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Abstract: Peripheral neurotoxicity is a common adverse reaction in cancer patients undergoing chemotherapy. The
neuropathologic changes were partly associated with mitochondrial dysfunction and autophagy. Tanshinone IIA, a
compound extracted from the medicinal herb Salvia miltiorrhiza, has been shown to exhibit neuroprotective effects.
The present study investigated the effects of tanshinone IIA on chemotherapy-induced neurotoxicity and to study
the underlying mechanism. Neuroma cell line N2a and rats were treated with oxaliplatin and/or tanshinone IIA.
The effects on neurotoxicity were evaluated using cell viability assay, flow cytometry detection of apoptosis, mea-
surement of intracellular reactive oxygen species (ROS) and mitochondrial membrane potential (Wm), autophagy
detection, nerve function assessment, and behavior assessment. The results showed that tanshinone IIA prevented
oxaliplatin-induced inhibition of cell viability and reduced apoptosis. Tanshinone IIA also prevented excessive oxida-
tive stress, as demonstrated by decreased ROS levels and reduced Wm loss. Lastly, treatment with tanshinone IIA
promoted autophagy through the PI3K/Akt/mTOR signaling pathway. The in vivo experiment showed that tanshi-
none IIA ameliorated oxaliplatin-induced allodynia and sciatic nerve dysfunction. An increase in serum nerve growth
factor level was observed. In conclusion, the results of the study suggested a protective role of tanshinone 1A in

neurotoxicity induced by oxaliplatin via mitochondrial protection and autophagy promotion.
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Introduction

Chemotherapy-induced peripheral neuropathy
is a common adverse effect of several chemo-
therapeutics such as oxaliplatin [1]; approxi-
mately 90% of patients who received oxaliplatin
developed peripheral neurotoxicity [2-4]. The
main clinical manifestations of peripheral neu-
rotoxicity include numbness of limbs and loss
of peripheral sensation accompanied by pain-
ful spasms [5]. The neuropathologic changes
were associated with the accumulation of plati-
num product in the dorsal root ganglion, but the
underlying mechanism remains to be elucidat-
ed [6]. The symptoms of peripheral neurotoxic-
ity could impact on patient’s physical, psycho-
logical, and social life, and treatment may be
discontinued in some circumstances [7]. A tr-
eatment strategy that alleviates the neurotoxic-
ity of oxaliplatin is of great clinical importance.

Tanshinone IIA (molecular formula: C19H1803;
molecular weight: 294.34) is a compound extr-
acted from the plant Salvia miltiorrhiz-a well-
known herbal medicine used in China. Studies
showed that tanshinone IIA exhibits various
physiological effects such anti-cancer activi-
ties, antioxidant effects, and anti-inflammatory
activities [8-11]. Tanshinone lIA also has a neu-
roprotective effect. In a classical Alzheimer’s
disease-like mouse model, tanshinone llA im-
proved the learning and memory ability of mice.
Further analysis showed a reduction in reactive
oxygen species (ROS) in the hippocampus and
cortex. Tanshinone IIA significantly induced mi-
tochondrial protection through upregulation of
antioxidant enzymes [12]. Tanshinone IIA also
appeared to promote apoptosis through beclin-
1-dependent autophagy in osteosarcoma and
oral squamous cell carcinoma [10, 13]. Indeed,
accumulating evidence has suggested a cross-
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talk between autophagy and mitochondrial fu-
nction [14, 15]. To date, little is known on the
role of tanshinone lIA on mitochondrial function
and autophagy in the context of oxaliplatin-
mediated neuropathy. Clinically, patients with
malignant tumor benefited from chemotherapy
with oxaliplatin and tanshinone lIA. Reduced
incidences of oxaliplatin-induced peripheral ne-
uropathy were observed in the tanshinone IIA
group (27.8%) compared to the control (55.6%)
[16]. In the present study, we investigated the
mechanisms underlying the neuroprotective ro-
le of tanshinone IIA in oxaliplatin-induced neu-
rotoxicity.

Materials and methods
In vitro assays

Cell culture and reagents: Mouse brain neuro-
ma cell line N2a was purchased from the Cell
Bank of Chinese Academy of Sciences (Shang-
hai, China). The cells were cultured in minimum
essential medium (MEM), containing 10% fetal
bovine serum and 1% streptomycin/penicillin,
under 5% CO, environment at 37°C. Oxaliplatin
and tanshinone IIA were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA). Cell counting
kit 8 (CCK8) cell viability test kit, JC1 (3,3’-dieth-
yloxacarbocyanine iodide), and DCFDA (2'7’-di-
chlorofluorescin diacetate) assay kits were ob-
tained from Beyotime (China). Tissue protein
extraction reagents and immunofluorescence
detection reagents were purchased from Bos-
ter (Wuhan, China).

CCKS8 cell viability assays: N2a cells were seed-
ed in a 96-well plate at a density of 1 x 10° ce-
lIs per well. Different concentrations of oxalipla-
tin (0, 0.1, 0.2, 0.5, and 1.2 yM) and tanshi-
none llIA (O, 1, 2, 5, 10, and 20 uyM) were used
to stimulate N2a cells. The effect of 20 uM
oxaliplatin and 5 uyM tanshinone on cell viability
was also evaluated. After 24 h of stimulation,
CCKS8 solution (10 uL) was added to each well
containing 100 yL medium. The plate was incu-
bated at 37°C for 90 min protected from light,
and the optical density value was measured at
a wavelength of 450 nm using a microplate
reader. The cell viability in each group was
determined relative to the control group.

Immunofluorescence detection of autophagy:
N2a cells were seeded in a 24-well plate at a
density of 1 x 10° cells per well and stimulated
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with appropriate concentrations of oxaliplatin
and/or tanshinone lIA. After 24 h, the medium
was replenished with 250 pL of Autophagy Gr-
een working solution in accordance to the man-
ual of Cell Meter Autophagy Fluorescence Im-
aging Kit (AAT Bioquest, Sunnyvale, CA, USA).
The cells were then incubated under 5% CO, at
37°C for 30 min in the dark. After wash, the
expression of autophagy was detected under a
fluorescence microscope and the differences
between groups were analyzed.

JC1 mitochondrial membrane potential: N2a
cells were seeded in a 24-well plate at a density
of 1 x 10° per well with appropriate concentra-
tions of oxaliplatin and/or tanshinone lIA. After
24 h, the JC1 working solution was prepared
according to the manufacturer’s instruction,
250 pL of culture medium and 250 yL JC1 wo-
rking solution were added to each well, and the
cells were incubated under 5% CO, at 37°C for
20 min in the dark. The cells were then washed
twice with staining buffer, and 250 pL fresh
medium was added. The cells were observed
under a fluorescence microscope, and the re-
sults were analyzed using a flow cytometer.

DCFDA cellular reactive oxygen species (ROS)
detection: N2a cells were seeded in a 24-well
plate at 1 x 10° cells per well with appropriate
concentrations of drugs. After drug treatment,
the medium was replaced with 500 yL DCFDA
working solution, followed by 20 min incubation
at 37°C. After wash, cells were observed under
a fluorescence microscope, and a flow cytome-
ter was used to measure ROS production.

Annexin V for apoptosis: N2a cells were seeded
in a 6-well plate at a density of 1 x 105 cells per
well. After drug treatment for 24 h, the cells
were harvested and washed with phosphate-
buffered saline. Then, the cells were labeled
with annexin V (incubated at 37°C for 30 min)
and analyzed by a flow cytometer.

In vivo assays

All animal treatments and experiments were
approved by the Institutional Animal Ethics
Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and
Technology, Wuhan, China.

Grouping and modeling: Forty male Sprague-
Dawley (SD) rats, weighing 200-250 g, were

Am J Transl Res 2019;11(5):3140-3149



Tanshinone lIA relieves chemotherapy-induced neurotoxicity

randomly divided into four groups. All the rats
had access to food and water ad libitum. The
ambient temperature was kept at 23 + 1°C,
and a 12:12-h dark and light cycle was main-
tained. After acclimatization for 1 week, rats in
the control group received an intraperitoneal
injection of 5% glucose, while rats in the oxali-
platin group received an oxaliplatin injection 20
mg/(kg x day) (diluted in 5% glucose) for 7 days,
and rats in the tanshinone group received an
injection with tanshinone 1A 25 mg/(kg x day)
(diluted in 5% glucose). Rats in the tanshinone
IIA plus oxaliplatin group first received a tanshi-
none lIA injection for 3 days, and then both
drugs were injected for additional 7 days.

Mechanical threshold detection: The mechani-
cal threshold was determined before drug in-
jection and 1, 3, and 7 days after drug injec-
tion. During examination, the rats were first
allowed to adapt to the environment for 15 min.
Then, the von Frey fibers were used to stimulate
the middle part of the hind paws until the fibers
were bent slightly for 6-8 s. A sudden withdraw-
al during the stimulation period with a paw lick-
ing sign was defined as a positive response,
and the paw withdrawal caused by other physi-
cal activities was excluded. The test was con-
ducted three times at a 5-min interval, and the
average pressure recorded by the von Frey fi-
bers was defined as the mechanical threshold.

Electrophysiological measurements: The rats
were anesthetized with 2% pentobarbital (40
mg/kg), and the neurophysiologic activities of
the sciatic nerve were measured using a multi-
channel biological signal recording system. The
amplitude, latency, and conduction velocity of
the sciatic nerve action potential were mea-
sured before drug injection and 6 h, and 1, 3
and 7 days after drug injection.

Enzyme-linked immunosorbent assay: Enzyme-
linked immunosorbent assay (ELISA) was used
to detect the plasma level of nerve growth fac-
tor (NGF) in rats. The rats were first anesthe-
tized with 2% pentobarbital (40 mg/kg). Blood
sample was collected from the rat tail before
drug injection or 6, 24, and 72 h after drug
injection. ELISA was performed to detect the
level of NGF in the serum samples. The mea-
surement of absorbance was performed with a
microplate reader at 450 nm wavelength.

Western blot analysis: Proteins from cells and
tissues were extracted using RIPA (Radio Im-
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munoprecipitation Assay) lysis buffer. Western
blot analysis was performed as previously de-
scribed [17]. Total protein (20 pg/lane) was
loaded and separated using sodium dodecyl
sulfate-polyacrylamide gels. The primary anti-
bodies against the following proteins were us-
ed: autophagy-related protein LC3A/B (#12741,
1:1000, CST, MA, USA), beclinl (#3738, 1:1000,
CST, MA, USA), PI3 Kinase (#4255, 1:1000,
CST, MA, USA), Akt (#4685, 1:1000, CST, MA,
USA), and mTOR (#2972, 1:1000, CST, MA,
USA). In addition, the rats were given a deep
anesthesia after drug injection for 7 days, and
the protein in the dorsal horn of the spinal cord
was extracted for detection of NGF expression
level.

Statistical analysis: Data were presented as
mean * standard deviation (SD), and one-way
analysis of variance was used to compare me-
an differences among groups. A P-value < 0.05
was considered as statistically significant. SP-
SS 20.0 (IBM, Armonk, NY, USA) was used for
statistical analysis.

Results

Tanshinone IIA prevents oxaliplatin-induced
apoptosis and alleviates inhibition on cell
growth

The cell viability assays showed that oxaliplatin
inhibited the viability of N2a cells in a concen-
tration-dependent manner (Figure 1A). Less
than 50% of growth ratio of cells (relative to
control) was observed at the highest concen-
tration of 2 yM oxaliplatin. On the other hand,
low concentrations of tanshinone IIA (1-5 uM)
had a slightly positive effect on cell viability (not
statistically significant), whereas high concen-
tration of tanshinone lIA (10 uM) significantly
inhibited cell growth (P < 0.05) (Figure 1B). The
combination of oxaliplatin and tanshinone IIA
reduced the inhibitory effect on cell viability
when compared to oxaliplatin alone (Figure 1C).

Annexin V was used to discriminate the living
and apoptotic cells by flow cytometry. The re-
sults showed that oxaliplatin promoted N2a cell
apoptosis in a concentration-dependent man-
ner. Tanshinone IIA and oxaliplatin co-treated
cells exhibited a lower percentage of apoptosis
compared with the oxaliplatin alone group
(Figure 1D and 1E).
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Figure 1. Effects of oxaliplatin and tanshinone IIA on N2a cell viability and apoptosis. Relative growth ratio after
stimulation with (A) different concentrations of oxaliplatin, (B) different concentrations of tanshinone IIA, and (C)
co-treatment with oxaliplatin and tanshinone lIA. ***P < 0.001 compared with O uM group, ###P < 0.001 com-
pared with each other (D, E). The percentage of apoptotic cells was detected by flow cytometric analysis of annexin
V stained cells. **P < 0.01, ***P < 0.001, compared with each other.

Tanshinone IIA prevents oxaliplatin-induced
oxidative stress and loss of mitochondrial
membrane

The intracellular ROS level was detected by
DCFDA assays to investigate the effect of oxali-
platin on oxidative stress. As shown in Figure
2A (upper panel), oxaliplatin significantly incre-
ased the intracellular ROS levels compared
with the control group. However, tanshinone IIA
alone had no obvious effect on ROS, but co-
treatment with oxaliplatin and transhinone IIA
reduced the ROS levels (Figure 2B).

Changes in mitochondrial membrane potential
(Wm) can reflect the effect of extracellular envi-
ronment on cells, and a decreased Wm is an
early indication of apoptosis. The JC1 assay
was used to detect changes in Wm (Figure 2A
lower panel). The oxaliplatin group had an in-
crease in green fluorescence intensity com-
pared with the control, suggesting a decrease
in Wm. On the contrary, the tanshinone IIA gr-
oup showed a bright red fluorescence signal,
with only a low level of green signal. This was
similar to the control group. The results of the
combination treatment indicated that tanshi-
none alleviated the reduction in Wm induced by
oxaliplatin (Figure 2C).
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Tanshinone IIA reduces oxaliplatin-induced
neurotoxicity in rats

Allodynia is one of the neurotoxicity manifesta-
tions induced by oxaliplatin [18]. A rat model
with oxaliplatin-induced neurotoxicity was suc-
cessfully established. After 72 h of oxaliplatin
treatment, a marked reduction in mechanical
threshold was observed. The most significant
drop in threshold was observed in the first 24 h,
and the threshold reached a nadir at 72 h. This
low level of threshold was remained until day 7
after treatment. However, rats received treat-
ment with tanshinone IIA exhibited higher me-
chanical thresholds than oxaliplatin-treated
rats at all the time points examined, and the
differences became more apparent after 24 h.
After 7 days of treatment, the threshold of the
tanshinone group was comparable to the con-
trol group. Overall, the results suggested that
tanshinone IIA alleviated allodynia induced by
oxaliplatin (Figure 3A).

Action potential is an important index to evalu-
ate neurological function. It includes the evalu-
ation of nerve conduction velocity, latency, and
potential amplitude. We found that the conduc-
tion velocity of the sciatic nerve was significant-
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Figure 2. Effects of oxaliplatin and tanshinone IIA on reactive oxygen species (ROS) and mitochondrial membrane
potential (Wm) in N2a cells. A. Immunofluorescence staining shows the effects of oxaliplatin and tanshinone Il1A on
ROS (upper panel) and JC1 (lower panel) in cells. B. Respective graphs represent the intensity of ROS staining and
the percentage of JC1 red and green cells. C. The percentage of red to orange stained cells (590 + 17.5 nm) due
to high mitochondrial membrane potential, and the percentage of green stained cells (530 + 15 nm) due to low
mitochondrial membrane potential. *P < 0.05, **P < 0.01, ***P < 0.001.

ly reduced at 24 h after oxaliplatin injection and
reached the lowest velocity at 72 h. No signifi-
cant effect was observed in the conduction
velocity in the tanshinone IIA group. Meanwhile,
oxaliplatin injection significantly prolonged the
latency at 24 h, which peaked at day 7, whereas
tanshinone 1IA inhibited the prolongation of
latency induced by oxaliplatin (Figure 3C). Both
oxaliplatin and tanshinone lIA had no signifi-
cant effect on the action potential amplitude of
the sciatic nerve (Figure 3D).

Tanshinone IIA upregulated NGF level

The level of NGF expression was reduced sig-
nificantly at 3 and 7 days after injection of oxali-
platin when compared to controls. Meanwhile,
the serum level of NGF increased progressively
after treatment with tanshinone IIA, and the
level was comparable to the control group at
day 7 (Figure 3E). In addition, Western blotting
assays showed that NGF expression decreased
in the dorsal horn of the spinal cord in the oxali-
platin group, but increased in the combination
treatment group (Figure 3F).
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Tanshinone IIA promotes autophagy by regulat-
ingPI3K/Akt signaling

As shown in Figure 4, oxaliplatin significantly
inhibited the expression of cellular autophagy
in N2a cells compared to control (LC3A/B, be-
clin 1). The level of autophagy was slightly up-
regulated in the tanshinone IIA alone group,
and the addition of tanshinone IIA with oxalipla-
tin alleviated the inhibition on autophagy (Fig-
ure 4A). The Western blotting assays showed
that a decrease in activity of mitochondrial en-
zyme complexes | and Il was observed upon
oxaliplatin treatment I. The expression level of
autophagy-related protein LC3A/B and its up-
stream PI3K/AKT/mTOR signaling pathway we-
re also detected. The results confirmed that
oxaliplatin inhibited autophagy by promoting
the phosphorylation of the PI3K/AKT/mTOR sig-
naling pathway, and tanshinone lIA reversed
the inhibitory effect of oxaliplatin on autophagy.
Itis likely that tanshinone IIA blocked the reduc-
tion of autophagy induced by oxaliplatin through
regulating the upstream PI3K/Akt/mTOR sig-
naling pathway, thereby blocking the neurotox-
icity induced by oxaliplatin.
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Figure 3. Effects of oxaliplatin and tanshinone IIA on the behavior and sciatic nerve function in rats (A-D), and the
serum level of nerve growth factor (NGF) was measured (E, F). (A) Mechanical withdrawal threshold changes. (B)
Effects on sciatic nerve conduction velocity. (C) Latency changes of action potential. (D) Action potential amplitude
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dorsal horn of the spinal cord, and the graphical representation of the relative expression compared with glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) loading control. *P < 0.05, **P < 0.01, ***P < 0.001.

Discussion none IlIA in the context of oxaliplatin-induced

neurotoxicity. Mitochondrial dysfunction has
The present study investigated the mecha- been proposed as one of the important mecha-
nisms underlying the protective role of tanshi- nisms underlying peripheral neuropathy [19].
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Figure 4. Effects of oxaliplatin and tanshinone IlA on autophagy expression. A. The expression of autophagosome in different groups. B. Western blotting images
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Our findings showed that oxaliplatin induced
ROS in N2a cells, reduced cell viability, and
increased cell apoptosis. In addition, a loss in
WUm was observed, indicating a decrease in
activities of mitochondrial enzyme complexes
I/1l and an impairment of ATP production.

A recent study demonstrated that exposure to
high concentrations of oxaliplatin increased the
mitochondrial ROS levels in neuronal cultures,
further supporting the association of mitochon-
drial oxidative stress and oxaliplatin-induced
peripheral neuropathy [20]. Tanshinone IIA has
strong antioxidant effects [21]. Studies have
shown that tanshinone IIA prevented oxidative
stress-triggered atherogenesis as well as car-
diac injury [22]. In the H9c¢2 rat myoblast cell
line, pretreatment with tanshinone IIA protect-
ed cells from doxorubicin-induced injury and
oxidative stress [23], which is consistent with
our findings.

Autophagy, a major catabolic process for degra-
ding proteins and organelles [24], appeared to
have a dual role in nerve injury. On one hand,
autophagy eliminates unwanted macromole-
cules and recycles components, allowing cells
to adapt to the changing environment [25]. On
the other hand, nerve injury may up-regulate
autophagy, resulting in Schwann cell myelin
breakdown [26]. In the present study, we found
that LC3A/B was down-regulated upon oxalipla-
tin treatment, indicating suppressed autopha-
gy, which was partly attributed to the inhibition
of the PIBK/AKT/MTOR pathway. The addition
of tanshinone 1A released the inhibitory effect
of oxaliplatin on autophagy. It was reported that
tanshinone IIA could activate PI3K/Akt/mTOR
signaling, resulting in an improvement of myo-
cardial ischemia reperfusion injury in rats [9].
The data suggested an important role of the
signaling pathway in the pharmacological ac-
tions of tanshinone llIA. The fact that allodynia
induced by oxaliplatin was attenuated by tan-
shinone lIA, a promoter of autophagy, indicated
a beneficial role of autophagy in this type of
neuropathy.

The protective role of tanshinone IIA on nerve
tissues was further supported in animal stud-
ies. In a rat model of Alzheimer’s disease, tan-
shinone IIA markedly improved the symptoms
caused by learning and memory disruption [27,
28]. Our in vivo study showed that tanshinone
IIA alleviated neurotoxicity caused by oxaliplat-
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in, as demonstrated by the shorter latency of
action potential and promotion of sciatic nerve
conduction velocity. In addition, tanshinone II1A
upregulated serum NGF levels. NGF plays a pro-
tective role in various neurological diseases,
such as brain injury and stroke [19, 29]. It has
been reported that rats that received intrathe-
cal infusion of NGF had reduced lidocaine-
induced neurotoxicity in the spinal cord, likely
through inhibition of neuronal apoptosis [30].
Another study showed that cisplatin impaired
peripheral sensory function in adult rodents,
and exogenous NGF administration restored
the structural and functional changes induced
by cisplatin, indicating a direct role of NGF in
cisplatin-induced peripheral neuropathies [31].
The role remains to be determined of tanshi-
none llA-induced NGF in the pathogenesis of
neuropathy evoked by oxaliplatin treatment.

To the best of our knowledge, this is the first
study to describe various neuroprotective ef-
fects of tanshinone IIA on oxaliplatin-induced
neurotoxicity, including promotion of NGF rel-
ease, prevention of mitochondrial dysfunction
and neuronal apoptosis, as well as enhance-
ment of autophagy. The findings provide a basis
for future clinical studies investigating the role
of tanshinone llA in oxaliplatin-induced neuro-
pathy.
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