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ABSTRACT Oxaliplatin, a third-generation platinum derivative, is the mainstay of
current antineoplastic medications for advanced colorectal cancer therapy. However,
peripheral neuropathic complications, especially cold allodynia, undermine the life-
prolonging outcome of this anti-cancer agent. Rosavin, a phenylpropanoid derived
originally from Rhodiola rosea, exhibits a wide range of therapeutic properties. The
present study explored whether and how rosavin alleviates oxaliplatin-induced
cold hypersensitivity in mice. In the acetone drop test, cold allodynia behavior was
observed from days 3 to 5 after a single injection of oxaliplatin (6 mg/kg, i.p.). Cold
allodynia was significantly attenuated following rosavin treatment (10 mg/kg, i.p.).
Specific endogenous 5-HT depletion by three consecutive pretreatments with para-
chlorophenylalanine (150 mg/kg/day, i.p.) abolished the analgesic action of rosavin;
this effect was not observed following pretreatment with naloxone (opioid receptor
antagonist, 10 mg/kg, i.p.). Furthermore, 5-HT, , receptor antagonist WAY-100635 (0.16
mg/kg, i.p.), but not 5-HT; receptor antagonist MDL-72222 (1 mg/kg, i.p.), blocked
rosavin-induced analgesia. These results suggest that rosavin may provide a novel
approach to alleviate oxaliplatin-induced cold allodynia by recruiting the activity of
5-HT;,, receptors.

INTRODUCTION

Oxaliplatin, a principal third-generation platinum derivative, is
a core compound constituting diverse life-saving chemotherapeu-
tic regimens (e.g., FOLFOX), commonly used to control the pro-
liferation of advanced colorectal cancer [1]. Nonetheless, progres-
sive neurotoxic comorbidities occur even after a single oxaliplatin
infusion [2]. These acute sensory impairments include evoked
pain in the extremities, with predominant hypersensitivity to
cool touch or low temperature, termed cold allodynia [3]. Most
cancer survivors with painful neuropathy report aggravation of
sleep disorders, paresthesia, or dysesthesia, ultimately resulting
in the reduction or cessation of chemotherapy [4]. Unfortunately,

there is currently no validated prophylactic or curative analgesic
strategy available.

In East Asia, Cinnamomi Cortex (C. Cortex), a cocktail of
bioactive ingredients (e.g., coumarin, cinnamaldehyde, and cin-
namic acid), has been widely utilized owing to its reliable benefits
against influenza, diarrhea, and lack of energy, among oth-
ers [5,6]. In our previous studies, the water extract of C. Cortex
(WECC) and its major constituents, coumarin and cinnamic
acid, were shown to possess analgesic properties in oxaliplatin-
induced neuropathy, especially against cold allodynia [7,8]. In a
subsequent preliminary study, we evaluated the possible analgesic
actions of minor components derived from WECC and observed
that rosavin demonstrated an analgesic effect. Rosavin, a phenyl-
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propanoid derivative, is one of the main phytochemical ingredi-
ents of Rhodiola rosea (a traditional medicinal plant widespread
in the Northern Hemisphere) [9], and its adaptogenic, antifatigue,
and anti-inflammatory activities have been previously illus-
trated [10-12]. Moreover, it can substantially increase serotonin
(5-HT) levels in the central nervous system (CNS) and improve
endogenous opioid biosynthesis in certain models [13-16]. No-
tably, activation of serotonergic or opioid systems satisfies a core
contribution for endogenous pain modulation [17,18]. However,
the curative effect of rosavin on oxaliplatin-induced neuropathic
complications remains elusive.

Here, we first elucidated whether three different doses of ro-
savin could alleviate oxaliplatin-induced cold hypersensitivity in
mice. Second, we aimed to investigate the potential serotonergic
or opioid analgesic mechanism of rosavin therapy; accordingly,
appropriate experiments were performed after 5-HT depletion or
opioid receptor blockade. Finally, we clarified the 5-HT receptor
subtype that plays a vital role in rosavin-induced analgesia by sys-
temically administering serotonergic receptor antagonists.

METHODS
Isolation of rosavin

The dried bark of Cinnamomum cassia (6.0 kg) was extracted
with 60 L of hot water twice at 100°C in a water bath for 2 h to
obtain hot water extract (WECC). Then WECC (150.0 g) was
suspended in water (1.0 L) and successively extracted with EtOAc
(3 x 1 L), to obtain EtOAc-soluble (20.8 g) and water-soluble ex-
tracts (128.3 g), respectively. The water-soluble extract (128.3 g)
was fractionated using column chromatography over Diaion HP-
20 and eluted with an acetone/H,O gradient (from 0/1 to 1/0, v/v)
to afford 11 fractions (W1-W11). Rosavin (66.5 mg) was purified
from subfraction W10 using a flash chromatography system with
a Redi Sep-Cg cartridge.

Animals

Male C57BL/6 mice, aged six weeks postnatal were provided by
the Daehan Biolink (Emsung, Korea). The animals were housed
in a controlled vivarium on an artificial 12-h light-dark cycle (light
cycle: 7 AM to 7 PM) with ad libitum access to chow and water (n
= 5/cage). All experimental protocols were approved by the Kyung
Hee University Animal Care and Use Committee (KHUASP (SE)
20-147; approved April 2020) and conducted in accordance with
the ethical guidelines of the International Association for the
Study of Pain [19].

Behavioral evaluations

One week before performing the measurements, mice were
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individually placed beneath an inverted, transparent plastic cage
(12 x 8 x 6 cm), atop a steel mesh floor, and acclimated for 30 min
by the same experimenter [20]. The acetone drop test was per-
formed to examine cold allodynia, as previously described [21,22].
In brief, 10 pl of acetone (a usually innocuous stimulus; Daejung
Chemicals & Metals Co. Ltd., Siheung, Korea) was applied to the
plantar skin of the right hind paw three times at 5 min intervals.
The frequencies of brisk reactions (e.g., withdrawal, licking, and
shaking) were quantified for 30 s.

Drug administrations

Chemotherapy-induced peripheral neuropathy (CIPN) was
established by a single intraperitoneal infusion of oxaliplatin (6
mg/kg, 2 mg/ml; Sigma, St. Louis, MO, USA) [20]. An equivalent
volume of 5% glucose solution (Sigma) was administered to con-
trol animals. Rosavin was dissolved in 0.08% Tween 80 solution
(Sigma), and intraperitoneally administered to mice, accompa-
nied by neuropathic pain-like behavior, at doses of 1, 5, or 10 mg/
kg. Neuropharmacological analyses were performed to elucidate
whether the analgesic mechanism of rosavin was mediated via the
opioid or serotonergic systems; accordingly, pretreatment with
the opioid receptor antagonist naloxone (10 mg/kg, i.p.; Sigma) or
5-HT neurotoxin para-chlorophenylalanine (PCPA, 150 mg/kg/
day, i.p.; Sigma) was undertaken [20,23]. Pretreatment with WAY-
100635 (5-HT,, receptor antagonist, 0.16 mg/kg, i.p.; Sigma) or
bemesetron (MDL-72222, a 5-HT, receptor antagonist, 1 mg/kg,
i.p,; Tocris, Cookson, UK) was performed to determine potential
5-HT receptor subtypes that mediate the analgesic action of ro-
savin [16,20]. Pretreatment with PCPA was performed prior to the
oxaliplatin injection for three consecutive days [20]. Respective
antagonists were administered 15 min before rosavin administra-
tion [16].

Statistical analysis

Statistical analysis was performed using GraphPad Prism v7.0
(GraphPad Software, La Jolla, CA, USA), and differences were
considered significant at p < 0.05. Data are presented as mean +
standard error of the mean (SEM). Two-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison test was
used for all figures.

RESULTS

Cold hypersensitivity following oxaliplatin
administration in mice

A single intraperitoneal oxaliplatin infusion elicited cold allo-

dynia in mice over 8 days of evaluations. On day 0, no differences
were observed in baseline sensitivity between groups. Consistent
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with previous studies [21,24], the licking and shaking frequencies
of the hind paw in response to a topical evaporative cold stimulus
(10 pl of acetone) were increased in oxaliplatin-administered mice
when compared with controls, from days 3 to 5 (p < 0.05, day 3;
p <0.01, day 5, Fig. 1). These aberrant increments in withdrawals
generated by innocuous cold stimuli are characteristic of oxalipl-
atin-induced cold complications in cancer survivors.

Rosavin alleviates oxaliplatin-induced cold
hypersensitivity

Next, to explore the potential suppressive effect of rosavin on
oxaliplatin-induced cold allodynia, 31 mice were randomly al-
located into four groups when behavioral hypersensitivity was
significant (days 3-5, Fig. 1), receiving either rosavin (1, 5, and 10
mg/kg) or vehicle. The acetone drop test was conducted before
injection and reassessed at 30, 60, and 120 min after treatment.
Among the treatment regimens employed, the highest rosavin
dose (10 mg/kg) significantly ameliorated the worsening of cold
complications when compared with the control group, lasting
for 60 min (p < 0.05, 30 and 60 min, Fig. 2). However, reductions
in allodynic responses induced by the lowest or the intermediate
doses were apparent only at the 30 min time point (p < 0.05). In
addition, using the von Frey hair test [20,22], we found rosavin-
induced analgesia against mechanical allodynia (see Supplemen-
tary Fig. 1). Our findings revealed that rosavin exhibited more
pronounced effects against cold allodynia than mechanical allo-
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Fig. 1. Changes in cold hypersensitivity over time in oxaliplatin and
control groups. Animals were randomly administered 5% glucose so-
lution or oxaliplatin (vehicle or OXA, n = 8/group). Mice were subjected
to the acetone drop test immediately before the administration on day
0 and from days 1 to 7, respectively (timeline: days 0, 1, 3, 5, and 7). The
acetone-elicited responses were counted over 30 s post-applications.
Data are expressed as mean + SEM; *p < 0.05, **p < 0.01, vs. vehicle; by
Bonferroni post-hoc test after two-way analysis of variance (ANOVA).
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dynia. Accordingly, we further investigated the specific analgesic
mechanism of rosavin using the acetone drop test.

Potential serotonergic or opioid mechanism
underlying rosavin-induced analgesia in oxaliplatin-
administered mice

We attempted to elucidate the potential opioid or serotonergic
analgesic mechanism of rosavin. Accordingly, mice were pre-
treated with naloxone (opioid receptor antagonist, 10 mg/kg, i.p.)
prior to rosavin administration or administered with PCPA (5-HT
neurotoxin, 150 mg/kg/day, i.p.) before chemotherapy for three
consecutive days. Cold sensitivity was assessed before rosavin
(10 mg/kg, i.p.) administration and reassessed 30 min after its
treatment (see Supplementary Fig. 2). As the vehicle employed for
naloxone/PCPA (saline) showed a limited effect on the rosavin-
induced analgesia, we merged data from the two groups as con-
trols. Rosavin significantly attenuated the allodynic behavior in
the control and naloxone groups (Vehicle + Rosavin, p < 0.001,
and Naloxone + Rosavin, p < 0.001, vs. Before, Fig. 3). However,
in the 5-HT depleted group, rosavin failed to ameliorate aber-
rant behavior (PCPA + Rosavin, p > 0.05, vs. Before). Overall, the
endogenous 5-HT system, but not the opioid pathway, crucially
mediated rosavin-induced analgesia against oxaliplatin-induced
cold allodynia.

||TT
0- .
0

Fig. 2. Rosavin inhibits cold stimuli-evoked behavioral hypersen-
sitivity in the oxaliplatin group. Rosavin (1 mg/kg, n = 7; 5 mg/kg, n
=7; 10 mg/kg, n = 8) or vehicle (control, n = 9) was administrated to
randomly assigned animals. The acetone drop assay was performed
four times, once before application and reassessments at 30, 60, and
120 min post-dosing, respectively (timeline: 0, 30, 60, and 120). Data
are expressed as mean * SEM; *p < 0.05, vs. vehicle; by Bonferroni post-
hoc test after two-way analysis of variance (ANOVA).
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Fig. 3. Roles of the serotonergic system in mediating ameliorative
effects of rosavin against oxaliplatin-induced cold allodynia in
mice. Pretreatment with para-chlorophenylalanine (PCPA) (n = 8) was
performed prior to oxaliplatin injection for three consecutive days, and
naloxone (n = 6) was administered 15 min before rosavin administra-
tion. An equivalent volume of saline was pre-administered to controls (n
= 12). Mice presenting neuropathic pain-like behavior were subjected
to the acetone drop assay before rosavin treatment (10 mg/kg, Before)
and 30 min after administration (After). Data are expressed as mean +
SEM; ***p < 0.001, vs. Before; by Bonferroni post-hoc test after two-way
analysis of variance (ANOVA).

Specific antagonism of 5-HT, , receptor reverses
rosavin-induced analgesia in oxaliplatin-administered
mice

Finally, to further determine which 5-HT receptor subtypes
mediate the ameliorative properties of rosavin, mice were in-
traperitoneally administered 5-HT,, receptor antagonist WAY-
100635 (0.16 mg/kg), 5-HT, receptor antagonist MDL-72222 (1
mg/kg), or the respective vehicle (0.2 ml of saline or 20% DMSO,
respectively) 15 min prior to rosavin treatment (10 mg/kg). We
evaluated cold allodynia twice before antagonist administration
and 30 min after rosavin treatment. As vehicles employed for an-
tagonist preparation had a limited influence on rosavin-induced
analgesia, we pooled data from the two groups as controls. Pre-
treatment with WAY-100635, but not MDL-72222 or appropriate
vehicles, abolished rosavin-induced analgesia (WAY-100635 +
Rosavin, p > 0.05, MDL-72222 + Rosavin, p < 0.01, and Vehicle
+ Rosavin, p < 0.001, vs. Before, Fig. 4). Our findings demon-
strated the specific and vital involvement of the 5-HT, , receptor-
mediated pathway in the suppressive properties of rosavin against
oxaliplatin-induced cold allodynia.

DISCUSSION

Despite extensive investigations and remarkable achievements
in recent years, oxaliplatin-induced dose-limiting impediments
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Fig. 4. Effects of 5-HT receptor antagonism on the suppressive
properties of rosavin against oxaliplatin-induced cold allodynia
in mice. Mice with allodynia were randomly administered with WAY-
100635 (n = 6), MDL-72222 (n = 6), or an equivalent volume of the
vehicles (saline, the vehicle of WAY-100635, n = 5 or 20% DMSO, the
vehicle of MDL-72222, n = 5) 15 min prior to rosavin treatment at days
3 to 5. Cold sensitivity was assessed before antagonist administration
(Before) and 30 min after rosavin application (After). Data are expressed
as mean * SEM; **p < 0.01, ***p < 0.001, vs. Before; by Bonferroni post-
hoc test after two-way analysis of variance (ANOVA).

such as cold-dominant neuropathic pain remain a challenge for
cancer survivors beyond chemotherapy completion [2]. In orien-
tal medicine, natural plants and animals afford potential sources
for the design of emerging analgesics, which may possess more
promising analgesic features than conventional painkillers in
certain pain-inducing disorders [25]. Recently, we investigated
the substantial analgesic effects of phytocompounds present in
C. Cortex (i.e., coumarin and cinnamic acid) in CIPN rodent
models [7,8]. Additionally, rosavin, another constituent derived
from WECC, was shown to markedly alter the concentrations of
endogenous 5-HT and enkephalins [14,15]. This evidence sug-
gests that rosavin may also possess analgesic effects against CIPN.
In the present study, we assessed rosavin-induced analgesia and
elucidated its underlying mechanisms against oxaliplatin-induced
cold allodynia in mice.

Our chemotherapeutic regimen successfully mimicked the
cold allodynia observed in cancer survivors, with a single intra-
peritoneal injection of oxaliplatin (6 mg/kg) increasing with-
drawal behavior in the acetone test (Fig. 1). Rosavin therapy has
reported analgesic benefits in different pre-clinical models (e.g.,
osteoarthritis, inflammatory, or diabetic pain model) [16,26,27].
However, our study is the first to introduce its possible indication
in CIPN. Among the treatment doses employed (1, 5, and 10 mg/
kg), the highest dose exhibited the most prolonged relief in terms
of cold hypersensitivity (60 min vs. 30 min, Fig. 2). Previously, we
revealed that cinnamic acid exhibits the most efficacious action at
a dose of 20 mg/kg, markedly mitigating both cold and mechani-
cal hypersensitivity induced by oxaliplatin [7]; however rosavin
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therapy yielded limited beneficial effects on mechanical allodynia
(Supplementary Fig. 1), and coumarin had no effect on mechani-
cal allodynia [8]. This discrepancy could imply that distinct un-
derlying mechanisms are involved in CIPN regulation mediated
via each phytocompound of C. Cortex.

Few studies have elucidated rosavin-induced effect on cold
hypersensitivity, with little known regarding its precise analgesic
mechanism. In this context, we observed that intraperitoneal pre-
administration of PCPA, but not naloxone, markedly abolished
rosavin analgesia (Fig. 3), indicating that the endogenous sero-
tonergic mechanism plays a key role in mediating its effect. Fur-
thermore, antagonism of 5-HT , but not 5-HT, receptors blocked
the anti-allodynic effect of rosavin (Fig. 4). Data from previous
publications could explain our findings. In the formalin test, the
antinociceptive effect of Rhodiola rosea extract, containing 2.7%
rosavin, could be significantly counteracted by the subcutaneous
pretreatment with WAY100635 (0.16 mg/kg), but not naltrexone
(1 mg/kg, another opioid receptor antagonist) [16]. Rhodiola
rosea extract effectively reverted 5-HT levels in the rat hippocam-
pus under conditions of chronic mild stress [14]. Stancheva and
Mosharrof demonstrated that Rhodiola rosea modulates biogenic
monoamines at the CNS, where dopamine and norepinephrine
decreased in the cerebral cortex as well as in the brainstem, but
a considerable increase in 5-HT levels was observed [13]. Thus, it
is likely that the serotonergic, but not the dopaminergic or nor-
adrenergic, mechanisms are involved in the effects of rosavin.
Moreover, in streptozotocin-induced diabetic rats, subcutane-
ous injection of Rhodiola rosea extract at the dorsal surface of
hind paw decreased the rate of formalin-induced flinches, at
a dose half that of the anticonvulsant medication, gabapentin,
which achieved almost identical analgesia (10 mg/paw vs. 20 mg/
paw) [27]. Herein, we found the involvement of 5-HT, receptors
in analgesic effect of rosavin. The 5-HT, receptor is enriched in
a variety of brain regions, such as the limbic areas and hippocam-
pus [28]. Also, this receptor is one of the most prevalent and most
plastic serotonergic receptors in the spinal cord, with the highest
density in laminae III-VI [29]. Activations of this receptor could
suppress nociception in diverse rodent models [30,31]. More
importantly, the growth inhibitory effects of rosavin on bladder
cancer, Ehrlich's tumor, and Pliss' lymphosarcoma have been
previously reported [32,33]. Collectively, these results suggest that
adjunct rosavin therapy could be employed as an ideal strategy
to alleviate oxaliplatin-induced neuropathy without diminishing
chemotherapy efficacy, further providing better life-saving ben-
efits in clinical settings.
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