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Glioblastoma multiforme (GBM) is a lethal malignancy with
limited therapeutic options. Its aggressive progression and
resistance to standard therapy necessitate the development
of novel therapeutic strategies. Plant-based compounds
have emerged as promising candidates for therapeutic devel-
opment modulating key targets in cancer. The Ruta graveo-
lens displays anti-inflammatory, analgesic, and antimicrobial
properties. Herein, we report the anticancer potential of
R. graveolens water extract (RGWE) on long-term cultures
of human glioblastoma and elucidate the regulatory mecha-
nisms driving its effect. Secondary stabilized cell cultures
(U-87 MG, T98MG, and U-138 MG) and primary cell culture
(FCN, MZC, and GL18-15) were either treated with RGWE
and/or cis-diamminedichloroplatinum (cisplatin, CDDP).
Cytostatic responses were assessed by cell viability (TB exclu-
sion test), cell cycle (propidium iodide [PI] staining), and
apoptosis (Annex-V and caspase-3) assays. We demonstrate
that RGWE slows U-87 MG growth without affecting
apoptosis and arrests the cell cycle in the G2/M phase. Mech-
anistically, RGWE interferes with PKC/MEK/ERK signaling
pathway, as assessed by western blot analysis, through PKC
inhibition in its active form. Furthermore, the combination
of RGWE and cisplatin enables the use of a sublethal dose
of the latter (0.2 pg/mL), thereby reducing cytotoxicity and
the resistance to the drug. These findings reveal a novel
mechanism by which RGWE controls glioblastoma growth,
highlighting the therapeutic potential of targeting the PKC/
MEK/ERK axis in glioma treatment.

INTRODUCTION

Glioblastoma multiforme (GBM) is one of the most aggressive and
deadly forms of brain cancer and is characterized by a high ability
to move and infiltrate healthy brain tissue, the ability to produce
substances that promote the formation of new vessels, the difficulty
of eradicating GBM through surgical approaches, and a poor prog-
nosis." Standard treatment approaches, including surgery, radio-

therapy, and chemotherapy™’ offer limited efficacy because of early
invasion of the brain parenchyma, therapy resistance, and the tu-
mor microenvironment (TME).*” Moreover, its complete surgical
removal is almost impossible even after the introduction of temo-
zolomide (TMZ, currently the standard cytotoxic drug for gli-
omas), and only 10% of patients survive beyond five years.® Since
these approaches offer limited effectiveness, the need for novel
therapeutic strategies has become urgent. Recent studies have high-
lighted the potential of novel approaches, such as combined tar-
geted therapies, to improve outcomes.” ” Over the years, various
natural products have gained attention because of their potential
to modulate cancer pathways and enhance conventional thera-
pies.”’>"" One such promising candidate is Ruta graveolens,
commonly known as rue, a plant in the Rutaceae family that is
traditionally used in folk medicine for its purported medicinal
properties, including anti-inflammatory, analgesic, and antimicro-
bial effects.'”'* Recent studies have begun to explore its potential
role in cancer treatment, particularly because of its bioactive com-
pounds. The water extract of R. graveolens could have potential ap-
plications in GBM therapy because several bioactive compounds
found in the leaves may exhibit anticancer and neuroprotective
properties.”> In particular, R. graveolens extracts contain several
phytochemicals, including flavonoids, such as rutin, quercetin, iso-
rhamnetin, epigallocatechin,” and essential oils, which have
demonstrated cytotoxic effects on various cancer cell lines. Some
of these compounds are known to induce apoptosis in cancer cells,
which is critical for combating the rapid and uncontrolled growth
of tumor cells in lung cancer and melanoma.'>'® The bioactive fla-
vonoids in R. graveolens have shown anti-inflammatory effects,
potentially reducing the inflammatory microenvironment that can
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Figure 1. RGWE in combination with CDDP impaired
glioblastoma cell growth

Trypan blue exclusion test on the U-87 MG U-138 MG,
T98G, FCN, GL-18 15, and MZC cell lines. (A) Cells
were treated with the RGWE concentrations as
reported in figure. Untreated (NT) cells were used as
positive controls. (B) U-87 MG cells were treated with
1 mg/mL RGWE and 0.2, 2, and 50 pg/mL CDDP as
reported in figure. The untreated cells were used as
control. (C) U-87 MG cells were treated as in B. (D)
U-87 MG and T98G cells were treated with 1 mg/mL
RGWE and 0.2 pg/mL CDDP as reported in figure. The
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one-way ANOVA with Sidak’s multiple comparisons
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exacerbate tumor growth.'* Microenvironmental dependencies
significantly modulate the behavior of cancer and stromal cells
and regulate tumor progression, the chemotherapy response, and
inflammatory cell infiltration.'”'® The antioxidant properties
of R. graveolens may help protect healthy brain cells from
oxidative stress, a hallmark of GBM and other types of brain
tumors. Water extracts may preserve normal cellular function
and support the brain’s response to treatment by scavenging free
radicals and reducing oxidative damage. Some studies have
indicated that R. graveolens extracts may have neuroprotective ef-
fects, which could be beneficial for patients with GBM, especially
given the potential neurotoxicity of aggressive cancer treatments,
such as chemotherapy and radiation.'”> Neuroprotection might
reduce cognitive decline and other neurological side effects
commonly associated with GBM therapy. Phytochemicals found
in R. graveolens might enhance the effectiveness of conventional
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T the ability to sensitize cancer cells to these
treatments, increasing their susceptibility to
cell death while protecting surrounding
healthy tissue. While more research is needed
to fully understand the specific mechanisms
and therapeutic potential of R. graveolens
in GBM, the combination of anticancer,
anti-inflammatory, antioxidant, and neuro-
protective properties suggest that its water
extract could be a valuable supplement in
GBM treatment. Further studies focusing on
its mechanisms of action, preclinical evidence,
and the underlying molecular pathways that
its bioactive components may influence are
necessary. Understanding the therapeutic po-
tential of this plant extract could open new
avenues for complementary or alternative
treatments in the fight against one of the most challenging forms
of brain cancer.

RESULTS

R. graveolens water extract impairs the viability of glioblastoma
cell lines in vitro

The effect of R. graveolens water extract (RGWE) on cell viability was
evaluated via a trypan blue exclusion test on secondary stabilized cell
cultures (U-87 MG, T98MG, and U-138 MG) and primary cell cul-
ture (FCN, MZC, and GL18-15) treated with increasing concentra-
tions of RGWE, ranging from 0.1 to 10 mg/mL, for 24 h. As shown
in Figure 1A, RGWE induced a dose-dependent decrease in cell
viability in all cell line tested but had no significant effect on T98G
cells (Figure 1A). Specifically, GL18-15 and MZC primary cells
showed a dose-dependent cell viability reduction after 24 h of
RGWE stimulation with an efficacy higher than 55% between
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1 and 5 mg/mL, whereas FCN cells needed RGWE 10 mg/mL to ob-
tained similar results. The same test done on U-87 MG, T98MG, and
U-138 MG secondary cell lines showed that to obtain the same effect
(50% reduction in vitality) it was necessary to wait 48 h after treat-
ment at the same doses in U-87 MG and in U-138 MG cells. This
is conceivable if one considers that the secondary lines are more
mutated than the primary ones. Notability, as reported before,
RGWE did not show any effect on T98MG at all tested doses
(Figure 1A). Based on these results, 1 mg/mL RGWE was selected
for subsequent experiments. Afterward, we treated U-87 MG cells
with increasing doses of CDDP, from 0.2 to 50 pg/mL, in the pres-
ence of 1 mg/mL RGWE for 48 h to test the possibility of comple-
mentary treatment. Our results demonstrated that, when we treated
U-87 MG cells with a sublethal dose of CDDP (0.2 pug/mL; 0.7 pM)"’
in the presence of RGWE, cell growth significantly decreased
compared with that in the presence of CDDP alone (Figure 1B),
but the number of live cells did not appear to change significantly
compared with that in the presence of CDDP alone (Figure 1C). Spe-
cifically, compared with RGWE treatment alone, RGWE cotreat-
ment resulted in an overall 60% reduction in cell growth, with an
additional 17% decrease in U-87 MG cell viability. Even in this
case, the T98G «cells retained their characteristic resistance
(Figure 1D). These preliminary data suggest that RGWE could
have an additive or synergistic effect with CDDP on the regulation
of glioblastoma growth, allowing the use of a very low dose. To verify
if the effects were cell dependent or contest dependent, we extended
the experiments to a panel of both primary and secondary GBM cell
lines, and we made a dose-dose matrix testing multiple RGWE and
cisplatin concentrations. We have treated FCN, MZC, GL18-15,
U-87 MG, and U-138 MG cells with increasing concentration of
RGWE (from 0.1 to 10 mg/mL) and CDDP (from 0.2 to
50 pg/mL) in combination for 24 or 48 h if we did not see no effect
before. Results showed in Figure 2 demonstrated an enhanced/addi-
tive (Bliss delta > +0.10 and g > 0.05) effect only at certain doses: for
the U-87 MG cells we observed this effect only with 5 mg/mL RGWE
with CDDP 2 pg/mL at 24 h, and with 1 mg/mL RGWE with CDDP
0.2 pg/mL at 48 h, as previously demonstrated; for MZC, we saw a
synergism (Bliss delta > +0.10 and g < 0.05) at 1 mg/mL RGWE
with CDDP 0.2 pg/mL, an enhanced/additive at 5 mg/mL RGWE
in combination with CDDP 0.2 pg/mL and 1 mg/mL RGWE with
CDDP 2 pg/mL only after 48 h of treatment. In contrast, the combi-
nation of two drugs on GL18-15, FCN, and U-138 MG cells did not
show any synergic or enhanced/additive effects. At the end of this
careful and detailed synergy analysis, what appears most evident to
us it was that the almost of treatment combinations produced addi-
tive effects on cell viability of all cell lines tested, and this seemed
dependent from the exposure time and the concentrations of each in-
dividual reagent used. This allowed us to identify a very low CDDP
dose, lower than the lethal one (0.2 pg/mL) and short time exposi-
tions to obtain positive effects on glioblastoma cell viability reduc-
tion. It was also to be taken into consideration that there were other
dose combinations for which the effect appears to be antagonistic.
This makes the choice of doses of the two drugs and the exposure
times even more important.

RGWE treatment affects cell cycle without interfering with
apoptosis

To elucidate the impact of RGWE on cell growth, we further
explored cell-cycle regulation via flow cytometry analysis. The results
showed that RGWE induced significant accumulation of the glio-
blastoma cell lines U-87 MG and T98G in the G2/M phase of the
cell cycle following 24 h of treatment; consequently, a reduction in
the S phase was observed, whereas no significant effect on the G0/
GI1 phase of the cell cycle was detected (Figure 3A). These prelimi-
nary results suggest that RGWE could have an inhibitory effect on
cell division by acting on the G2-M DNA damage checkpoint. Since
cells with a defective G2-M checkpoint will undergo apoptosis or
death after cell division, we tested the hypothesis that RGWE could
impair cell viability, enhancing apoptosis. To this end, we performed
a PI/annex V test and a caspase-3 active flow cytometry test, and both
experiments demonstrated that RGWE did not increase the percent-
age of apoptotic dead cells after 48 h of treatment (Figure S1).

To verify the potency of RGWE in combination with CDDP, U-87
MG and T98G cells were treated with 1 mg/mL RGWE, 0.2 pg/mL
CDDP or a combination of both, and cell growth was monitored
over 48 h. As shown in Figure 2B, an additive effect was observed
when RGWE was combined with cisplatin in U-87 MG cells, while
T98G cells were resistant to both single treatments and their combi-
nation too. PI fluorescence-activated cell sorting (FACS) analysis
confirmed a reduction in cell proliferation, especially under cotreat-
ment conditions (Figure 3B). No significant variation was detected in
T98G cells between CDDP alone and in the presence of RGWE, so
we hypothesized that RGWE did not increase the lethality effect of
CDDP on T98G cells (Figure 3B). Taken together, the data shown
thus far suggest that RGWE might act on the inhibition of mitosis
progression instead of the induction of apoptosis, and this effect
together with the DNA damage caused by cisplatin, allows for
more effective inhibition of cell division.

Involvement of MAPK signaling in the inhibitory activity of RGWE

The MEK-ERK pathway is essential, even if not the only pathway, for
the mitogen-dependent induction of cyclins and transcription fac-
tors that allow the cell to pass the restriction point in late G1 phase
and commit to S phase.”” While the effect of RGWE on the MAPK
transduction pathway is well understood,” the mechanism by which
RGWE inhibits ERK1/2 phosphorylation remains unclear. For this
purpose, U-87 MG cells were starved as described in the materials
and methods section and then stimulated with 1 mg/mL RGWE
for 10 min and 2 h under both starvation and growth conditions.
This approach allowed us to assess the effects of RGWE under stress
(1% fetal bovine serum [FBS]) and restored basal conditions (10%
FBS). Following treatment, protein extracts were analyzed via west-
ern blotting. We decided to perform these experiments only on the
U-87 MG cell line because T98G cells seem to be resistant to
RGWE treatment. The results revealed a significant decrease in phos-
pho-ERK (P-ERK) activation after 10 min, which persisted for up to
2 h under both starvation and growth conditions compared with that
of the untreated cells under the same conditions (starvation and
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Figure 2. Bliss independence RGWE and CDDP synergy analysis

FCN, MZC, GL18-15, U-87 MG, and U-138 MG cell lines were treated with increasing concentration of RGWE (0.1-10 mg/mL) and CDDP (0.2-50 pg/mL) alone and in
combination for 24 and 48 h. Cell viability was assessed by trypan blue exclusion test, and the results were converted to percent of cell viability. Positive Bliss-AE values
indicate additive effect, consistent with a synergistic interaction, whereas negative Bliss-AE values indicate antagonism. Drug interactions were classified using both the
magnitude of AE and the adjusted p value. Combinations with AE > 0.10 and adjusted p value <0.05 were classified as synergistic, whereas combinations with AE < —0.10
and adjusted p value <0.05 were classified as antagonistic. Non-significant positive or negative deviations beyond +0.10 were reported as enhanced/additive or reduced/
additive, respectively, while values within +0.10 were considered additive. Statistical significance was indicated in the figure.

growth conditions) (Figure 4A). Notably, starvation induced an
overall increase in P-ERK levels across all samples compared to con-
trol. These findings suggest that RGWE interferes with the MAPK
signaling pathway by specifically inhibiting ERK phosphorylation,
as evidenced by the marked reduction in P-ERK levels (Figure 4C).
To clarify the role of RGWE in ERK1/2 signaling, U-87 MG cells
were transfected with WT and active-Mek isoforms. After 2 h of star-
vation, the cells were treated with or without 1 mg/mL RGWE for
10 min or 2 h in the presence of 1% or 10% FBS. Western blot anal-
ysis confirmed that, compared with the WT isoform, the active-Mek
isoform increased P-ERK levels under basal conditions. In active-
Mek isoform-transfected U-87 MG cells, RGWE treatment signifi-
cantly (***p < 0.001) decreased ERK phosphorylation at 10 min
but slightly increased ERK phosphorylation at 2 h under starvation
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conditions (1% FBS) (Figure 4B lines 1-5). In contrast, under
restored basal conditions (10% FBS), RGWE was no longer capable
of inhibiting ERK phosphorylation at either time point (Figure 4B
lines 6-9). These findings support the hypothesis that RGWE in-
hibits the MEK/ERK1/2 signaling pathway through a negative up-
stream regulation of MEK. Since constitutive MEK activation pre-
vents the previously observed decrease in ERK phosphorylation,
we believe that RGWE could act on MEK activation in the context
of the MAPK pathway.

Dissecting the molecular mechanism of action of RGWE: The
PKC/Mek/Erk signaling pathway

To identify the potential molecular mechanism of RGWE-dependent
regulation upstream of MEK/ERK signaling, we looked for the major



www.moleculartherapy.org

A Il Control
NT 24h RGWE 24h 1 RGWE
G1: 42.86% ns
1000 G2: 23.27% 800]
S: 33.86% 504 1 Sdokok
| L
750 600 40 - skkokk I
3 3 30
‘u:':; 500 ‘u(:‘) 400
@ o | 20
250 200!
1 10—
0 0- L1
500K  1000K 1500K  2000K 500K  1000K  1500K  2000K ! !
FL2-A FL2-A G0/G1 S G2/M
DNA content >
B
4 Control Control
CDDP CDDP
CDDP + RGWE CDDP + RGWE
250
100+
200
w 751
3 £
3 3 150.
= ©
w100
25
‘ 50
0 / SN _
‘ ‘ A A ‘ 0 "
™ M M M oM 1™ 2M 3Mm 4M 5M
FL2-A FL2-A

Figure 3. FACS flow cytometry analysis of the cell cycle in glioblastoma cell lines

(A) Representative flow cytometry cell cycle analysis of the U-87 MG human glioblastoma cell line treated with 1 mg/mL RGWE for 24 h. Histogram showing the mean + SD of
the percentage of cells that accumulated during each cell cycle phase in three independent experiments. The significance of the data obtained was tested via two-way
ANOVA with Sidak’s multiple comparisons (****p < 0.0001, ns: nonsignificant compared with untreated cells, control). (B) Cells were treated with 0.2 pg/mL cisplatin in the
presence or absence of 1 mg/mL RGWE. Untreated cells were used as controls. Histogram plots are representative flow cytometry cell-cycle analysis of U-87 MG (left) and

T98G (right) human glioblastoma cell lines.

component in RGWE. LC-ESI-Q/TOF MS (liquid chromatography
electrospray ionization quadrupole time-of-flight mass spectometry)
analysis® revealed that rutin was the major component of the extract
but was present also quercetin 3-O-glucosyl-rhamnosyl-galactoside,
isorhamnetin 3-O-rutinoside, isorhamnetin, and epigallocatechin
3-O-gallate. These flavonoids are well known to exert multiple phar-

macological effects, including tumor suppression, carcinogen inacti-
vation, cell-cycle arrest,”® and apoptosis induction through their
antioxidant and anti-inflammatory properties.*' ~** Moreover, recent
evidence suggests that quercetin interacts with and permeates the
lipid bilayer in a pH-dependent manner”® and can influence Ca*"
influx and metabolism. This, in turn, regulates the activation of
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Figure 4. RGWE inhibits MAPK signaling
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(A) Total protein extract obtained from U-87 MG cells stimulated with 1 mg/mL RGWE for 10" and 2 h under starvation (1% FBS) and restored growth conditions (10% FBS)
was analyzed via western blotting with anti-P-Erk, anti-Erk 1/2, and anti-actin antibodies. (B) U-87 MG cells transfected with the active-Mek isoform and treated with or
without 1 mg/mL RGWE for 10 and 2 h in the presence of 1% and 10% FBS were analyzed via western blotting with anti-P-Erk, anti-Erk 1/2, and anti-actin antibodies. (C and
D) The histogram represents the fold variation relative to the control P-Erk/Erk signal ratio obtained from different experiments. The cells that had not undergone starvation or
subsequent treatments were used as controls. The values are expressed as the means + SDs (n = 7). Differences between treatments were tested by two-way ANOVA with
Dunnett’s multiple comparisons (****p < 0.0001, **p < 0.001, ns: nonsignificant compared with untreated cells, CTR).

protein kinase C (PKC) isozymes at the membrane.”® Given that

PKC activation can lead to the phosphorylation of several cellular
proteins, including MAPK, we investigated whether RGWE could
interfere with PKC-dependent signaling. To this end, U-87 MG cells
were pretreated with 10 pM of PKC inhibitor (PKCi) for 30 min, fol-
lowed by stimulation with 1 mg/mL RGWE for 10 min and 2 h. As
expected, compared with starvation alone, PKCi treatment alone
reduced P-ERK levels (Figure 5A line 2). Notably, subsequent
RGWE administration significantly decreased P-ERK levels at
10 min, which persisted for up to 2 h. In contrast, under serum-
induced reactivation of signaling (10% FBS), although P-ERK
decreased at 10 min, this effect was no longer detectable at 2 h
(Figures 5A-5C). These results suggested that RGWE acted up-
stream of PKC. To confirm this hypothesis, U-87 MG cells were
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transfected with an active-Mek mutant. Interestingly, the PKCi-
induced inhibition of ERK phosphorylation was reversed within
10 min under all conditions. However, after 2 h, the signal appeared
to decrease (Figures 5B-5D). When transfected cells (B) were
compared with non-transfected cells (A), RGWE clearly increased
the effect of the PKC inhibitor on ERK phosphorylation under
serum-free conditions at both 10 min and 2 h. In contrast, under
conditions of serum-induced phosphorylation reactivation, the
inhibitory effect was lost, regardless of the presence of a PKC inhib-
itor. Finally, when cells overexpress the active-Mek mutant, not only
does RGWE lose its inhibitory effect but the PKC inhibitor-mediated
suppression of ERK phosphorylation is also significantly enhanced
(Figure 5D). Taken together, these findings further support the hy-
pothesis that RGWE modulates ERK phosphorylation upstream of
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PKC and that its inhibitory activity is counteracted when MEK is
constitutively active.

Moreover, to make us fully aware of the PCK-signaling implication
in RGWE/MEK/ERK-dependent glioma growth inhibition, we
treated glioblastoma cells with 1 pM PMA, a PKC activator
(PKCa), for 30 min, stimulated them with 1 mg/mL RGWE for 48
h, and first, we assessed cell viability and cell cycle. Our results
demonstrated that pretreatment with PKCa desensitized U-87 MG
cells from the RGWE-dependent antiproliferative effect in terms of
both viability and G2 phase cell-cycle arrest (Figures 6A-6C). Appar-
ently, RGWE did not interfere with PKCa-dependent S-phase induc-
tion but attempted to enhance the percentage of cells that accumu-
lated in the GO/G1 phase of the cell cycle. Finally, to investigate
cell signaling, U-87 MG cells were pretreated with 1 pM PKCa for
30 min, and then RGWE was added for 10 min. As expected,
PKCa alone increased P-ERK levels compared with those in the un-
treated condition (Figure 6D). At the same time, the addition of
RGWE led to a significantly reduction in P-ERK levels within
10 min, an effect that was more pronounced than with RGWE alone
and unexpected. So, in our opinion, these results support the
involvement of the PKC/MEK/ERK pathway, especially if activated,
as demonstrated by the decrease in P-PKC substrate levels when
RGWE is added after PKCa treatment.

Finally, to demonstrate if there was a serum-dependent activity of
RGWE, if this was limited to specific conditions or could benefit

and FACS analysis. Results showed a statisti-

cally significant reduction in cell viability
even in the presence of a single mitogenic stimulus (EGF). This
reduction in viability correlates with an accumulation of cells in
the G2/M phase of the cell cycle (Figures 7A and 7B), and with the
ERK dephosphorylation RGWE-dependent even in the presence of
EGF alone, although the EGF-mediated activation had been mild
(Figure 7C). In addition, deeper cell-state analysis confirmed the
RGWE cytostatic effects, because it induced a drastic increase in
YH2AX (about 11-fold) in the first 24 h after nutrient deprivation,
that it was not so pronounced following EGF stimulation. This could
explain the accumulation in G2/M phase of the cell cycle observed.
Then, to further explain the molecular mechanism through which
RGWE controls cell cycle, we search for the expression of the key
genes. qPCR data demonstrate that RGWE increased p14“PXN24
expression levels after 18 h of treatment both in the presence of
FBS and in the presence of EGF. We found even an increase of
TP53 expression levels at the same experimental time, which corre-
lated with a decrease in CCNE1 expression levels after 1 h of RGWE
treatment both in the presence of FBS and EGF, even if the last case
the fold change is not significant (Figure 7D).

DISCUSSION

A critical factor in the treatment of glioblastoma is the role of the
blood-brain barrier (BBB), a highly selective physiological interface
that restricts the penetration of most therapeutic agents into the cen-
tral nervous system®” In glioblastoma, however, the integrity of the
BBB is often compromised due to abnormal angiogenesis and disrup-
ted tight junctions, leading to increased permeability within tumor
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regions.”® This phenomenon can facilitate the delivery of certain
compounds that would otherwise have limited access to the brain.
Some evidence suggests that certain polyphenols, such as resveratrol
and quercetin, can be detected in brain tissue at low levels and may
still exert biological effects.”” Thus, the compromised BBB may
further facilitate the access of RGWE polyphenols to the tumor
core, but additional strategies such as formulation and delivery sys-
tems may be necessary to achieve therapeutically relevant concentra-
tions throughout the tumor. This study revealed that the medicinal
and culinary herb R. graveolens contains bioactive compounds that
inhibit glioblastoma cell proliferation, reduce cell growth blocking
cell-cycle progression in G2/M phase. Combination treatment with
cisplatin has additive and dose reduction potential in glioblastoma
cells, enabling the cisplatin dosage to be reduced to sublethal levels.
Moreover, we identify the mechanism of action mediated by PKC/
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Figure 6. RGWE affects cell growth through PKC-
dependent signaling

(A) Trypan blue exclusion test of U-87 MG and T98G cell
lines pretreated with PKCa and then with RGWE alone or
in combination for 24 h. Untreated (NT) cells were used as
controls. The error bars are representative of the SDs of
three independent experiments performed in triplicate.
The significance of the data obtained was tested via
one-way ANOVA with Sidak’s multiple comparisons
(***p < 0.0001 compared with untreated cells). (B)
Histogram showing the mean + SD of the percentage of
cells that accumulated during each cell-cycle phase in
three independent experiments. T98G cells were
pretreated with PKCa and then with RGWE alone or in
combination for 24 h. The significance of the data
obtained was tested by two-way ANOVA with Sidak’s
multiple comparisons (***p < 0.0001 compared with
untreated control cells). (C) U-87 MG cells treated as in
B. The significance of the data obtained was tested via
two-way ANOVA with Sidak’s multiple comparisons
(***p < 0.0001, **p < 0.001 compared with the
samples indicated in the figure). (D) Total protein extract
obtained from U-87 MG cells stimulated with 1 mg/mL
RGWE for 10’ in the presence or absence of PKCa was
analyzed via western blotting with anti-P-Erk, anti-Erk
1/2, and anti-P-PKC substrate antibodies. (E) The
histogram represents the fold variation relative to the
control P-Erk/Erk signal ratio obtained from different
experiments. The cells that had not undergone
starvation or subsequent treatments were used as
controls. The values are expressed as the means + SDs
(n = 7). Differences between treatments were tested by
two-way ANOVA with Dunnett’s multiple comparisons
(**p < 0.0001, **p < 0.001, nonsignificant
compared with untreated cells).

ERK

P-PKC subtrate

Kokokk

Fkkk

ns:

MEK/ERK signaling as possible target of the

antiproliferative activity of RGWE. Our find-

ings demonstrated that RGWE inhibits ERK1/

2 phosphorylation through a mechanism that

acts upstream of PKC and MEK cascade. The
biochemical characterization of RGWE revealed a flavonoid-rich
composition, with rutin as the major component, alongside other fla-
vonoids such as quercetin derivatives and epigallocatechin gallate.
These compounds are well documented for their antitumor proper-
ties,”" including cell-cycle arrest, apoptosis induction, and modula-
tion of intracellular signaling pathways. One key aspect of quercetin
activity is its interaction with the plasma membrane, which influences
Ca®" influx and metabolism. This, in turn, regulates PKC activation, a
crucial event in cell signaling. In our experimental setting, PKC inhi-
bition enables RGWE in lowering P-ERK levels exclusively under
serum starvation conditions, which is probably due to the require-
ment of basal PKC activity. In the presence of serum, however, its ef-
fect on PKC activity was no longer evident, suggesting that external
growth signals that strongly activate the pathway might override
the inhibitory mechanism of RGWE. To further dissect the
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Figure 7. RGWE acts on glioblastoma growth via
PKC/ERK/MEC signaling in EGF-dependent
micronviroment conditions

(A) Trypan blue exclusion test of U-87 MG cell lines
pretreated with RGWE alone or in combination with
EGF for 24 h. Untreated (NT) cells were used as
controls. The error bars are representative of the SDs of
three independent experiments performed in triplicate.
The significance of the data obtained was tested via
one-way ANOVA with Sidak’s multiple comparisons
(***p < 0.0001 compared with untreated cells).
(B) representative graphs of FACS cell-cycle analysis
(upper part of the image), histogram showing the
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mean + SD of the percentage of cells that accumulated
during each cell cycle phase in three independent
experiments (lower part of the image) in the same
experimental conditions. (C) Total protein extract
obtained from U-87 MG cells treated with 1 mg/mL
RGWE for 10’ and 2 h in the presence of FBS 10%
* or EGF alone was analyzed via western blotting with
the antibodies indicated in the figure. The histogram
represents the fold variation relative to the control
P-Erk/Erk  signal ratio obtained from  different
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mechanism of RGWE, we utilized an active-Mek mutant to bypass
upstream regulatory controls. Interestingly, in cells overexpressing
active-Mek, neither RGWE nor PKC inhibition suppressed ERK
phosphorylation after 10 min. However, after 2 h, the signal appeared
to diminish, suggesting possible feedback regulation or adaptation
over time. Of note, in these transfected cells, the inhibitory effect of
PKCi was even more pronounced, indicating potential cross-talk be-
tween PKC and MEK in regulating ERK activity. Conversely, we pre-
treated cells with 1 pM PKCa for 30 min and then added RGWE for
10 min. We confirmed that RGWE works through the PKC/MEK/
ERK signaling pathway, especially if activated, since P-PKC substrate
levels decrease when RGWE is added after PKCa treatment. Taken
together, these data indicate that RGWE likely interferes with ERK
activation at a step upstream of PKC and MEK. This finding is further

B3 RGWE 18h
=3 EGF + RGWE 18h

i.I_I-I experiments. Differences between treatments were
tested by two-way ANOVA with Dunnett’s multiple
comparisons  (***p < 0.0001, **p < 0.001, ns:
nonsignificant compared with untreated cells). (D) Total
RNA extract obtained from U-87 MG cells treated with
1 mg/mL RGWE for 1 and 18 h in the presence and
in the absence of EGF was analyzed via gPCR. The
gene analyzed are reported in the figure. Differences
between treatments were tested by two-way ANOVA
with Dunnett’'s multiple comparisons (***p < 0.0001,
**p < 0.001, ns: nonsignificant compared with
untreated cells). All values are expressed as the
means + SDs (n = 7).

CCNE1

supported by the observation that its effect is

lost when MEK is constitutively active, meaning

that RGWE does not directly inhibit MEK

but rather modulates a preceding regulatory

component. Given the known membrane-in-

teracting properties of flavonoids such as quer-
cetin, it is possible that RGWE influences signaling events at the
plasma membrane level, potentially affecting the receptor-mediated
activation of PKC or upstream kinases involved in ERK1/2 signaling.
The RGWE activity on key phenomenon tested was maintain even
under serum- or EGF-stimulated conditions, indicating that its ef-
fects are not limited to specific conditions but are robust across
different proliferative contexts.

As confirmed in prostate, colon, and breast cancers,” RGWE
induced significant accumulation of the glioblastoma cell lines
U-87 MG and T98G in the G2/M phase of the cell cycle following
24 h of treatment. At the molecular level, RGWE induces the expres-
sion of key cell-cycle regulators, increasing p14“”*"* and TP53 and
reducing CCNEI, suggesting a role in controlling cell-cycle

Molecular Therapy: Oncology Vol. 34 September 2026 9



Molecular Therapy: Oncology

HSPD1

HNRNPA3

Figure 8. Venn diagram of proteins identified in the U-87 MG and T98G cell lines

Venn diagram of overlapping and unique proteins identified by means of mass spectrometry. The number of proteins in the overlapping and nonoverlapping areas is shown.
Venn diagram proteins were grouped based on database annotation. Pink square reported the T98-G unique proteins, green square showed U-87 MG unique proteins, and
beige square reported the common ones. In the red and yellow boxes are indicated protein kinases and protein phosphatases, respectively.

progression and in the antiproliferative response. Interestingly, we
showed an additive effect between RGWE and cisplatin in all cell
lines tested, but not in T98G cells that showed resistance to both sin-
gle treatments and their combination. Our findings demonstrated
that RGWE at different doses ranking from 0.1 to 5 mg/mL already
after 24 h decreased the CDDP dose to a sublethal level (0.2 pg/mL;
0.7 pM), with an additive effect on the regulation of glioblastoma
growth, both in term of cell viability and in cell-cycle progression
regulation. Even the small doses tested (0.1 mg/mL) still reduced
the viability of cells, suggesting the presence of long-acting compo-
nents that inhibit cancer cell proliferation at low doses of the extract,
illustrating the potential use of natural compounds as adjuvants or
supplements to conventional therapeutic drugs.

Since combinatory therapy/treatment wants to come across the
dependence from the exposure time and the concentrations of
each individual reagent used, it was very important to identify the
right dosage and timing, choosing the lowest dose and shortest
time expositions to obtain positive effects on glioblastoma cell
viability reduction. So, we propose RGWE as a new natural com-
pound to inhibit MEK and interfere with glioblastoma proliferation
in combination with a sublethal dose of CDDP, as demonstrated by
the utilization of different glioblastoma cell lines. Although, we knew
that TMZ is currently the standard-of-care treatment of glioblas-
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toma, we choose CDDP based on our previous work on glioblastoma
cells where we systematically reviewed experimental conditions, cell
line types, drug exposure times, and IC50 values, which are dramat-
ically different by 10- to 100-fold between cisplatin and TMZ.*%>**
Moreover, CDDP is the main chemotherapy used for multiple tumor
types, and although it has been shown to have cytotoxic effects on
human glioblastoma cells i vitro,”*”" the response to clinical treat-
ment is weak and does not improve the overall survival of patients
with brain tumors. Within the area of combinatorial therapies, the
use of MEK inhibitors in glioblastoma treatment has undergone
increasing advances in clinical trials.”**"*

Since previous studies reported that the water extract of R. graveolens
induces cell death in several GBM cell lines, such as U138 and C6°,
the unexpected lack of effect on the T98G cell line prompted us to
explore the potential differences between the two cell lines in terms
of proteomics and, in particular, cell-surface proteomics because the
water extract should not dissolve liposoluble molecules. In 2017,
Gosh et al. published a cell surface membrane protein signature in
glioblastoma*' that allowed us to identify the differences between
the two cell lines. As shown in the Venn diagrams, T98G and
U-87 MG cells shared 56 membrane proteins, while 203 proteins
were differentially expressed only in U-87 MG cells, which could
be responsible for their different behavior (Figure 8). Among



www.moleculartherapy.org

these, 10 protein kinases and 2 protein phosphatases (see the red and
yellow boxes, respectively) were selectively expressed in U-87 MG
cells (green table). In particular, those that have attracted our atten-
tion include protein phosphatase 2, regulatory subunit alpha
(PPP2R1A), which is the regulatory subunit of Ser/Thr phosphatases
implicated in the negative control of cell growth and division, and
the ectonucleotide pyrophosphatase/phosphodiesterase protein
phosphatase 1 (E-NPP1), which is a transmembrane glycoprotein
that cleaves a variety of substrates, including the phosphodiester
bonds of nucleotides and nucleotide sugars. These findings lay the
groundwork for further exploration of RGWE as a potential thera-
peutic agent targeting MAPK-driven oncogenic pathways. Future
studies should focus on identifying the precise molecular targets of
RGWE in the MAPK cascade. Investigating whether RGWE directly
modulates receptor tyrosine kinase (RTK) activity, alters lipid raft
composition, or interferes with protein phosphatases, such as
PPP2R1A and E-NPP1 would provide valuable insights into its
mechanism of action. Additionally, exploring its effects on other
PKC isoforms and alternative ERK regulators may further elucidate
its role in tumor signaling suppression.

In conclusion, since RGWE has been used for centuries as a spicing
ingredient for food and to treat various illnesses, its extract contains
candidate compounds that deserve to be further evaluated for their
chemotherapeutic or adjuvant therapy potentials.

MATERIALS AND METHODS

Cell culture and plasmid transfection

Glioblastoma U-87 MG and T98-G cells were obtained from the
American Type Culture Collection (ATCC, Rockville, MD) and
cultured as previously described.”” Primary glioblastoma MZC,
FCN, and GL 18-15 were obtained and cultured as previously
described.” *® The cells were transfected with purified plasmids
via Superfect (QIAGEN) as previously reported.”” The transfected
cells were grown for 48 h in phenol red-free DMEM (Lonza;
Verviers, Belgium), 10% (v/v) FBS (Biowest; Nuaillé, France), 1%
pyruvate Na and 1% L-glutamine. Plasmids carrying human WT-
MEK or its Ser217 and Ser221 residues in the mutated form of glu-
tamic acid (reported as active-MEK) were obtained as previously
described.*® The pEGFP-C3 plasmid was obtained from BD Biosci-
ence (#6082-1) and included to determine and normalize the trans-
fection efficiency through FACS analyses. All the data used were
derived from experiments with a transfection efficiency greater
than 35%.

RGWE preparation

RGWE was obtained from R. graveolens, a non-protected species.
Leaves were collected from plants conserved at the Experimental Sec-
tion of Medicinal Plants at the Botanical Garden of Naples, Italy.
Whole leaves were harvested before the flowering stages, during
spring, as previously described."” Technical variability was limited
by a rigorous extraction procedure: 250 g of chopped leaves were
boiled in 1 L of distilled water at 110°C for 60 min, followed by
0.22 pm filtration and lyophilization. Each extract batch underwent

chemical characterization via RP-HPLC (reversed-phase high per-
formance liquid chromatography) and LC ESI-Q/TOF mass spec-
trometry. This allowed for the consistent identification of a specific
phytochemical “fingerprint” comprising five main flavonoid markers
(i.e., rutin, quercetin 3-O-glucosyl-rhamnosyl-galactoside, isorham-
netin 3-O-rutinoside, isorhamnetin, epigallocatechin 3-O-gallate).®
By monitoring the concentration of the major marker and the pres-
ence of the other identified flavonoids, we confirmed minimal batch-
to-batch variability, ensuring that the biological effects observed are
reproducible.

Cellular treatments

For the cell signaling experiments, before each treatment, the cells
were subjected to starvation with phenol red-free medium supple-
mented with 1% FBS for 2 h. RGWE was added at a final concentra-
tion of 1 mg/mL, unless otherwise specified, for 10 min and 2 h under
both starvation conditions (1% FBS) and growth conditions (10%
FBS). The cells were pretreated with 5 nM EGF (236-EG Sigma-
Aldrich), 10 pM PKCi (PKC 20-28, 476480, Calbiochem) for
30 min or with 1 pM PKCa (P8139, Sigma-Aldrich) before the addi-
tion of 1 mg/mL RGWE for 10 min and/or 2 h. Cells that did not un-
dergo any treatment were used as controls.

Cell viability assay

Cell viability in response to treatment with cisplatin or RGWE alone
or in combination was assessed via the trypan blue (Invitrogen)
exclusion test. A total of 4 x 10* cells were seeded in 12-well plates
and treated with RGWE at 1 mg/mL, 0.2, 2, or 50 pg/mL cisplatin
in combination for 48 h. Then, the cells were detached, stained
with a 0.4% (w/v) trypan blue solution, counted in a Burker chamber,
and reported as the number of total cells, with the percentage of
viable cells/total number being considered viable.

Flow cytometry analysis

Cell-cycle analysis was performed via FACS as previously
described.”’ Briefly, U-87 MG and T98-G cells were treated with
1 mg/mL RGWE, 0.2 pg/mL CDDP, or their combination for 48 h
at 37°C. After two washes with PBS, the cells were fixed with 70%
EtOH, permeabilized with 0.1% Triton and stained with 10 pg/mL
propidium iodide (PI) with 5 pg/mL RNase in the dark at 4°C over-
night. Apoptotic cells were detected via an annexin V-FITC/PI stain-
ing assay following the manufacturer’s instructions as previously
described’® (A432; Leinco Technologies, Inc.) and via a FITC Active
Caspase 3 Apoptosis Kit (550480 BD Bioscience), which selectively
recognizes the active form of caspase-3 in human cells. Briefly, cells
were treated with or without 1 mg/mL RGWE, incubated for 48 h
and then stained following the manufacturer’s recommendations.
For y-H2ax analysis, U-87 MG cells were starved or not as previously
described and then treated with 1 mg/mL of RGWE in the presence
and in the absence of 5 nM of EGF. After treatment cells were fixed
2 h with 70% of Et-OH, permeabilized for 10’ with Triton 0.1%, and
then marked with anti-y-H2ax antibody (BD #560443) following
manufacture instructions. All cells were acquired with a threshold
of FCS-H 80000 and gated in FSC-A/SSC-A based on their intrinsic

Molecular Therapy: Oncology Vol. 34 September 2026 11



characteristics. When single cells in the flow cell pass through the BD
Accuri-C6 laser beam, their FSC-A and FSC-H signals correlate lin-
early and plot along a relatively straight line, and single cells are gated
on the diagonal by plotting FSC-A against FSC-H. Atleast 1,500 total
events were acquired, of which 1,000 events were PI positive and
analyzed. Fluorescence was determined by using an Accuri C6 flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). All the
data were analyzed with Floreada.io online software.

Immunoblotting analysis

U-87 MG cells, with or without MAPKK (MEK) or the mutant, were
lysed with lysis buffer containing Tris-HCI (50 mM), EDTA (1 mM),
Triton (1%), NaCl (150 mM), MgCl, (5 mM), EGTA (1 mM), 1x
protease inhibitor, 1x PMSF, and 1x Na3;VO,. The lysates were
clarified by centrifugation at 12, 000 x g for 30 min at 4°C. The sam-
ples were separated by SDS—-PAGE and subjected to western
blotting. The nitrocellulose membranes were immunoblotted with
antibodies against P-Erk (E-4) (sc-7383, Santa Cruz Biotechnology),
Erk 1/2 (9102, Cell Signaling Technology), P-PKC-substrate
(716528, Cell Signaling Technology) and actin (F3777, Sigma-Al-
drich); GAPDH (# 2275-PC-100, R&D Systems); at 1:1,000 in 3%
BSA in T-TBS (0.1% Tween in TBS) overnight. After incubation
with peroxidase-conjugated anti-mouse antibodies (1:5,000;
Amersham-Biosciences), the proteins were visualized with an
enhanced chemiluminescence (ECL) kit (Millipore). Band intensity
was quantified with Fiji software.

RNA extraction and gPCR

Total RNA was extracted using TRIzol (Gibco/Invitrogen). cDNA
was synthesized in 20 pL reaction containing 1 pg of total RNA,
100 U of Superscript IIT Reverse Transcriptase (Invitrogen) and
2 pL random hexamer (20 ng/pL) (Invitrogen). mRNA was
reverse-transcribed for 1 h at 50°C, and the reaction was heat inac-
tivated for 15 min at 70°C. The products were stored at —20°C.
Quantitative reverse transcription polymerase chain reactions
(PCRs) and quantitative PCRs (qPCRs) were performed on a 7500
Real-Time PCR System (Applied Biosystems) using the SYBR
Green-detection system (FS Universal SYBR Green MasterRox/
Roche Applied Science). The complete list of oligonucleotides used
is reported in Table S1.

Bliss independence synergy analysis

The interaction between RGWE and cisplatin (CDDP) was quan-
titatively evaluated using the Bliss independence model. FCN,
MZC, and GL18-15 primary glioblastoma cells, together with the
established glioblastoma cell lines U-87 MG and U-138 MG,
were treated for 24 and 48 h with increasing concentrations of
RGWE (0.1-10 mg/mL) and CDDP (0.2-50 pg/mL), either alone
or in combination. Cell death was assessed by trypan blue exclu-
sion assay and expressed as the fraction or percentage of trypan
blue-positive cells. The effects of RGWE and CDDP single treat-
ments were first calculated and then used to estimate the expected
additive effect for each drug combination according to the Bliss in-
dependence model. When effects were expressed as percentages,
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the Bliss-predicted additive effect was calculated as: EPRED =
EA + EB — (EA x EB)/100, where EA and EB represent the effects
induced by RGWE and CDDP alone, respectively. When effects
were expressed as fractions ranging from 0 to 1, the equivalent for-
mula was: EPRED = EA + EB — (EA x EB). The Bliss delta was
calculated as: AE = EOBS - EPRED, where EOBS is the observed
effect of the combination. Positive AE values indicate that the
observed effect exceeds the Bliss-predicted additive effect, consis-
tent with a synergistic interaction, whereas negative AE values
indicate an effect lower than expected, consistent with antagonism.
Drug interactions were classified using both the magnitude of AE
and the adjusted p value. Combinations with AE > 0.10 and
adjusted p value <0.05 were classified as synergistic, whereas
combinations with AE < —0.10 and adjusted p value <0.05 were
classified as antagonistic. Non-significant positive or negative
deviations beyond +0.10 were reported as enhanced/additive or
reduced/additive, respectively, while values within +0.10 were
considered additive. Statistical significance was indicated as fol-
lows: ns, not significant; *p adj <0.05; *p adj <0.01; ***p adj
<0.001; ****p adj <0.0001.

Statistical analysis

All presented data are based on three independent experiments. The
statistical analyses and graphs were prepared via Prism (8.0)
(GraphPad Software). The bar plots in the graphs report the mean
values (£SD). The tests of significant differences were analyzed via
one-way and two-way ANOVA with Sidak’s multiple comparison
test and Dunnett’s multiple comparison test.

Cell surface membrane protein analysis
Cell surface membrane protein data for T98G and U-87 MG cells
were obtained from publicly available proteomic datasets.®'
Figure 7 displays the overlapping and unique cell surface membrane
proteins identified by mass spectrometry.
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