoring its strong anti-HCC activity in vitro.

To evaluate the in vivo anti-HCC efficacy of DMAKN, we employed a
xenograft mouse model and administered DMAKN at two different
doses. As depicted in Fig. 2B, the vehicle group exhibited a marked in-
crease in tumor volume over time. In contrast, tumor growth in both the
DMAKN-low and DMAKN-high groups was significantly inhibited, with
the high-dose group showing a more pronounced reduction in tumor
volume increase. After 14 days, the mice were euthanized, and the
xenograft tumors were excised for evaluation. Fig. 2C shows that tumors
in both DMAKN-treated groups were smaller than those in the vehicle
group, with the high-dose group demonstrating the most significant
reduction in tumor size. Fig. 2D presents the tumor masses for each
group, indicating that both the low-dose and high-dose groups had
significantly lower tumor masses compared to the vehicle group, with



L.-S. Shen et al.

Phytomedicine 134 (2024) 155959

A HepG2 HepG2 Huh7 Huh7
O Shikonin 24 h O Shikonin 48 h [ Shikonin 24 h I Shikonin 48 h
_ oo Eg g O DMAKN 2ah __ 100 momakn ash 1001 . O DMAKN 24h 100 B DMAKN 48 h
X X X k3 X
S 50 S 50 S 50 S 50
3 K] 3 3
o ﬂ o o |1| (3]
(MRRINAHI ﬂ afakatakets | LI ﬂf-’.ﬁ Fatatatul ol
0 16 3.2 6.3 125 25 50 100 0 1.6 3.2 6.3 125 25 50 100 0 1.6 3.2 6.3 125 25 50 100 0 1.6 3.2 63125 25 50 100
Concentraton (uM) Concentraton (pM) Concentraton (M) Concentraton (uM)
700- Vehicle C ) D
—_ £ DMAKN-Low Vehicle @5 @« (5] ]
«’E 6004 i Vehicle
£ < DMAKN-High _/»
~ % *
> DMAKN-Low ® ) Q
E DMAKN-Low- ﬁ %
o .
> DMAKN-High L) - 'y ®
el 3
2 DMAKN-High-Eg
=] L T T 1 )
= B-1 2 3 4 @& 6 7 8 9i@n 121314 T T T T T
L e EEEEEEEEEEEEE 0.0 01 0.2 03 04 05 06 0.7
7777777 S S S I | "
© 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 A T O O O I s || =1 Tumor Weight (g)
Time (days)
DMAKN (pM
E Vehicle DMAKN-Low DMAKN-High G (M)
. 0 1 2 5 10 20 30
y e @ 6 » & o @
I —
@ © ® @ ® @ @
Qo R
o
[ . b
T %
5 v ® 0@ ¢
]
! -
F DMAKN (uM)
1 uM = 2 uM + 5 uM 1 uM = 2 uM 4 5uM 0 1 2 5 10 20 30
10uUM  + 20pM  © 30 uM 10uM <+ 20uM  © 30 pM .
100+ 100+ 4
HepG2 Huh7 14 @ ® @ ® ‘ . .
< 9 L
x et ,
e e «0 @ @ & & ¥ @
< < ~
" 50 ® 50 - <
) () E
© T -
= - QP @O O @ O & @
o o
o_
0 8 16 24 0 8 16 24 8d
Time (h) Time (h)

Fig. 2. DMAKN exhibited anti-HCC effects. (A) The MTT assay was used to evaluate the viabilities of HepG2 and Huh?7 cells treated with DMAKN and shikonin. (B)
Over the course of the experiment, measurements of the HCC tumor volumes were consistently recorded. (C) HCC tumors images were taken. (D) HCC tumor weights
were noted. * p < 0.05, ** p < 0.01. (E) HCC tumors were subjected to H&E staining, followed by immunohistochemical staining for Ki67. Scale bar=50 pym. (F) Using
flow cytometry, the percentage of cell death in HepG2 and Huh?7 cells treated to different doses of DMAKN was determined, identifying PI-positive cells. (G) Using a
3D in vitro model, HepG2 and Huh7 cells were treated with different doses of DMAKN. Spheroid volumes were monitored, and images were captured. On the final
day, PI staining was used to identify dead cells. Scale bar=100 pm.

the high-dose group having the smallest mass. Additionally, H&E
staining revealed distinct morphological differences, with both DMAKN-
treated groups exhibiting noticeable vacuole presence (Fig. 2E).
Furthermore, reduced Ki67 expression in tumor tissues from both
DMAKN-treated groups confirmed the compound’s potent anti-HCC

activity in vivo.

The effects of DMAKN on HCC cells vary distinctly based on its dosage

The MTT assay (Fig. 2A) revealed DMAKN’s ability to inhibit HCC
cell viability, underscoring its role in suppressing cell proliferation. To
explore further, we assessed DMAKN’s potential to induce cell death in
HCC cells, a critical consideration in developing anticancer agents (Lin
et al., 2024). PI staining combined with flow cytometry was utilized for
this purpose, with findings detailed in Fig. 2F, S2 and S3. At doses of 10
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Fig. 3. Low-dose DMAKN induced G2/M cell cycle arrest and modulated CDK1 phosphorylation status. (A) Flow cytometry analyses (upper panel) illustrated
the cell cycle distribution of two HCC cell lines after 24 h of low-dose DMAKN (1, 2, and 5 pM) treatment. The lower panel quantified the percentage of cells in each
phase. * p < 0.05, ** p < 0.01. (B) Western blotting assays depicted the expression levels of CDK1 and Cyclin B1 in HCC cells treated with low-dose DMAKN (1, 2, and
5 pM) for 24 h. (C) Co-IP assay revealed an interaction between CDK1 and Cyclin B1 in HCC cells treated with DMAKN (5 pM) for 24 h. (D) Western blotting assays
showed the modulation of CDK1 phosphorylation at Tyr-15, Thr-14, and Thr-161 in HCC cells treated with low-dose DMAKN (1, 2, and 5 pM) for 24 h. (E) Western
blotting assays illustrated the regulation of Cdc25C phosphorylation at Ser-216 in HCC cells treated with low-dose DMAKN (1, 2, and 5 pM) for 24 h.

pM or higher, DMAKN rapidly induced HCC cell death within a short
duration. Moreover, as exposure time increased, the incidence of HCC
cell death due to high doses of DMAKN (> 10 pM) significantly rose,
indicating a pronounced trend. Conversely, doses equal to or below 5 pM
resulted in minimal cell death, with no substantial increase observed
over time. These results suggest that DMAKN exerts its anti-HCC effect
primarily through inhibition of proliferation at low doses, while at
higher doses, it directly induces HCC cell death to achieve its anti-HCC
effect.

To validate the divergent effects of DMAKN doses on HCC cells, we
employed a 3D in vitro cell culture model, which provides a microen-
vironment similar to human tumors for improved drug screening (Nath
and Devi, 2016). Fig. 2G depicts the outcomes of this model, showcasing
suppressed spheroid growth in DMAKN-treated groups compared to
untreated ones. Notably, spheroids in high-dose groups exhibited min-
imal growth, with sparse edges and scattered single cells. Upon PI
staining, a significant portion of cells within high-dose group spheroids
exhibited staining, while fewer cells within low-dose group spheroids
showed staining, despite volume growth inhibition. These findings un-
derscore that while low DMAKN doses inhibit cell spheres without

inducing cell death, high doses directly trigger cell death in 3D spher-
oids, emphasizing the different impact of DMAKN on HCC cells.

DMAKN induces G2/M cell cycle arrest at low doses

Considering the reliance of cell proliferation on cell cycle progres-
sion(Collins et al., 1997), we examined cell cycle distribution in HCC
cells treated with low doses of DMAKN. As depicted in Fig. 3A, there was
a significant increase in the percentage of cells in the G2/M phase and a
corresponding decrease in the S phase, indicating that DMAKN arrests
the cell cycle at the G2/M phase, thereby inhibiting proliferation. Given
the critical role of CDK1 and Cyclin Bl in orchestrating the transition
through the G2/M phase (Gong et al., 2024), we investigated the impact
of DMAKN on these proteins. Fig. 3B shows a consistent reduction in
Cyclin B1 and CDK1 expression across HepG2 and Huh?7 cells following
low-dose DMAKN treatment. Furthermore, co-IP analysis, as shown in
Fig. 3C, confirmed diminished binding between CDK1 and Cyclin Bl
under low-dose DMAKN treatment. These findings underscore DMAKN’s
efficacy in suppressing Cyclin B1 and CDK1 expression and disrupting
their interaction, ultimately leading to G2/M cell cycle arrest in HCC
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Fig. 4. High-dose DMAKN induced necrosis in HCC cells. (A) Flow cytometry analyses (upper panel) revealed distinct Annexin V-FITC/PI staining patterns
between high-dose DMAKN (10, 20, and 30 pM) and 10 pM STS after 8 h of treatment. The lower panel quantifies the percentage of cells exhibiting different staining
patterns between high-dose DMAKN and STS. ** p < 0.01. (B) Morphological changes in HCC cells exposed to DMAKN (30 pM) and STS (10 pM) for 8 h. Scale bar=10
pm. (C) Cell death in HCC cells treated with DMAKN (30 pM) alone and with the apoptotic inhibitor z-VAD-fmk (20 uM) for 24 h. ** p < 0.01. (D) Cell death in HCC
cells treated with DMAKN (30 uM) alone and with the ferroptotic inhibitor Fer-1 (2 pM) for 24 h. ** p < 0.01. (E) Cell death in HCC cells treated with DMAKN (30
uM) alone and with the necroptotic inhibitor Nec-1 (10 uM) for 24 h. ** p < 0.01. (F) Live-cell analysis images capturing morphological changes in HCC cells treated
with 30 pM DMAKN. Scale bar=50 pm.
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Fig. 5. Low-dose and high-dose DMAKN both increased cellular ROS levels. (A) Flow cytometry analyses (left panel) demonstrated the increased ROS levels in
HCC cells treated with high-dose DMAKN (10, 20, and 30 pM) for 4 h and low-dose DMAKN (1, 2, and 5 pM) for 24 h. The right panel quantified the percentage of
HCC cells staining with DCFH-DA under these dosage conditions. * p < 0.05, ** p < 0.01. (B) ROS levels in HCC cells exposed to DMAKN (30 pM) with or without
NAC (2 mM) for 4 h. ** p < 0.01. (C) Cell death in HCC cells exposed to DMAKN (30 pM) with or without NAC (2 mM) for 24 h. ** p < 0.01. (D) ROS levels in HCC
cells exposed to DMAKN (5 pM) with or without NAC (2 mM) for 24 h. ** p < 0.01. (E) Flow cytometry analyses (upper panel) illustrated the cell cycle distribution of
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Fig. 6. DMAKN regulated JNK pathway at low and high doses. (A) Western blotting analysis showed the activation of the JNK pathway in HCC cells treated with
low doses of DMAKN (1, 2, and 5 pM) for 24 h. (B) Western blotting analysis showed the activation of the JNK pathway in HCC cells treated with high doses of
DMAKN (10, 20, and 30 pM) for 4 h. (C) Western blotting analysis of the JNK pathway in HCC cells exposed to DMAKN (5 pM) with or without NAC (2 mM) for 24 h.
(D) Western blotting analysis of the JNK pathway in HCC cells exposed to DMAKN (30 pM) with or without NAC (2 mM) for 4 h. (E) Flow cytometry analyses (upper
panel) illustrated the cell cycle distribution in two HCC cell lines following 24 h of treatment with DMAKN (5 pM) with or without SP600125 (20 uM). The lower
panel quantified the percentage of cells in G2/M phase of the cell cycle. * p < 0.05, ** p < 0.01. (F) Cell death in HCC cells exposed to DMAKN (30 uM) with or
without SP600125 (20 pM) for 24 h. ** p < 0.01. (G) Expression of JNK in two HCC cell lines following siRNAs-mediated knockdown. (H) Flow cytometry analyses
(upper panel) illustrated the cell cycle distribution in two HCC cell lines following 24 h of treatment with DMAKN (5 pM) and JNK knockdown. The lower panel
quantified the percentage of cells in the G2/M phase of the cell cycle. * p < 0.05, ** p < 0.01. (I) Cell death in two HCC cells exposed to DMAKN (30 pM) with JNK
knockdown for 24 h. * p < 0.05, ** p < 0.01.
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cells.

Low-dose DMAKN affects the phosphorylation status of CDK1 and
CDC25C

The activity of CDK1/Cyclin B1 complex depends on the phosphor-
ylation status of CDK1(Hartwell and Kastan, 1994). Phosphorylation at
Thr-161 activates the complex, while reversible phosphorylation at
Thr-14 and Tyr-15 inhibits its kinase activity (Porter and Donoghue,
2003). Therefore, we examined the impact of DMAKN on CDK1 phos-
phorylation in HCC cells. Results shown in Fig. 3D revealed a notable
decrease in CDK1 phosphorylation at Thr-161 following DMAKN treat-
ment in both cell lines, accompanied by increased phosphorylation at
Tyr-15 and Thr-14. These findings suggest DMAKN-induced G2/M phase
arrest correlates with reduced CDK1-Cyclin B1 binding due to dimin-
ished Thr-161 phosphorylation and decreased CDK1 kinase activity
attributed to heightened Thr-14 and Tyr-15 phosphorylation.

Furthermore, we assessed DMAKN’s influence on Cdc25C expression
and phosphorylation in HCC cells. Cdc25C facilitates CDK1 dephos-
phorylation at Thr-14 and Tyr-15 (Peng et al., 1997; Timofeev et al.,
2010). As shown in Fig. 3E, DMAKN treatment led to a significant
decrease in Cdc25C expression, along with a simultaneous increase in
Cdc25C phosphorylation at Ser-216. These findings underscore
DMAKN’s role in modulating CDK1 phosphorylation status, which is
crucial for cell cycle progression. This modulation is achieved by
inhibiting Cdc25C activity through upregulated Cdc25C phosphoryla-
tion at Ser-216.

DMAKN induces non-apoptotic cell death in HCC cells at high doses

Previous studies have investigated shikonin-induced apoptosis
across various cancer types (Tang et al., 2016; Wang et al., 2020),
leading us to hypothesize that high-dose DMAKN might similarly trigger
apoptosis. To test this hypothesis, we initially employed flow cytometry
with Annexin V-FITC/PI double staining, a standard method for
assessing apoptosis (Gong et al., 2022). As shown in Fig. 4A, high-dose
DMAKN treatment resulted in rapid FITC /PI" staining, which is
distinct from the FITC'/PI* and FITC'/PI™ staining patterns observed
with the apoptotic inducer STS. Concurrently, Fig.4B illustrates that
HCC cells treated with high doses of DMAKN and STS exhibited different
morphological changes. DMAKN-treated cells showed swelling, in
contrast to the shrinkage and fragmentation observed with STS. Further
analysis using the apoptotic inhibitor z-VAD-fmk did not inhibit cell
death induced by high-dose DMAKN (Fig. 4C). Additionally, western
blotting analysis of PARP and caspase-3, key markers of apoptosis,
revealed no changes in expression levels following high-dose DMAKN
treatment (Fig. S4). These results collectively indicate that high doses of
DMAKN do not induce apoptosis in HCC cells.

High-dose DMAKN-induced cell death is necrosis in HCC cells

Based on the observed cellular changes, we investigated whether
DMAKN-induced cell death involved ferroptosis or necroptosis, both of
which are associated with cell swelling(Chen et al., 2023).
Co-incubation with Fer-1 (a ferroptosis inhibitor) or Nec-1 (a nec-
roptosis inhibitor) did not prevent DMAKN-induced cell death (Fig. 4D
and E). Additionally, western blotting analysis of ferroptosis markers
(GPX4 and SLC7A11) and necroptosis markers (RIPK1 and MLKL)
showed no significant changes in expression levels (Fig. S5 and S6),
indicating that DMAKN-induced cell death does not involve ferroptosis
or necroptosis.

To further investigate, we conducted live-cell analysis to monitor
morphological changes in HCC cells following high-dose DMAKN
treatment. As shown in Fig. 4F, DMAKN induced rapid morphological
alterations, with cells initially rounding and swelling within 6 h and
exhibiting pronounced swelling and detachment from the culture
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medium by 24 h. Given the exclusion of ferroptosis and necroptosis, and
the rapid onset of morphological changes and cell death, we conclude
that high-dose DMAKN-induced cell death in HCC cells is necrosis, a
passive and accidental form of cell death (Darzynkiewicz et al., 1997).

ROS mediate differential effects of DMAKN: induction of cell cycle arrest
at low doses and necrosis at high doses in HCC cells

ROS play a crucial role in regulating cell cycle progression and cell
death (Lin et al., 2024). To investigate the anti-HCC mechanisms of
DMAKN, we examined its impact on cellular ROS levels. Preliminary
experiments indicated that high doses of DMAKN (> 10 pM) rapidly
elevated intercellular ROS levels, leading to swift cell death (data not
shown). Consequently, we measured ROS levels after 4 h of high-dose
DMAKN treatment. In contrast, low doses of DMAKN (< 5 pM) caused
a more gradual increase in ROS, with levels measured after 24 h of
treatment. As illustrated in Fig. 5A, high-dose DMAKN induced a sharp
rise in intracellular ROS within 4 h, whereas low-dose DMAKN led to a
more gradual increase over 24 h.

To confirm the involvement of ROS in high-dose DMAKN-induced
necrosis, we co-administered NAC, a ROS scavenger, with high-dose
DMAKN. As shown in Fig. 5B, NAC inhibited ROS accumulation in
HepG2 and Huh7 cells following high-dose DMAKN treatment. Addi-
tionally, NAC prevented necrosis in these cells, as depicted in Fig. 5C.
We also evaluated NAC’s effect on low-dose DMAKN-induced G2/M cell
cycle arrest. Fig. 5D shows that NAC inhibited ROS accumulation in
HepG2 and Huh7 cells treated with low-dose DMAKN, and Fig. 5E
demonstrates that NAC prevented G2/M cell cycle arrest in these cells.
These findings collectively suggest that both low-dose DMAKN-induced
cell cycle arrest and high-dose DMAKN-induced necrosis are ROS-
dependent. The distinct outcomes—cell cycle arrest versus cell
death—are attributed to the rate of ROS production: high-dose DMAKN
causes a rapid ROS spike leading to cell death, while low-dose DMAKN
results in a slower ROS increase, leading to cell cycle arrest and impaired
proliferation.

Low-dose DMAKN induces ROS/JNK-dependent cell cycle arrest, but high-
dose DMAKN triggers JNK-independent ROS-driven necrosis

Since ROS induction is known to activate the JNK pathway, influ-
encing both cell cycle arrest and cell death (Du et al., 2004), we inves-
tigated DMAKN’s effect on the JNK pathway at both low and high doses.
Results showed elevated levels of phosphorylated JNK in two HCC cell
lines exposed to both dose levels of DMAKN (Fig. 6A and B). Notably,
co-treatment with NAC effectively reversed DMAKN-induced JNK acti-
vation at both dose levels (Fig. 6C and D), indicating that ROS increases
from both high and low doses of DMAKN can activate the JNK pathway.

To further assess JNK’s role in DMAKN’s anti-HCC efficacy, we
employed SP600125, a JNK inhibitor. As shown in Fig. 6E, SP600125
prevented G2/M cell cycle arrest induced by low-dose DMAKN. How-
ever, it did not block high-dose DMAKN-induced necrosis in HCC cells
(Fig. 6F). Additionally, siRNAs were used to knock down JNK expression
in HCC cells (Fig. 6G). As depicted in Fig. 6H, knockdown of JNK also
prevented G2/M cell cycle arrest caused by low-dose DMAKN. However,
as shown in Fig. 6I, JNK knockdown was ineffective against high-dose
DMAKN-induced necrosis in HCC cells. These findings suggest that
while low-dose DMAKN induces ROS/JNK-dependent G2/M cell cycle
arrest, high-dose DMAKN triggers ROS-mediated necrosis independently
of JNK, despite the observed JNK activation.

Discussion

TCM has established itself as a mainstream complementary and
alternative therapy with recognized efficacy in cancer treatment. Zicao,
significant in TCM for its heat-clearing and detoxifying properties, has
been used to treat various diseases, including HCC (Guo et al., 2019).
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Fig. 7. Proposed mechanisms of DMAKN’s anti-HCC efficacy. At high doses, DMKAN rapidly induces intracellular ROS accumulation in HCC cells, leading to
necrosis. Although the JNK pathway is activated during this process, necrosis occurs independently of JNK. At low doses, DMAKN causes a gradual increase in ROS,
which activates the JNK pathway, resulting in G2/M cell cycle arrest and, ultimately, inhibition of HCC cell proliferation.

Modern research has unveiled that Zicao is rich in naphthoquinone
compounds, particularly shikonin, the most extensively studied active
ingredient (Boulos et al., 2019; Kaur et al., 2022; Zhou et al., 2011).
Despite shikonin’s prominence, the Chinese Pharmacopoeia designates
DMAKN as the quantitative marker for Zicao herb quality control,
diverging from the conventional focus on shikonin. This choice un-
derscores the importance of selecting quantitative markers with high
content and stable properties to represent therapeutic components (Li
et al., 2008). Therefore, we propose that DMAKN should be considered
the primary representative of Zicao’s activity, warranting further
investigation into its therapeutic potential. Notably, there are few re-
ports on the pharmacological activity of DMAKN.

Our study initially compared the contents of shikonin and DMAKN in
Zicao, finding that DMAKN levels were significantly higher. This sup-
ports the Chinese Pharmacopoeia’s choice of DMAKN as the quantitative
marker for Zicao. Using bioinformatics methods, we identified 25 active
ingredients linked to Zicao’s anti-HCC activity and 15 key targets.
Notably, DMAKN interacted with five targets, the highest number
compared to shikonin’s single target. These results suggest that DMAKN
is the key component driving Zicao’s anti-HCC activity, meriting further
investigation into its effects and mechanisms. Subsequently, we
compared the inhibitory effects on HCC cell viability between DMAKN
and shikonin. Our findings demonstrated that both compounds signifi-
cantly reduced the viability of HCC cells, with no difference in their
activity levels. To further verify the anti-HCC activity of DMAKN, we
performed a colony formation assay and constructed a xenograft nude
mouse model. These experiments confirmed that DMAKN inhibited HCC
cell proliferation in vitro and tumor growth in vivo.

Additionally, we focused on examining the induction of cell death by
DMAKN, a hallmark of anticancer strategies (Hanahan and Weinberg,
2011). Through PI staining with flow cytometry and a 3D in vitro cell
culture model, we discovered that DMAKN exhibited distinct abilities to
induce cell death based on its dosage. Specifically, high doses of DMAKN
rapidly induced significant cell death in HCC cells, whereas low doses
caused minimal cell death, even over prolonged periods. Combined with
the results of DMAKN’s inhibitory effect on HCC cell viability, our
findings indicate that high-dose DMAKN primarily induces cell death to
exert its anti-HCC effects, while low-dose DMAKN inhibits HCC cell
proliferation.

To understand the mechanisms behind DMAKN’s differential anti-
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HCC effects based on dose, we conducted two separate investigations.
First, we examined DMAKN’s regulation of the cell cycle at low doses,
which is essential for controlling cell proliferation. We found that low-
dose DMAKN arrested HCC cells in the G2/M phase by suppressing
CDK1 and Cyclin B1 expression, disrupting their binding, and altering
CDK1 phosphorylation. DMAKN achieved this by inhibiting Cdc25C
activity and increasing its phosphorylation at Ser-216. Second, we
investigated the type of cell death induced by high doses of DMAKN.
Through morphological observation, co-administration with various
inhibitors representing different types of cell death, and analysis of cell
death markers, we found that high-doses DMAKN-induced cell death
was not due to apoptosis, ferroptosis, or necroptosis. The rapid onset of
swelling and cell death suggested that high-dose DMAKN induces ne-
crosis, a passive and accidental form of cell death, in HCC cells.

To further understand the mechanisms of high-dose and low-dose
DMAKN, we investigated the role of ROS in these processes. High-dose
DMAKN caused a sharp increase in intracellular ROS levels within a
short time, while low-dose DMAKN gradually increased ROS levels over
a long period. These findings suggest that low-dose DMAKN-induced
G2/M cell cycle arrest is due to a gradual increase in ROS levels, while
high-dose DMAKN rapidly induces necrosis through sharp intercellular
ROS production. Experiments using the ROS scavenger NAC confirmed
that DMAKN’s differential anti-HCC effects are both ROS-dependent.
NAC prevented both low-dose DMAKN-induced cell cycle arrest and
high-dose DMAKN-induced necrosis, providing conclusive evidence for
the role of ROS in DMAKN’s effects.

Furthermore, we investigated the role of the JNK pathway in the
ROS-mediated distinct effects of DMAKN, as it is a known downstream
consequence of ROS induction(Shen and Liu, 2006). Low-dose DMAKN
activated the JNK pathway, which was inhibited by NAC. Using the JNK
inhibitor SP600125 or siRNAs to knock down JNK prevented cell cycle
arrest, indicating that low-dose DMAKN-induced G2/M cell cycle arrest
is ROS/JNK-dependent. In contrast, although high-dose DMAKN also
activated the JNK pathway, SP600125 or siRNAs did not reverse the
induced necrosis. This suggests that high-dose DMAKN rapidly induces
necrosis through ROS, independent of JNK activation.

In conclusion, as summarized in Fig. 7, our study not only validates
DMAKN as the main representative component of Zicao’s anti-HCC ac-
tivity but also underscores its significant differential effects based on
dose. At low doses, DMAKN induces a gradual increase in ROS, which
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activates the JNK pathway over time, leading to cell cycle arrest and
inhibition of HCC cell proliferation. Thus, the low-dose DMAKN-induced
arrest is ROS/JNK-dependent. Conversely, high doses rapidly over-
whelm cells with ROS, directly inducing necrosis. Although JNK is
activated in this process, it is JNK-independent. These dual mechanisms
highlight the versatility of DMAKN as a therapeutic agent for HCC. Our
findings pave the way for further exploration of DMAKN, offering a fresh
perspective in the quest for effective HCC treatments.
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