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A B S T R A C T

Natural products are characterized by extreme structural diversity and thus they offer a unique source for the
identification of novel anti-tumor agents. Herein, we report that the herbal substance acteoside being isolated by
advanced phytochemical methods from Lippia citriodora leaves showed enhanced cytotoxicity against metastatic
tumor cells; acted in synergy with various cytotoxic agents and it sensitized chemoresistant cancer cells.
Acteoside was not toxic in physiological cellular contexts, while it increased oxidative load, affected the activity
of proteostatic modules and suppressed matrix metalloproteinases in tumor cell lines. Intraperitoneal or oral (via
drinking water) administration of acteoside in a melanoma mouse model upregulated antioxidant responses in
the tumors; yet, only intraperitoneal delivery suppressed tumor growth and induced anti-tumor-reactive immune
responses. Mass-spectrometry identification/quantitation analyses revealed that intraperitoneal delivery of ac-
teoside resulted in significantly higher, vs. oral administration, concentration of the compound in the plasma and
tumors of treated mice, suggesting that its in vivo anti-tumor effect depends on the route of administration and
the achieved concentration in the tumor. Finally, molecular modeling studies and enzymatic activity assays
showed that acteoside inhibits protein kinase C. Conclusively, acteoside holds promise as a chemical scaffold for
the development of novel anti-tumor agents.

1. Introduction

Carcinogenesis is characterized by the deregulation of several cell
signaling pathways and is associated with increased cellular oxidative,
replicative, metabolic, genotoxic and proteotoxic stress [1]. In order to
adapt and overcome these stress phenotypes malignant cells upregulate
(apart from oncogenes) a number of non-oncogenic pathways aiming to
either suppress or (at least) alleviate on-going stress. Among the various
non-oncogenic pathways found to be frequently upregulated during
tumorigenesis are the modules of the proteostasis network (PN) along

with cellular antioxidant responses [2,3].
Key components of the PN are the two main degradation machi-

neries, namely the Autophagy- Lysosome pathway (ALP) and the
Ubiquitin-Proteasome pathway (UPP), along with the network of the
cellular molecular chaperones. ALP is mainly involved in the de-
gradation of protein aggregates and damaged organelles [4], while UPP
degrades normal short-lived proteins and non-repairable misfolded or
unfolded proteins [5–8]. The 26Seukaryotic proteasome is constituted
from the 19S regulatory particles (RP) and the 20 S core particle (CP);
the latter is comprised of four stacked heptameric rings (two of α-type
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surrounding two of β-type) that form a barrel-like structure. The chy-
motrypsin-like (CT-L), trypsin-like (T-L) and caspase-like (C-L) protea-
some peptidase activities are located at the β5, β2, and β1 proteasomal
subunits, respectively [6]. The demonstrated clinical efficacy of the
proteasome inhibitors Bortezomib (Velcade®; also named PS-341) and
Carfilzomib against various hematologic malignancies [9] has provided
the “proof-of-concept” of targeting UPP as a promising strategy for the
treatment of cancer.

The complex network of cellular antioxidant defense pathways that
is frequently upregulated during carcinogenesis [3,10] includes anti-
oxidant enzymes, as well as several transcription factors that mobilize
cytoprotective genomic responses; these include forkhead box O (Foxo)
and the nuclear factor erythroid 2-related factor (Nrf-2). Nrf-2 is central
in the protection of cells against oxidative and/or xenobiotic damage as
it stimulates the expression of antioxidant and phase II genes [11-13].

We and others have recently proposed that targeting these tumor
dependencies (i.e., proteostatic modules and/or antioxidant response
pathways) or increasing cellular levels of ROS in the context of a
transformed genotype offer a potential therapeutic window for the se-
lective killing of tumor cells [3,14]; in support, selective killing of
cancer cells by a small molecule that upregulated cellular ROS levels
has been reported [2]. It is expected that combinatorial approaches
including also the activation of anti-tumor-reactive immune responses
[15] will likely maximize the therapeutic window offered by inhibiting
PN and antioxidant responses and/or by elevating cellular ROS levels.

Natural products (extracts or pure compounds) (NPs) from various
sources (plants, marine organisms, microorganisms, etc) are screened
for their ability to act as anti-tumor agents due to their extreme
structural diversity and chemical complexity, as well as because they
act pleiotropically modulating several cellular signaling pathways [16].
Reportedly, NPs activate anti-inflammatory, anti-tumor and/or anti-
metastatic responses [16,17] and also evade multidrug resistance
[18,19]. Among these, phenolic compounds (including phenylethanoid
glycosides) have attracted significant interest because of their reported
role in the prevention and/or treatment of various human diseases.

Acteoside, also called kusagin or verbascoside [20], is a pheny-
lethanoid glycoside isolated from many dicotyledons. Reportedly, ac-
teoside exerts some interesting biological activities, including anti-
oxidant, anti-inflammatory, and cell apoptosis regulating properties
[21,22]. Nevertheless, its potential anti-tumor activity has not been
addressed. We report here, that acteoside showed increased cytotoxicity
against mammalian cancer cells with no apparent toxic effects in phy-
siological cellular contexts. Furthermore, acteoside suppressed mela-
noma tumor growth in an in vivo mouse model, by (among others)
activating anti-tumor-reactive immune responses.

2. Materials and methods

2.1. Plant material and extraction

Dried Lippia citriodora (Lamiaceae) leaves (4.5 kg) were purchased
from the local market in Athens, Greece. The leaves were pulverized
and extracted by mechanical stirring for 12 h with methanol (2× 20 L).
The methanolic extract was evaporated to dryness and washed with a
mixture of CH2Cl2/MeOH 98/2 (15 L). The insoluble residue was se-
parated and dried, producing a green-yellow powder (450 g).

2.2. Purification of acteoside and UPLC-HRMS analysis

A portion (10 g) of the aforementioned residue was subjected to
countercurrent chromatography using a fast centrifugal partition
chromatograph (FCPC) apparatus (Kromaton, France); a mixture of
EtOAc/EtOH/H2O at ratio 5/0.5/4.5 was used as biphasic solvent
system. Collected fractions were subjected to Thin Layer
Chromatography; then the chromatograms were observed under a UV
lamp (254 and 365 nm) and visualized by spraying with methanol

vanillin sulfate followed by heating for two minutes. A total of 2.1 g of
acteoside (purity ≥ 90%) was isolated by the aforementioned process.
The identification of acteoside was performed by nuclear magnetic re-
sonance (NMR) and mass spectrometry (MS) spectra, while its purity
was established by UPLC-MS and NMR analysis; for details see Suppl.
Materials and Methods.

2.3. Cell lines

Human lung embryonic fibroblasts (IMR90 cells) along with the
B16.F1, B16.F10, YAC-1 and WEHI-164 mouse cell lines were obtained
from the American Tissue Culture Collection (ATCC). The U2 OS and Sa
OS human osteosarcoma cell lines were kindly donated by Prof. V.
Gorgoulis (School of Medicine, National and Kapodistrian University of
Athens, Greece), while the KH OS osteosarcoma cells and the che-
moresistant osteosarcoma cell lines [23] were a donation of Dr. E.
Gonos (National Hellenic Research Foundation, Greece). The mouse
cancer cell lines C5N and A5 belong to a multistage mouse skin carci-
nogenesis model [24,25] and were donated by Prof. A. Balmein
(Comprehensive Cancer Center, University of California, USA). Cul-
turing conditions of the used cell lines are reported in Suppl. Materials
and Methods.

2.4. Melanoma mouse model

Male C57BL/6 mice (25–30 g of weight, 6–8 weeks of age) were
obtained from the Hellenic Pasteur Institute and housed under con-
trolled temperature (22 °C) and photoperiod (12 h light:12 h dark) with
free access to water and food. Mice were subcutaneously inoculated
with 105 B16.F1 melanoma cells (in 100 μL PBS) and were randomly
assigned to 3 groups (n=5/group). When tumors became palpable
(day 11) mice received acteoside via two routes; either in-
traperitoneally (IP) (1mg/mouse diluted in 200 μL PBS; in total 6 doses
administered every other day) or orally by drinking water (OR)
(2.5 mg/mouse; in total 13 doses for 13 consecutive days). Control mice
were administered PBS. Tumor growth was recorded every 2 days by
measuring the major and minor axes of the formed tumors with a digital
caliper. Measurements were transformed into tumor volume using the
formula: tumor volume (cm3) =major axis ×minor axis2 × 0.5. On
day 28, animals were euthanized by cervical dislocation and spleens
were aseptically removed. The experiment was repeated three times
with similar findings.

Splenocytes were isolated from individually homogenized spleens
and immediately tested for their cytotoxicity vs. B16.F1, YAC-1 and
WEHI-164 cell targets. Cytotoxicity was evaluated based on the detec-
tion of CD107 exposure on cell surface, as a result of effector cell de-
granulation. Splenocytes (105 cells/well) were co-cultured with targets
in 96-well U bottom microplates at an effector to target (E:T) ratio of
100:1, at 37 °C in 5% CO2. FITC-conjugated anti-CD107a and anti-
CD107b monoclonal antibodies (25 μL/mL) and monensin (6 μL/mL; all
from BD Biosciences) were added in each well. Cells were harvested 6 h
later and analyzed using a FACSCanto II flow cytometer. In parallel,
tumors were excised and processed for downstream assays as described
in Suppl. Materials and Methods.

2.5. Preparation of cell or tissue protein extracts

Cell protein extracts were prepared as described previously [26,27].
Tumor biopsies were homogenized on ice in NP-40 lysis buffer con-
taining protease inhibitors and centrifuged for 10min at 19, 000×g
(4 °C). The protein content of cell or tissue lysates was adjusted by
Bradford assay (Bio-Rad), and was analyzed by SDS-PAGE and im-
munoblotting as described previously [27,28].

Full Materials and Methods, description of Statistical analyses and
any associated References are available in Supplementary Information.

C. Cheimonidi et al. Redox Biology 16 (2018) 169–178

170



3. Results

3.1. Acteoside is increasingly toxic in mouse and human cancer cells

Initially, we sought to identify a cell model suitable for the eva-
luation of new anti-tumor agents. The multistage mouse skin carcino-
genesis model was generated through chemical carcinogenesis [24].
Various cell lines were isolated; among which C5N cells represent an
immortalized non-tumorigenic cell line, whereas the A5 cell line re-
presents metastatic spindle carcinoma expressing mutated p53 and H-
Ras proteins, as well as increased levels of members of the MAPK and
AP-1 pathways and of MMP-2 and MMP-9 [25]. We found that, com-
pared to C5N cells, malignant A5 cells are characterized by increased
(~3 fold) endogenous production of ROS (Suppl. Fig. S1A), as well as
by upregulation of antioxidant responses (e.g. nrf2 and its transcrip-
tional targets txnrd1 and nqo1); of proteostatic modules (e.g. the pro-
teasomal β5 and the autophagy-related lc3β, ctsL and hdac6) and of the
foxo1 and foxo3 genes (Suppl. Fig. S1B). We also noted increased pro-
teasomal (Suppl. Fig. S1C1) but not cathepsin B, L (Suppl. Fig. S1C2)
enzymatic activities; lower levels of spontaneous apoptosis (Suppl. Fig.
S1D) and higher sensitivity of A5 (as compared to C5N) cells to che-
motherapeutic drugs (doxorubicin), oxidants (H2O2), lysosomal
(chloroquinone) and proteasome (PS-341) inhibitors (Suppl. Fig. S1E).
We also studied the basal phosphorylation pattern of proteins (see,
Suppl. Table S1) involved in tumorigenesis and cellular immune re-
sponses in the A5 vs. C5N cells by using the xMAP phosphoproteomics
technology. We found that A5 cells tend tohave higher phosphorylation
levels of Akt, RS6 and Wnk1 (target of Akt) proteins, whereas the
phosphorylation levels of Creb1, Hspb1 (hsp27), Ptn11 (Shp2) and of
the immune response-related Signal Transducer and Activator of
Transcription 3 (Stat3) and Stat6 proteins (Suppl. Fig. S2) tended to
decline; these findings indicate that likely the functionality of pathways
involved in Stats regulation has been compromised in A5 cells. Thus, A5
cells apart from alterations in oncogenic pathways are characterized by
increased oxidative stress and expression levels of antioxidant/proteo-
static modules.

Given our previous findings [29], we then asked whether acteoside
would display differential toxicity in A5 vs. C5N cells. For acteoside
(Fig. 1A1) isolation, the residue obtained from the methanolic extract of
L. citriodora leaves (after removal of the non-polar compounds) was
analyzed by NMR and LC-MS techniques. The 1H NMR (Suppl. Fig. S3A)
and LC-HRMS (Suppl. Fig. S3B) analyses indicated that acteoside is the
major component of this mixture and its content was estimated at al-
most 25%. Subsequently, acteoside was isolated by normal phase dual
mode elution CPC methodology using EtOAc/EtOH/H2O at ratio 5/0.5/
4.5 as biphasic solvent system; 10 g of crude extract resulted to the
purification of 2.1 g acteoside. The identification of acteoside was
verified by NMR (Suppl. Fig. S3C1) and MS (Suppl. Fig. S3C2), and its
purity was estimated at ≥ 90%.

Downstream assays in order to investigate the effect(s) of acteoside
to C5N and A5 cells showed that acteoside was increasingly toxic in A5
cells compared to C5N cells (Fig. 1A2) and increased cellular ROS levels
in both A5 and C5N cells (Fig. 1B); nevertheless, the genomic responses
in A5 cells after acteoside treatment were milder as compared to C5N
cells (e.g. genes beclin, hdac6, ctsL, keap1, txnrd1, nqo1, clu, foxo1 and
foxo3) (Fig. 1C) indicating that for these genes the expression levels
reached in A5 cells during tumorigenesis are likely close to saturation in
terms of their affordable upregulation. In support, and despite increased
ROS levels (Fig. 1B), acteoside did not enhance the main proteasomal
activity CT-L/β5 in A5 cells (Fig. 1D1) while it slightly increased the
lysosomal cathepsins B, L activity (Fig. 1D2). In relation to phospho-
proteome alterations, cell exposure to acteoside tended to differentially
reduce RS6 phosphorylation and to enhance phosphorylation levels of
Creb1, Fak1, Jun, p53, Stat6 and the pro-apoptotic IFN-γ signaling re-
lated Stat1 in A5 vs. C5N cells (Suppl. Fig. S4). Furthermore, we found
that acteoside suppressed the MMP-2 and MMP-9 enzymatic activities

in A5 cells (Fig. 1E).
We then assayed the effects of acteoside in the human osteosarcoma

cell lines U2 OS (p53+/+, Rb1+/+), Sa OS (p53-/-, Rb1-/-) and KH OS
(p53m/m; also express mutant H-Ras) [30], as well as in doxorubicin
resistant osteosarcoma cells [23] and in the mouse melanoma cell lines
B16.F1 and B16.F10. We found that independently of their genetic
background acteoside was toxic in all three osteosarcoma cell lines
(Suppl. Fig. S5A); exhibited synergistic effects with H2O2, doxorubicin
and epoxomicin (proteasome inhibitor) (Suppl. Fig. S5B) and re-sensi-
tized doxorubicin resistant osteosarcoma cell lines (Suppl. Fig. S5C).
Acteoside was also toxic against B16.F1 and B16.F10 melanoma cells
(Fig. S6A), while phosphoproteomic analyses (Fig. S6B) showed that
B16.F10 cells had (compared to B16.F1 cells) increased phosphoryla-
tion levels of Akt, Creb1, Mp2k1 (Mek1), and Wnk1 proteins, but sig-
nificantly reduced phosphorylation levels of Stat1 and Stat3. Exposure
of melanoma cell lines to acteoside increased Creb1 phosphorylation in
B16.F1 cells and Jun in B16.F10 cells, while it differentially tended to
suppress phosphorylation of Fak1, Gsk3A, Mp2k1, p53, Ptn11, Rs6,
Stat3, Tf65 and Wnk1 proteins in the less acteoside sensitive B16.F10
cell line.

Overall, these findings indicate that acteoside is differentially toxic
to cancer cells (independently of their p53, Rb1 or H-Ras status) by
pleiotropically affecting several signaling pathways; including cancer
related pathways, antioxidant responses, proteostatic modules and also
immune responses.

3.2. Acteoside is not cytotoxic in physiological cellular contexts

Given the reduced toxicity of acteoside in C5N cells, we exposed
pre-senescent normal human diploid fibroblasts for an extended period
(3 weeks) to acteoside and found that it exerted no cytotoxic effects. On
the contrary, it even tended (at the doses used) to increase cellular
growth (Suppl. Fig. S7A) and to slightly delay progression of cellular
senescence (Suppl. Fig. S7B).

In support, acteoside was not toxic when it was orally delivered in
Wistar rats, where it also alleviated the inflammatory effects of dox-
orubicin dermal injection. In this in vivo model, doxorubicin-mediated
weight loss and animal death was alleviated when acteoside was co-
administered with doxorubicin (Suppl. Fig. S8).

Furthermore, lifetime oral administration of acteoside in Drosophila
flies did not affect longevity (Suppl. Fig. S9A) and tended to confer mild
protection (not statistically significant) against the oxidative agent tert-
butyl hydroperoxide (t-BHP) (Suppl. Fig. S9B). It was also protective
against proteotoxic stress induced by administration of the proteasome
inhibitor PS-341 (Suppl. Fig. S9C; see, Suppl. Table S2).

Taken together, these data indicate that acteoside exerts no sig-
nificant cytotoxic effects in normal cellular contexts, where it is, likely,
cytoprotective against oxidative and/or proteotoxic stress.

3.3. Intraperitoneal, but not oral (via drinking water), administration of
acteoside suppresses tumor growth in an in vivo melanoma mouse model and
activates anti-tumor-reactive immune responses

To study the possible in vivo anti-tumor effect of acteoside, we es-
tablished a melanoma model by grafting B16.F1 cells into the flank of
C57BL/6 mice and acteoside was delivered either IP (1mg/mouse)
(parenteral, a standard route for drug administration) or OR via
drinking water (2.5 mg/mouse) (enteral, a standard route for natural
products e.g. antioxidants, administration). Gene expression analyses
revealed that acteoside administration (either IP or OR) activated
proteostatic modules in tumors (e.g. proteasome/autophagyrelated
genes), as well as antioxidant responses, molecular chaperones and
metabolic responses-related genes (Fig. 2A). Notably, the antioxidant
responses-related genes induction (e.g. nrf2, keap1, txnrd1 and foxo3)
tended to be more intense after OR acteoside administration. Tumors
from IP- and OR-treated mice were also characterized by enhanced
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proteasomal (Fig. 2B1) but not lysosomal cathepsins B, L (Fig. 2B2)
activity.

Protein expression analyses showed that either IP or OR adminis-
tration of acteoside upregulated proteins involved in proteasome (β5),
autophagy (Beclin), antioxidant (Nrf-2) and DNA damage repair (Ku70)
responses; also, isolated tumors were characterized by increased levels
of protein carbonylation (DNP) indicating elevated proteome oxidation

(Suppl. Fig. S10A). Notably, acteoside treatment upregulated Protein
Kinase C (PKC) expression levels mostly after IP administration (Suppl.
Fig. S10A). Furthermore, acteoside administration via the IP route
significantly suppressed tumor growth; whereas, surprisingly, OR de-
livery accelerated tumor growth (Fig. 2C). In support, phosphopro-
teomics analyses of dissected tumors showed a tendency for enhanced
activating phosphorylation levels in OR vs. IP treated mice in several

Fig. 1. Acteoside is increasingly cytotoxic against metastatic cancer cells vs. normal cells. (A1) Chemical structure of acteoside. (A2) Relative (%) cell survival of C5N and A5 cells
after treatment with increasing concentrations of acteoside for 24 h. (B) Flow cytometry analysis of ROS levels in C5N and A5 cells after treatment with 500 μM acteoside for 24 h; values
refer to mean (n= 3) fluorescence intensity. (C) Relative mRNA expression levels of genes involved in different proteostatic modules, antioxidant responses and metabolic pathways after
treatment of C5N and A5 cells with 500 μM acteoside for 24 h. (D) Relative (%) levels of the CT-L/β5, C-L/β1 and T-L/β2 proteasomal peptidase (D1) and lysosomal cathepsin B, L (D2)
activities in C5N and A5 cells following treatment (+ ) or not (-) with 500 μM acteoside for 24 h. (E) Gelatin zymography in A5 metastatic cancer cells showing MMP-9 and MMP-2
enzymatic activities after treatment (+ ) or not (-) with 500 μM acteoside for 24 h. Bars,± SD (n≥ 2). * , P < 0.05; **, P < 0.01.
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pro-oncogenic, e.g. Egfr, Fak, Stat3 and Stat6 proteins, as well as in
Creb1, Stat1, Tf65 and Wnk1 proteins (Suppl. Fig. S10B). Furthermore,
by isolating splenocytes from treated animals and assessing by flow
cytometry their cytotoxicity against B16.F1, YAC-1 (NK-sensitive) and
WEHI-164 (LAK-sensitive) target cells, we found that only splenocytes
isolated from mice that received acteoside via the IP route exhibited
increased T and NK cell-mediated cytotoxicity against B16.F1, YAC-1
and WEHI-164 target cells (Fig. 2D). Finally, by developing high re-
solution MS for the identification/quantification of acteoside (Fig. 3A,
B) in treated mice plasma and tumors, we found dramatically higher
concentrations of the compound in both the plasma (Fig. 3C) and tu-
mors (Fig. 3D) of IP (vs. OR) treated mice.

Overall, acteoside exerts in vivo anti-tumor properties only when
administered parenterally (IP), by (among others) activating anti-
tumor-reactive immune responses; on the contrary, OR administration
via drinking water (even at higher doses vs. IP delivery) of this herbal
substance results in very low plasma and targeted tumor concentration
and enhances tumor growth.

3.4. Acteoside inhibits protein kinase C

The selective toxicity of acteoside against tumor cells, prompted us
to pursue its potential intracellular targets. Based on a previous report
[31], we focused on its putative inhibitory effect on PKC. We noted that
acteoside inhibited the activity of purified PKC in a dose-dependent
manner (Fig. 4A), while, in cell-based assays we observed that

treatment of cancer cells with 500 μM acteoside for 24 h resulted in
significant reduction of immunoprecipitated PKC activity in both C5N
and A5 cells (Fig. 4B). Moreover, we found decreased (not reaching
statistical significance) PKC activity when the activity of the enzyme
was assayed in total cell lysates (Fig. 4C). Notably, PKC was expressed
at higher levels in the acteoside sensitive A5 and B16.F1 cell lines (vs.
C5N and B16.F10 cells, respectively) (Fig. 4D), indicating that these cell
lines likely depend on high PKC activity for survival. In support, knock
down of PKCα with siRNA (Suppl. Fig. S11A) decreased cell survival of
C5N, A5 and B16F1 cells (Suppl. Fig. S11B); albeit less intensively (e.g.
in A5 cells), as compared to acteoside likely due to remaining activity of
the residually expressed enzyme.

To gain more insight to the putative mode of interaction between
acteoside and PKC we performed molecular simulations by im-
plementing a stepwise docking protocol. The Boltzmann distribution
results indicated that the ligand likely binds in an ensemble of low-
energy, physiologically-relevant poses, rather than in a single, well-
defined geometry; the four dominant poses, along with their corre-
sponding population percentages (86.6% of total) are shown in Fig. 4E.
In all cases, a different part of the ligand occupies approximately the
same space within the ATP-binding pocket of the kinase, thus affording
a ligand solvent-accessible area that is hidden upon binding, ranging
between 286 and 318 Å2. These results possibly indicate a pattern on
the protein-inhibitor complex energy landscape which is characterized
by more than one energetic minima separated by low barriers. This
hypothesis is in agreement with the notion that the existence of

Fig. 2. Acteoside induced proteostatic modules and exerted in vivo anti-tumor activity in a melanoma (B16.F1) grafted mouse model, likely via the activation of (among
others) anti-tumor-reactive immune responses. (A) Relative (%) mRNA expression levels (in tumors of control and acteoside-treated mice) of genes involved in different proteostatic
and antioxidant responses modules, as well as in metabolic pathways; acteoside was administered either intraperitoneally (IP) or via drinking water (OR). (B) Relative (%) proteasome
(B1) and cathepsin B, L (B2) enzymatic activities in excised tumors of control (Con) and IP or OR acteoside-treated mice. (C) Average tumor volume in control mice (Con, n= 5); in mice
injected every other day with 1mg acteoside (IP) (n=5) and in mice receiving 2.5mg acteoside via drinking water (OR; n=5). (D) Flow cytometry analysis of CD107 expression on
splenocytes isolated from control and acteoside-treated mice. Splenocytes were used as effectors vs. the syngeneic B16.F1, YAC-1 and WEHI-164 target cells. Cells expressing CD107 are
gated and the relative percentage is shown in each dot plot; representative dot plots per group with similar results are shown. Bars,± SD; *P < 0.05; * *P < 0.01.

Fig. 3. Acteoside identification/quantification in mouse plasma and grafted tumors with the use of UHPLC-MS analyses. (A) Calibration curve of the analyte/IS vs. increasing
concentrations of acteoside. (B) Representative LC-MS chromatogram of acteoside in mice plasma. (C) Representative MS spectrum of acteoside in treated mice plasma (C1) and relative
quantification (C2) after OR or IP administration of the compound. (D) Quantification of acteoside in excised tumors after OR or IP administration of the compound in mice. Bars, ± SD
(n≥ 2). * , P < 0.05; * *, P < 0.01.
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multiple binding modes is usually facilitated by the occurrence of
symmetries in either the ligand or the protein binding site [32]. Also,
multiple alignment of PKC isoforms α, β and γ showed a high degree of
similarity (e.g. the residues at positions 368, 380, 419, 465 are iden-
tical) between the three isoforms (Suppl. Fig. S12) indicating that ac-
teoside can likely act as a potent inhibitor of all three isoforms.

Thus, according to cell-based and in silico molecular modeling/
docking analyses, acteoside exerts an inhibitory effect on PKC.

4. Discussion

We report herein novel findings showing that acteoside exerted
increased toxicity against mammalian cancer cells, showed synergistic
effects with other anti-cancer agents and it also re-sensitized doxor-
ubicin resistant cancer cell lines. In support, it was previously reported
that acteoside was cytotoxic against a panel of human cancer cell lines
[33–36], while showing marginal toxicity against human peripheral

blood mononuclear cells [29]. Given these findings, it is evident that
acteoside acts independently of the tumor genetic background (e.g.
p53, RB1, H-Ras status) and its anti-tumor effect surpasses the mod-
ulation of oncogenic signaling pathways. Mechanistically, we observed
that acteoside (at the doses tested herein) increased ROS production in
tumor cell lines in the absence of significant UPP (i.e. CT-L proteasomal
activity) or antioxidant responses upregulation. Thus, despite the tu-
morigenesis related overactivation of proteostatic and antioxidant re-
sponses modules; tumor cells seem to be incapable of further inducing
these cytoprotective pathways.

These properties of acteoside seem to be well tolerated in normal
cells which are characterized by relatively low (as compared to tumor
cells) basal ROS levels and expression levels of cytoprotective proteo-
static and antioxidant responses modules. Normal cells also fully retain
their ability to mount a counteracting response in the presence of in-
creased ROS, or other types of stressors, levels. It is not thus surprising
that acteoside was not toxic in different (e.g. normal human cells, flies

Fig. 4. Acteoside inhibits protein kinase C (PKC) activity. (A) Absorbance values showing purified PKC enzymatic activity in the absence (black bars) or presence (gray bars) of
increasing concentrations of acteoside. (B) Relative (%) activity of immunoprecipitated PKC from C5N and A5 cells after exposure (+) or not (-) to 500 μM acteoside for 24 h. (C) Relative
(%) PKC activity in isolated C5N, A5 and B16.F1 total cell lysates after treatment (+) or not (-) with acteoside (500 μM) for 24 h. (D) Representative immunoblots of protein samples from
C5N and A5 (D1), or from B16.F1 and B16.F10 cells (D2) probed with an antibody against PKC. GAPDH probing was used as reference. (E) Four dominant binding poses of acteoside in the
active site of PKC accounting for 86.6% of the total Boltzmann population as predicted by docking simulations. The protein is depicted in a ribbon representation colored according to its
secondary structure, while the active site is shown as a semi-transparent molecular surface colored in gray; the ligand is depicted in a ball and stick model. Bars, ± SD (n≥ 2). * ,
P < 0.05; * *, P < 0.01.
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or rodents) physiological cellular contexts, where it even exerted minor
protection against a variety of exogenous stressors, likely due to its
property to mobilize antioxidant responses. In support, previous studies
reported that acteoside protected endothelial cells against oxidized
LDL-induced cytotoxicity [37] and human skin fibroblasts or kerati-
nocytes against X-ray or UVC irradiation-induced damage, respectively
[38,39]. Acteoside was also protective in an experimental model of
intestinal inflammation or mucositis in mice [22,40], at in vivo mouse
models of acute gastric ulcers and ear edema [41] and also as a dietary
supplement in swine [42]. Furthermore, acteoside was found to exert
neuroprotection in the rotenone rat model of Parkinson's disease [43]
and to inhibit β-amyloid aggregation [44], while it suppressed im-
munological liver injury induced by Bacillus Calmette-Guerin in con-
junction with lipopolysaccharide, by (among others) suppressing he-
patic cell apoptosis [45].

Acteoside is known (as we also report in this manuscript) to activate
a strong antioxidant response; this is likely due to its indirect effects in
activating endogenous detoxifying systems, rather than its direct free
radical scavenging activity [46–48]. In support, we noted induction of
antioxidant responses and proteostatic modules in both C5N cells and in
vivo following administration of the compound in a melanoma mouse
tumor model. A link between acteoside and Nrf-2 has been established
before [49,50]; nevertheless, we reveal for the first time, that acteoside
also elevates proteasome activity levels. These findings suggest that
acteoside may exert dose-dependent pro-oxidant effects which mobilize
Nrf-2 activation. In line with this notion, it was proposed that the pro-
oxidative action of polyphenols mediates their pro-apoptotic activity
[51].

Our phosphoproteomics analyses showed that exposure of cells to
acteoside affected the phosphorylation levels and signaling of many
oncogenic pathways including higher Creb1 and Fak1 activities only in
metastatic A5 cells, and Jun activation in both A5 and melanoma
B16.F1 cells. Also, acteoside suppressed Stat-3 phosphorylation (in all
cell lines assayed) and activated oncogenic Stat-6 in A5 cells. Some of
these effects on cellular phosphoproteome may relate to our observa-
tion that acteoside inhibits PKC, a kinase with a wide range of down-
stream targets and a main regulator of cell survival and growth [52].
Thus, the anti-tumor activity of acteoside might be due, at least in part,
to inhibition of PKC; this assumption is further supported by the finding
that A5 and B16.F1 express higher PKC levels as compared to the less
sensitive to acteoside C5N and B16.F10 cells.

PKC isoenzymes have been found to be involved in proliferation,
anti-tumor drug resistance and apoptosis and various PKC modulators
are in clinical evaluation as anti-cancer therapeutics [52–54]. The in-
hibitory effect of acteoside on PKC may also relate to our finding of
acteoside-mediated suppression of the metastasis-promoting MMP-2
and MMP-9 activity, as it was previously reported in human fi-
brosarcoma HT-1080 cells that acteoside suppresses phorbol-12-myr-
istate-13-acetate (PMA) (a known PKC activator)-mediated enhance-
ment of MMP-9 [55]. Given the fact that our alignment studies amongst
the various PKC isoforms along with the molecular docking analyses
showed that acteoside will likely inhibit most of the PKC isoforms, its
chemical scaffold can provide the starting point for the development of
rationally optimized selective bioactive analogues.

The anti-tumor activity of acteoside was also evident in an in vivo
melanoma mouse model where parenteral (IP) treatment with 1mg of
acteoside resulted in significant retardation of tumor growth.
Interestingly enough, enteral (OR) administration (via drinking water)
of 2.5mg of the compound accelerated tumor growth.
Phosphoproteomics analyses of tumors isolated from IP- and OR-treated
mice showed that OR administration tended to enhance the phos-
phorylation (and consequently activation) of most oncogenic proteins
assayed, including Egfr, Fak1, Ptn11, Stat3 and Stat6. These observa-
tions likely relate to the significantly higher (as compared to OR)
concentrations of acteoside achieved in the plasma and in the targeted
tumor after IP administration. It is known that parenteral routes for

drug administration offer the highest bioavailability because they avoid
the first-pass effect of hepatic metabolism, which commonly occurs
with orally administered chemicals and therapeutics. Indeed, it was
proposed that acteoside in order to exert its full anti-tumor properties
has to be delivered at high concentrations [20]. In line with the dif-
ferential effects amongst IP and OR administration, and in spite of
route-of-administration and eventually dose-independent proteome
oxidation and mobilization of comparable anti-oxidant/proteostatic
responses, we noted that only splenocytes isolated from IP-treated mice
were activated in vivo and expressed CD107, which suggests the mo-
bilization of anti-tumor immune responses. Also, PKC expression was
elevated (an expected counteracting response in case of PKC inhibition)
only upon IP treatment, likely indicating that only via this route the
accumulated concentration of the compound was sufficient to effec-
tively inhibit PKC. In relation to oncogenic pathways, it was previously
found that PKC-epsilon interacts with Stat3 and regulates its activation
that is essential for the development of skin cancer [56]. Also, it was
reported that Stat3 [57,58] and PKC-epsilon activity [58] were posi-
tively regulated by Nrf-2 suggesting that if the acteoside concentration
at the tumor site does not reach the critical concentration needed to
suppress PKC (as is likely the case during OR administration), the ac-
tivation of solely the antioxidant responses (e.g. Nrf-2 or Foxo) would
be severely pro-oncogenic. In support, the pro-oncogenic Stat3 and
Stat6 were activated mostly in OR-treated mice. In conclusion, the in
vivo anti-tumor effect of acteoside (and likely all other natural products)
depends on the route of administration and the achieved concentration
in the tumor.

5. Conclusions

Our findings indicate that acteoside exerts pleiotropic effects on
mammalian cells, as by enhancing ROS levels it mobilizes antioxidant
and proteostatic modules, while by inhibiting PKC it affects the sig-
naling status of many oncogenic pathways; moreover, at high con-
centrations (e.g. after parenteral administration) it mobilizes anti-
tumor-reactive immune responses. These data indicate that acteoside
holds promise as a chemical scaffold for the development of novel se-
lective cytotoxic agents against tumor cells. They also raise the critical
issue of appropriate dosage in therapeutic interventions, as low doses of
therapeutic compounds that solely mobilize antioxidant responses, will
likely accelerate tumor progression and cancer cell survival. In line with
this notion, it was recently reported that green tea polyphenols block
the anti-cancer effects of bortezomib and other boronic acid-based
proteasome inhibitors during multiple myeloma therapy [59]. In other
words it is plausible that in those cases where cancer patients self-medicate
“miracle antioxidant herbs”, that are commonly perceived as “innocent” or
“holistic”, in hopes of augmenting the anticancer outcome of their che-
motherapy the final result could be exactly the opposite.
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