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Background: Bortezomib-induced peripheral neuropathy (BiPN) is a common complication of multiple myeloma (MM) treatment
that seriously affects the quality of life of patients. The purpose of the present study was to explore the therapeutic effect of
paeoniflorin on BiPN and its possible mechanism.
Methods: ELISAwas used to measure the level of interleukin-6 (IL6) in the plasma of MM patients, and bioinformatics analysis was
used to predict the mechanism underlying the effect of paeoniflorin on peripheral neuropathy. Cell and animal models of BiPN were
constructed to evaluate mitochondrial function by measuring cell viability and mitochondrial quality and labeling mitochondria with
MitoTracker Green. Nerve injury in mice with BiPN was assessed by behavioral tests, evaluation of motor nerve conduction velocity,
hematoxylin-eosin (HE) staining, electron microscopy and analysis of the levels of reactive oxygen species (ROS). Western blotting
and immunohistochemistry (IHC) were used to assess the expression of autophagy-related proteins.
Results: In MM patients, IL6 levels were positively correlated with the degree of PN. The results of bioinformatics analysis suggested
that paeoniflorin ameliorated PN by altering inflammation levels and mitochondrial autophagy. Paeoniflorin increased PC12 cell
viability and mitochondrial autophagy levels, alleviated mitochondrial damage, and reduced IL6 levels. In addition, paeoniflorin
effectively improved the behavior of mice with BiPN, relieved sciatic nerve injury in mice, increased the expression of LC3II/I, beclin-
1, and Parkin in sciatic nerve cells, and increased the expression of LC3B and Parkin in the nerve tissue.
Conclusion: The present study confirmed that paeoniflorin significantly ameliorated peripheral neuropathy (PN) caused by bortezo-
mib, possibly by reducing IL6 levels to regulate PARKIN-mediated mitochondrial autophagy and mitochondrial damage.
Keywords: multiple myeloma, paeoniflorin, peripheral neuropathy, mitochondria, autophagy

Introduction
Multiple myeloma (MM) is a common hematological malignant tumor characterized by abnormal clonal proliferation
and massive secretion of plasma cells in the bone marrow,1 and MM accounts for more than 10% of all hematological
malignancies.2 The proteasome inhibitor bortezomib greatly improves the remission rate and survival rate of patients
with MM and has become one of the main essential agents for antimyeloma treatment. Nevertheless, bortezomib has
considerable neurotoxicity and can damage nerve fibers via many pathways, leading to the occurrence of bortezomib-
induced peripheral neuropathy (BiPN).3,4 The incidence rate of BiPN is approximately from 40% to 60%,5 and the
clinical manifestations mainly include pain, numbness, burning sensation in the limbs, and motor dysfunction.6

Bortezomib neurotoxicity limits the clinical dosage and continuity of the treatment and seriously affects the application
and efficacy of bortezomib. Unfortunately, exact etiology of BiPN has not been entirely elucidated, and there are no
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effective strategies to escape or treat BiPN.7 Currently, the treatment of BiPN symptoms includes neuroprotective agents,
such as vitamin B and methylcobalamin, which have poor clinical efficacy. Therefore, better strategies are urgently
needed to alleviate BiPN.

Many studies have shown that proteasome inhibition can cause mitochondrial damage by inducing the accumulation of
polyubiquitinated proteins, and mitochondrial dysfunction is the main factor that promotes the development and maintenance
of PN.8–10 Cavaletti et al11 observed mitochondrial swelling in the sciatic nerve in a BiPN animal model. Bortezomib causes
mitochondrial respiratory chain damage in the mitochondria, resulting in insufficient ATP production in the axons and
occurrence of neuropathic pain.12 Damaged mitochondria produce a large amount of reactive oxygen species (ROS), and the
accumulation of ROS in the cells leads to further impairment of mitochondrial function and aggravation of peripheral nerve
damage.8,13 Hence, mitochondrial protection may be a promising therapeutic strategy for BiPN.

Recent studies have demonstrated that the immune response plays a vital role in the occurrence and development of
neuropathic pain. Interleukin-6 (IL6) is the main mediator of the inflammatory response and is closely associated with
chemotherapy-induced peripheral neuropathy (CIPN).14,15 Yamamoto et al3 detected elevated levels of proinflammatory
cytokines (IL6, tumor necrosis factor alpha (TNF-α), and IL-1β) in the mouse models of BiPN. In addition, clinical studies
detected significantly higher serum IL6 levels in MM patients after bortezomib treatment than that before the treatment, and
patients with elevated IL6 levels present with varying degrees of neuropathy.16,17 This observation suggests that IL6 is an
independent risk factor for peripheral neuropathy (PN) in MM patients after bortezomib treatment.18 Deficiency of Parkin and
PINK1 can cause an impairment of mitochondrial autophagy, leading to the release of mitochondrial DNA (mtDNA) and
triggering inflammation.19–21 The Parkin and PINK1 pathways have been shown to be involved in mitochondrial autophagy.
A number of recent studies demonstrated that IL6 influences the occurrence of certain diseases by interfering with PARKIN-
mediated mitophagy. Tyrrell et al22 confirmed that aging can lead to an increase in the levels of IL6 in cerebral blood vessels,
thereby enhancing mitophagy through the PARKIN pathway and impairing mitochondrial function. Regarding neurological
effects, IL6 has been shown to cause neuroinflammation in Parkinson’s disease patients by interfering with PARKIN and
PINK1-mediated mitophagy.20

Paeoniflorin is a biologically active compound purified from the Chinese herbal medicine plant Paeonia lactiflora and has
been proven to induce a wide range of anti-inflammatory, pain-relieving, and immunomodulatory effects.23 Furthermore,
paeoniflorin is a potential neuroprotective agent. Paeoniflorin has been shown to reduce neuronal damage by decreasing the
secretion of IL6 and other inflammatory factors or reducing the level of autophagy.24–27 Unfortunately, alleviating effect of
paeoniflorin on BiPN has been relatively rarely reported. Therefore, we designed the experiments to determine whether
paeoniflorin can relieve BiPN by reducing IL6 levels to regulate PARKIN-mediated mitochondrial autophagy.

Materials and Methods
Clinical Data
Fifteen MM patients admitted to the Department of Hematology, Affiliated Hospital of Shandong University of
Traditional Chinese Medicine were enrolled in the present study. All patients received bortezomib chemotherapy. The
peripheral blood of the subjects was collected in a vacuum coagulation tube, and the plasma was obtained after
centrifugation (10 min, 3000 rpm) and stored at −80°C. Enzyme-linked immunosorbent assay (ELISA) was used to
measure IL6 levels in the plasma. The degree of BiPN was graded based on the system of the National Cancer Institute
Common Toxicity Criteria for Adverse Events (NCI-CTCAE). The present study was conducted in accordance with the
Helsinki Declaration revised in 2008, and informed consent was obtained from all participants.

Reagents and Instruments
PC12 pheochromocytoma cells were obtained from ATCC (Rockville, MD, USA), and paeoniflorin was purchased from
Winherb Medical Science Co., Ltd. (purity: 98.96%, 23180-57-6, Shanghai, China). Bortezomib was purchased fromMeilun
Biotechnology Co., Ltd. (MB1040, Dalian, China), and a Cell Counting Kit-8 (CCK-8) was purchased from Servicebio
Technology Co., Ltd. (G4103, Wuhan, China). An apoptosis kit was obtained from Keygen Biotech Co., Ltd. (KGA108,
Nanjing, China), and a living cell mitochondrial damage/oxidation (NAO) fluorescence assay kit was from GenMed
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(GMS10017.1, USA). Antibodies against LC3, p62, Beclin-1, Pink1, and Parkin were purchased from Santa Cruz
Biotechnology (USA). An intelligent hot plate was obtained from Zhenghua Biologic Apparatus Facilities (ZH-YLS-6BS,
Anhui, China), and a Sting thermal imager was obtained from Taimeng Software Co., Ltd. (PL-200, Chengdu, China).
A multichannel physiological recorder was obtained from Biopac (MP160, USA), and a monoamine oxidase activity
colorimetric assay kit (GMS50022.1) and purified mitochondrial cytochrome c oxidase activity assay kit (GMS10014.2)
were purchased from GenMed (Shanghai, China).

Identification of Paeoniflorin and PN Targets and Pathway Enrichment Analysis
The PharmMapper, TCMSP, PubChem, and BATMAN-TCM databases were used to predict paeoniflorin targets. PN-
related target genes were identified by the searches of the GeneCards and TTD databases using peripheral neuropathy as
the keyword. The intersecting targets were selected, and a Venn diagram was generated. The IDs of obtained targets were
converted into the UniProt IDs and were used to build a “paeoniflorin-target-disease” interactive network using
Cytoscape 3.7.2. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses of the targets were carried out using Metascape.

PC12 Cell Culture and Treatments
PC12 pheochromocytoma cells were incubated in RPMI-1640 medium containing 2 mM L-glutamine, 10 mM HEPES,
1 mM sodium pyruvate, 4500 mg/L glucose, 1500 mg/L sodium bicarbonate, streptomycin (100 µg/mL), penicillin
(100 U/mL), 5% fetal bovine serum (FBS), and 10% heat-inactivated horse serum. PC12 cells were plated in collagen
IV-coated 6-well culture plates at a density of 2×106 cells/well in the medium. After 10 days, PC12 cells differentiated
into the neurons. The cells were divided into the control group (untreated neurons), model group (50 nM bortezomib),
paeoniflorin low-dose group (50 nM bortezomib + 10 μM paeoniflorin), paeoniflorin medium-dose group (50 nM
bortezomib + 20 μM paeoniflorin), and paeoniflorin high-dose group (50 nM bortezomib + 40 μM paeoniflorin) and
collected after 24 h of incubation.

Assessment of Cell Viability
The effect of paeoniflorin on PC12 cell proliferation was assessed using the CCK-8 assay. PC12 cells were seeded in 96-
well plates (100 μL per well) at a density of 5×103 cells/well. The cells of various groups were incubated at 37°C and 5%
CO2 for 12 h. Subsequently, 10 µL of CCK-8 solution was added to each well. After 2 h of incubation, the absorbance of
each well was measured by a microplate reader at a wavelength of 450 nm, and each group was tested three times.

Determination of Mitochondrial Mass
We measured the mitochondrial mass using 10-nonyl bromide acridine orange (NAO). Mitochondria from PC12 cells
were stained by NAO according to the protocol provided by Molecular Probes, and the staining was analyzed by flow
cytometry.

Kinetics of Mitochondrial Lysis in vitro
Mitochondria were extracted from 3 various treatment groups, and the concentrations of monoamine oxidase (MAO) and
cyclooxygenase (COX), which were used as biomarkers of mitochondrial membrane lysis, were measured. Analysis of
the peaks of the mitochondrial membrane integrity as a function of time-dependent changes in the concentrations of
matrix-specific enzymes was used to assess the trends in mitochondrial membrane lysis.

Determination of ATP, ADP, and AMP Concentrations in vitro
Perchloric acid and high-performance liquid chromatography (HPLC) were used to determine ATP, ADP, and AMP
levels. PC12 cells were lysed in 50% perchloric acid and then centrifuged (at 4°C and 12,000 rpm for 30 min). The
supernatant was transferred to a new centrifuge tube, and 2.5 M K2CO3 was added; the solution was centrifuged under
the same conditions, and the supernatant was immediately analyzed by HPLC under the following conditions: a Hypersil
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C18 5 µ analytical column; column length: 250 mm; column diameter: 4.6 mm; mobile phase: 0.005 M H2PO4 (pH 6.0);
and UV detection at 254 nm. The results are expressed as µg/g protein.

Colocalization of the Mitochondria with Mitophagy Markers
PC12 cells were transfected with a mixture of 2 μg of the GFP-LC3 plasmid (Addgene, #22405) and 5 μL of Cell
Light™ mitochondria-RFP (Thermo Fisher Scientific, C10505), and the colocalization of the LC3 puncta and mitochon-
dria was examined using a laser scanning confocal microscope. The cells were stained with MitoTracker Green (Thermo
Fisher Scientific, M7514), and then LysoTracker Red (Thermo Fisher Scientific, L-7528) was added to a final concen-
tration of 25 nM. The number of the yellow puncta, which indicated the colocalization of the mitochondria with
autophagosomes or lysosomes, was quantified using a confocal microscope. MitoTrackerTM Red CMXRos (500 nM,
Thermo Fisher Scientific, M7512) was added to the cells to label the mitochondria. The cells were incubated with
a Parkin antibody (1:100) at 4°C overnight. After incubation with a secondary antibody, the cells were imaged using
a fluorescence microscope at a wavelength of 550 nm for the detection of MitoTrackerTM Red CMXRos and at
appropriate wavelengths for the detection of fluorophore-conjugated secondary antibodies. The intensity of immuno-
fluorescence staining was evaluated using ImageJ software.

Western Blotting
The cells were lysed using RIPA lysis buffer (Sparkjade, Jinan, China), and the protein concentration was measured using
a bicinchoninic acid (BCA) protein assay kit (Beyotime, Shanghai, China). Equal amounts of sample protein were
separated by 10% SDS–PAGE and transferred onto the polyvinylidene difluoride (PVDF) membranes (Sparkjade). The
membranes were blocked with 5% skimmed milk at room temperature for 2 h and then incubated with anti-Tim23, anti-
LC2II/I, anti-p62, anti-Parkin, or anti-Beclin-1 (Abcam) antibodies overnight at 4°C. After washing with PBS 3 times,
a diluted secondary antibody was added, and the membrane was incubated at room temperature for 1 h. Then, the
membrane was washed 3 times with PBS. Finally, a FluorChem Q imaging analysis system (Alpha Innotech) was used to
detect the bands. The relative protein levels of Tim23, LC2II/I, p62, Parkin, and Beclin-1 were normalized to the level of
GAPDH.

Animals and Treatments
A total of 45 8-week-old female C57BL/6J mice (weighing 18–20 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). All animal experiments were performed according to the
protocols approved by the Animal Care Committee of Shandong University of Traditional Chinese Medicine (no:
SDUTCM20201019001) following the Guidelines for the Care and Use of Laboratory Animals for Research Purposes.
Thirty mice were randomly selected and administered bortezomib (1 mg/kg; days 1, 4, 8, and 11) by intraperitoneal
injection to generate a BiPN model, and remaining 15 mice were automatically entered into the normal control group.
Then, BiPN model mice were randomly divided into the model control group (15) and paeoniflorin group (15). Mice in
the paeoniflorin group were treated with paeoniflorin solution (50 mg/kg/d) by gavage for 25 days.

Behavioral Testing
Mice were randomly selected from each group for behavioral tests on each experimental day, and all tests were
performed between 8 am and 4 pm by researchers who were blinded to the animal group assignment.

Cold Plate Test
According to the method provided by Toyama et al,28 hypersensitivity to a nonnoxious cold stimulus was assessed by
counting the number of forepaw-shaking behaviors exhibited by mice placed on a cold plate at 15°C over a test period of
2.5 min. Each mouse was tested three times within an interval of 15 min, and the average value for each group of mice
was calculated.
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Hot Plate Test
According to the method described by Pascal Vachon29 with slight modifications, the animals were gently placed on a hot
plate at a temperature of 55 ± 0.5°C. The latency to the first hind paw lick or withdrawal was determined as a nociceptive
threshold. The cutoff time was set to 1 min to avoid damage to the paw. Each mouse was tested 3 times with an interval
of at least 15 min between the tests.

Thermal Paw Withdrawal Latency
According to the method described by Duggett et al30 and slightly modified according to the instructions for experimental
equipment, a light beam (light intensity: 25%) was applied to the center of each hind paw, and the latency from the start
of stimulation to paw withdrawal was recorded. The test was performed three times in a noncontinuous manner to avoid
sensitization. The timer was stopped when the mouse clearly tried to escape or licked its paw.

Motor Nerve Conduction Velocity
Mice anesthetized with chloral hydrate were placed on a heated pad in a room maintained at 25°C to ensure a constant rectal
temperature of 37°C. The motor nerve conduction velocity (MNCV) between the sciatic notch and ankle was determined
using a multichannel physiological recorder. Briefly, the proximal end of the sciatic nerve was stimulated with square wave
pulses (duration: 0.01ms, intensity: 1 V) delivered through the bipolar recording electrodes. The MNCV was calculated as
follows: MNCV (m/s) = (distance between the stimulating and recording electrodes) /latency. The present study used the
method of Walsh et al, and the method partly reproduced the description provided by the authors.31,32

Histological Analysis
Hematoxylin-Eosin (HE) Staining
The mouse sciatic nerve was removed, dehydrated, embedded in paraffin, and sectioned, and the sections were stained
with HE. Nerve growth in mice of each group was detected using a microscope.

Transmission Electron Microscopy
After fixing, rinsing, and dehydration, the sciatic nerve was infused with EP812 embedding agent overnight and then
stained with uranium and lead. The ultrastructure of the sciatic nerve was detected by an electron microscope, and the
axon myelination ratio (the percentage of myelinated axons relative to the total number of axons) and g ratio (axon
diameter/nerve fiber diameter) were calculated.

ROS Staining
According to the manufacturer’s instructions, nerve cells were harvested and washed three times with 1 mL of PBS. The
fluorescent probe 2’,7’–dichlorofluorescin diacetate (DCFDA) was added, and the cells were incubated at 37°C for 30
min. A fluorescence microplate reader was used to measure the fluorescence signal values (excitation wavelength: 488
nm; emission wavelength: 525 nm).

Immunohistochemistry (IHC)
Neural tissue sections were fixed with 10% formaldehyde, destained, embedded in paraffin, sectioned, and subjected to
antigen retrieval in a pressure cooker. The sections were cooled and incubated in 3% H2O2 for 10 min; the samples were
treated with goat serum for 20 min and with primary antibodies against LC3B and Parkin (Affinity Biosciences,
Cincinnati, OH, USA) for 1 h at 37°C. After washing with PBS, the sections were incubated with a secondary antibody
for 30 min at room temperature and then with 3,3’-diaminobenzidine (DAB) substrate solution for 5 min. The sections
were thoroughly washed, counterstained with hematoxylin, dehydrated in absolute ethanol, cleared in xylene, and imaged
using a microscope.

Statistical Analysis
The experimental results were statistically analyzed using SPSS 26.0 and GraphPad Prism 9.0. Quantitative data with
a normal distribution and homogeneity of variance are presented as the mean ± standard deviation. The differences
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between two groups were assessed by Student’s t-test, and the differences between multiple groups were evaluated by
one-way ANOVA. Receiver operating characteristic (ROC) curves were used to determine the specificity of disease-
related indicators. Statistically significant changes were classified as significant (*) at P<0.05 and very significant (**) at
P<0.01.

Results
The Level of IL6 in the Plasma and the Progression of BiPN
We analyzed the serum IL6 levels and BiPN grade of 15 MM patients treated with bortezomib (12 cases with PN and 3
cases without PN). The data indicated that patients with PN (PN-positive group, PN grade ≥ 1) had higher plasma levels
of IL6 than patients without PN (PN-negative group, PN grade = 0), and the difference was statistically significant (P ≤
0.01) (Figure 1A). In addition, patients with a high PN grade also had higher expression levels of IL6, indicating that
bortezomib-treated patients with high plasma IL6 levels had a greater risk of PN (Figure 1B).

Prediction of the Potential Mechanism Underlying the Effect of Paeoniflorin on PN
Network pharmacology was used to explore the mechanism underlying the therapeutic effect of paeoniflorin on PN. First,
we confirmed 283 targets of paeoniflorin using the TCMSP, PubChem, BATMAN-TCM, and PharmMapper databases.
Second, 807 PN-related genes were identified using the GeneCards and TTD databases. Subsequently, 41 intersecting
genes were identified using a Venn diagram (Figure 2A). The STRING database was used to construct a protein–protein
interaction (PPI) network of the common targets, and this PPI network was imported into Cytoscape 3.2.1 software to
analyze the targets (Figure 2B and C). TNF, TP53, AKT1, and IL6 were identified as closely related to the therapeutic
effect of paeoniflorin on PN. Metascape was used to perform GO and KEGG analyses to determine the potential
mechanisms by which paeoniflorin influences PN. The targets were found to be significantly involved in the formation of
neuronal receptors and cells, which is directly related to the generation of nerve cells. Moreover, according to the
enriched biological process (BP) GO terms, paeoniflorin may be able to regulate neural-related proliferation and
autophagy-related and inflammation biological processes, such as “regulation of glial cell proliferation”, “neuroinflam-
matory response”, “cellular response to interleukin-6”, and “regulation of autophagy”, to influence the growth of nerve
cells (Figure 2D). The results of KEGG signaling pathway analysis are shown in Figure 2E. The most enriched pathways
were closely related to peripheral neuropathy, such as “TNF signaling pathway”, “HIF-1 signaling pathway”, “apopto-
sis”, “neurotrophin signaling pathway”, “PI3K-Akt signaling pathway”, and “regulation of autophagy”. These findings

Figure 1 IL6 levels in multiple myeloma patients treated with bortezomib. (A) The expression level of IL6 was significantly higher in the PN-positive group than that in the
PN-negative group. (B) The IL6 level was positively correlated with the BiPN grade (R2=0.674). **P<0.01.
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Figure 2 Prediction of a potential mechanism underlying the effect of paeoniflorin on peripheral neuropathy. (A) Venn diagram of the intersecting targets of paeoniflorin and
PN. (B) Network diagram of the intersecting targets of paeoniflorin and PN. (C) IL6, AKT1, TP53, and TNF were considered core targets. (D) The top 20 enriched
biological process terms according to GO enrichment analysis. (E) The top 20 signaling pathways enriched according to KEGG pathway analysis.
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indicated that the pathological features of peripheral neuropathy are complex and that paeoniflorin has a potential to treat
peripheral neuropathy.

Effects of Paeoniflorin on Cell Viability
To determine whether paeoniflorin alleviates nerve cell damage caused by bortezomib, the CCK-8 assay was used to
measure the viability of various groups of the cells. The results showed that the activity of PC12 cells was significantly
reduced after bortezomib treatment (P<0.01). Comparison with the model group at 24 h indicated that the viability of the
cells of the paeoniflorin medium-dose group was significantly increased (p<0.05), and at 36 h and 48 h, the viability was
significantly enhanced in all three paeoniflorin dose groups (P<0.05). In particular, 20 μM paeoniflorin induced the most
significant improvement in the viability of PC12 cells treated with bortezomib (Figure 3A). Therefore, we used
paeoniflorin at a dose of 20 μM as the treatment group for subsequent in vitro experiments. After treatment with
bortezomib, the level of IL6 in the cells was significantly increased, and the level of IL6 was significantly decreased after
treatment with paeoniflorin (Figure 3B).

Effects of Paeoniflorin on the Quality and Energy of the Mitochondria
NAO has been extensively used to measure the mitochondrial content in the cells. A decrease in NAO fluorescence
intensity often indicates a decrease in mitochondrial quality.33 We performed NAO staining using three groups of the
cells; the results indicated that the NAO fluorescence intensity of bortezomib-treated PC12 cells (model group) was
significantly reduced compared with that of control cells (P<0.01). However, the NAO fluorescence intensity of
paeoniflorin-treated cells was significantly higher than that of the cells in the model group (P<0.01) (Figure 3C). This
result indicated that paeoniflorin significantly reduced the damage to PC12 cell mitochondria caused by bortezomib. The
activity levels of MAO and COX are mainly used to assess the mitochondrial function and oxidative stress damage.
Comparison with the control group indicated that COX activity in the model group was significantly reduced at 12 h, 24
h, and 48 h, and MAO activity was significantly increased (P<0.01). However, COX activity in the cells treated with
paeoniflorin was significantly higher than that in the model group at 12 h, 24 h, and 48 h, and MAO activity was
significantly lower in the paeoniflorin -treated group than that in the model group (P<0.01). Therefore, complete cleavage
of the mitochondrial contents in the cells was significantly delayed after the addition of paeoniflorin (Figure 3D and E).
ATP is the energy source of biological organisms and plays an important role in cell metabolism. The levels of ADP,
ATP, and AMP reflect the level of energy metabolism.34 The results of the present study showed that compared with the
corresponding values in the control group, the intracellular ATP and ADP levels in the model and treated group were
significantly reduced at 12 h, 24 h, and 48 h (P<0.01), and the AMP content was significantly increased (P<0.01). In
addition, comparison with the model group indicated that the contents of ATP and ADP in the treated group were
significantly increased at 12 h, 24 h, and 48 h (P<0.01), and the content of AMP was significantly decreased (P<0.01)
(Figure 3F–H). In addition, the number of the mitochondria in PC12 cells was significantly reduced by bortezomib
treatment, and the number of the mitochondria in the treated group was significantly higher than that in the model group
(P<0.01) (Figure 3I). These results indicated that paeoniflorin alleviated energy imbalance and mitochondrial damage
caused by bortezomib.

Effects of Paeoniflorin on Mitochondrial Autophagy in PC12 Cells
We treated PC12 cells with bortezomib (model group) or paeoniflorin in combination with bortezomib (treated group)
and investigated the level of mitophagy. As shown in Figure 4A, the intensity of GFP-LC3 fluorescence was decreased in
the model group compared to that in the other groups; the number of LC3-positive cells in the model group was markedly
decreased compared with that in the control group (P<0.01). Paeoniflorin significantly increased the fluorescence
intensity of LC3. Moreover, as shown in Figure 4B, the relative number of the mitochondria was significantly decreased
in PC12 cells treated with bortezomib compared with that in the control and treated groups (P<0.01).

The colocalization of the mitochondria (labeled with MitoTracker Red) and LC3 puncta (labeled with LC3 (green))
was detected using confocal fluorescence microscopy to confirm the mitophagy-promoting effect of paeoniflorin. The
number of the mitochondria-localized LC3 puncta in bortezomib-treated cells was lower than that in control cells
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Figure 3 Effects of paeoniflorin on PC12 cells treated with bortezomib. (A) Paeoniflorin significantly increased the activity of PC12 cells after bortezomib treatment. (B)
Paeoniflorin significantly reduced the level of IL6 in PC12 cells after bortezomib treatment. (C) Paeoniflorin significantly increased the NAO fluorescence intensity in the
cells treated with bortezomib. (D and E) The levels of MAO and COX in PC12 cells were measured as markers of the outer and inner membrane kinase activity. COX
activity in the paeoniflorin treatment group was significantly higher than that in the bortezomib group at 12 h, 24 h, and 48 h, and MAO activity was significantly reduced.
(F–H) The ATP/ADP/AMP levels in various groups. (I) The number of the mitochondria in various groups. Each experiment was performed in triplicate. The data are
presented as the mean±SD. *P<0.05 and **P<0.01.
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Figure 4 Effects of paeoniflorin on the level of mitophagy in PC12 cells treated with bortezomib. (A) The fluorescence intensity was evaluated using fluorescence microscopy; green
indicates LC3, and DAPI was used to stain the nuclei. Paeoniflorin increased the LC3 fluorescence intensity. (B) Quantification of the mtDNA copy number in various groups. (C)
Colocalization of the mitochondria and LC3 in various groups. Green represents LC3, and red represents the mitochondria. (D) Colocalization of the mitochondria and lysosomes in
various groups. Red represents the lysosomes, and green represents the mitochondria. (E) Colocalization of mitochondria and Parkin in various groups. Green represents Parkin, and
red represents mitochondria. (F) WB analysis of the protein levels of PARKIN, p62, Tim23, and LC3II/I in isolated mitochondria. (G) The effect of paeoniflorin on the viability of U266
myeloma cells. The data are presented as the mean±SD. Every experiment was performed in triplicate. Compared between the control group and themodel group**P<0.01, compared
between the model group and treated group ΔP<0.05 and ΔΔP<0.01.
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(P<0.01). Comparison with the model group indicated that the number of the mitochondria-localized LC3 puncta in the
cells treated with paeoniflorin was significantly increased, and the relative percentage of the cells with the mitochondria-
localized LC3 puncta was significantly increased (Figure 4C, P<0.01). Moreover, bortezomib substantially decreased the
colocalization of the lysosomes (labeled with LysoTracker Red) with mitochondria (labeled with MitoTracker Green)
(P<0.01). However, paeoniflorin significantly increased the colocalization of the lysosomes and mitochondria after
bortezomib treatment of the cells (Figure 4D, P<0.01). Moreover, a decrease in the colocalization of the mitochondria
(labeled with MitoTracker Red) with Parkin (green) was observed in the model group (P<0.01). Interestingly, the
colocalization of the mitochondria and Parkin in the treated group was significantly higher than that in the model
group, and the relative percentage of the cells with colocalization of Parkin and the mitochondria was significantly higher
after paeoniflorin treatment (Figure 4E, P<0.01).

Subsequently, we determined whether bortezomib and paeoniflorin plus bortezomib influence the mitochondrial
function at the molecular level. The results showed that the levels of the mitochondrial proteins Tim23 and p62 were
increased in the model group compared with those in the other groups, and the levels of LC3II/I, beclin-1, and Parkin
were significantly reduced (P<0.01). In contrast, the levels of Tim23 and p62 were significantly lower and the levels of
LC3II/I, beclin-1, and Parkin were higher than those in the treated group (Figure 4F, P<0.01).

These results indicated that bortezomib induced a decrease in the level of neuronal autophagy, which may be one of
the reasons for the occurrence of PN. Paeoniflorin may alleviate BiPN by triggering Parkin-mediated mitochondrial
autophagy.

The Effect of Paeoniflorin on U266 Cells Treated with Bortezomib
We designed an experiment to determine whether paeoniflorin interferes with the effect of bortezomib on myeloma
cells. The results showed that the viability of the cells of the model group (U266 cells treated with 0.05 µM
bortezomib) and treated group (U266 cells treated with 0.05 µM bortezomib + 20 µM paeoniflorin) was significantly
decreased at 12 h, 24 h, 36 h, and 48 h compared with that in the control group (untreated U266 cells), (Figure 4G).
This finding indicated that paeoniflorin did not alter the therapeutic effect of bortezomib on myeloma cells at the
concentration used in this experiment.

Paeoniflorin Effectively Improved the Behavioral Performance of BiPN Model Mice
Mechanical allodynia is a hallmark of BiPN in mice.35 BiPN was induced in mice by administration of 1 mg/kg
bortezomib on days 1, 4, 7, and 11. The protective effect of paeoniflorin on BiPN mice was examined by continuously
administering paeoniflorin (50 mg/kg/d) to mice throughout the bortezomib administration period. The results of the cold
plate test (Figure 5A) showed that starting from day 4 of the onset of the model, the number of foot lifts in the treated
group was significantly reduced compared with that in the model group (P<0.01), suggesting that paeoniflorin effectively
improved the behavioral performance of BiPN model mice. A cold plate test was used to assess the hypersensitivity to
the cold stimuli. In addition, as shown in Figure 5B, after day 4 of the onset of the model, the number of hind paw licks
in the treated group was significantly lower than that in the model group. There were no significant differences between
the two groups on days 11 and 16. However, after day 18, a significant difference between the two groups was detected
again (Figure 5C, P<0.05 or P<0.01). The results of the thermal paw withdrawal latency test indicated the lack of
significant differences in the latency between the treated and model groups in the early stage of the model; however,
a significant difference in the thermal paw withdrawal latency was detected in the late stage of the model (after day 18)
(P<0.05 or P<0.01), suggesting that paeoniflorin significantly alleviated the thermal sensitivity of BiPN model mice in
the late stage of the model.

Paeoniflorin Effectively Ameliorated Sciatic Nerve Damage in BiPN Model Mice
To further characterize sensory neuropathy, we measured the motor nerve conduction velocity (MNCV) of mice every 7
days starting from day 4 after the onset of the model. The MNCV of mice in the model and treated groups was
significantly reduced (P<0.05), indicating that the BiPN model was successfully constructed. Extension of paeoniflorin
administration time was associated with a gradual increase in the MNCV of mice in the treated group (Figure 5D,
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Figure 5 Effects of paeoniflorin on the behavior and sciatic nerve in BiPN mice. (A) The results of the cold plate test for each group of mice. (B) The results of the hot plate
test for each group of mice. (C) The thermal paw withdrawal latency for each group of mice. (D) The MNCVof each group of mice. (E) Morphological changes in the sciatic
nerves of mice from each group. (F) The relative number of nerve fibers/mm3 in mice from each group. (G) The relative proportion of myelinated axons in each group of
mice. (H) The g ratio of mice from each group. Each experiment was performed in triplicate. The data are presented as the mean±SD. *P<0.05 and **P<0.01.
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P<0.05). The studies of other authors reported a decrease in the nerve conduction velocity in mice treated with
bortezomib (BTZ), indicating demyelination that is a sign of nerve damage.36 The results of our experiments confirmed
that paeoniflorin increased the MNCV by reducing nerve damage in mice.

The pathological changes in the sciatic nerves of mice of all groups were assessed on day 25 after the onset of the
model (Figure 5E). Imaging of longitudinal sections of the sciatic nerve samples of the normal group showed a tight
arrangement of myelinated nerve fibers, normal myelin tissue, and scattered Schwann cells at the edge of the myelin
sheath. The sciatic nerves of mice of the treated group were arranged neatly, and some of sciatic nerve fibers were
swollen; a small number of the cells lacked their myelin sheath. Sciatic nerve fibers of the model group were disordered
and loose, exhibiting inflammatory cell infiltration, fewer sheath cells, some degeneration of the axons, and a few
Schwann cells. Subsequently, we quantified the damage to the myelin structure of the sciatic nerve in mice. Comparison
with the model group indicated that the relative number of nerve fibers/mm3, relative proportion of myelination of the
axons, and the g ratio were significantly increased in the treated group; these changes reflected the signs of nerve cell
recovery (Figure 5F–H, P<0.01).

ROS are physiological and pathological metabolites of the cells that are involved in apoptosis and inflammation. An
increase in the level of ROS in a cell often indicates damage to the mitochondria.37,38 We measured the level of ROS in
sciatic nerve cells of BiPN mice. As shown in Figure 6A, after bortezomib treatment, ROS release in the sciatic nerves of
mice was significantly increased, and the release of ROS was significantly reduced after paeoniflorin treatment (P<0.01).
Electron microscopy images showed that in the model group, the myelin sheath of the sciatic nerve was swollen, the
lamella was loose, the edges of the myelin sheath were irregular, and the thickness was uneven; in the treated group, the
myelin sheath was dense and complete, and the structural damage was significantly reduced (Figure 6B). These results
suggested that paeoniflorin significantly relieved sciatic nerve injury in BiPN model mice.

Paeoniflorin Increased the Level of Autophagy in the Peripheral Nerves of BiPN Model
Mice
As shown in Figure 6C, the protein levels of the autophagy-related factors LC3 II/I, Beclin-1, and Parkin were
significantly decreased in the model group (P<0.01), and the protein levels of p62 and Tim23 were significantly increased
(P<0.01). This result suggested that PN caused by bortezomib may be related to a low level of autophagy in the sciatic
nerve and that paeoniflorin enhanced autophagy in the sciatic nerve. Comparison with the model group indicated that the
LC3 II/I ratio and the levels of the Beclin-1 and Parkin proteins were significantly increased in the treated group
(P<0.01), and the levels of p62 and Tim23 were significantly decreased (P<0.01). We assessed the levels of autophagy-
related factors by IHC; comparison with the model group indicated that the expression levels of LC3B and Parkin in the
nerve tissue were higher in the treated group (p < 0.05), which was consistent with the results of the in vitro experiments
(Figure 6D and E). Overall, paeoniflorin significantly alleviated sciatic nerve injury in BiPN mice, and this beneficial
effect could have been achieved by reversing a bortezomib-induced decrease in the levels of autophagy.

Discussion
Inflammatory and peripheral immune responses have been reported to be closely associated with CIPN-related pain.39

Inflammatory factors and peripheral immune factors are aberrantly expressed in damaged nerves and contribute to the
development of neuropathic pain.40,41 The results of the present study in patients receiving bortezomib indicated that
BiPN-positive patients had higher plasma IL6 levels than BiPN-negative patients and that the expression level of IL6 was
positively correlated with the degree of BiPN. Therefore, we speculated that bortezomib may induce BiPN by interfering
with immune balance, leading to increased IL6 levels. Coincidentally, we obtained similar results in the experiments in
cultured cells. After bortezomib treatment, the activity of PC12 cells was decreased, and IL6 levels were increased.
Interestingly, the results of in vitro experiments indicated that paeoniflorin increased the viability of PC12 cells and
decreased the level of IL6 in the cells treated with bortezomib. Paeoniflorin, a water-soluble monoterpene glycoside, is
the main bioactive component of Paeonia lactiflora Pall.42 Paeoniflorin has been shown to display a wide spectrum of
pharmacological effects, including anti-inflammatory, immunoregulatory,43 antitumor,44 and neuroprotective45,46 effects,
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Figure 6 Effects of paeoniflorin on the level of autophagy in the sciatic nerve of BiPN mice. (A) ROS levels in various groups. (B) The changes in the sciatic nerve myelin
structure were detected by electron microscopy in each group of mice. (C) WB analysis of the protein levels of PARKIN, p62, Tim23, and LC3II/I in the sciatic nerves of
mice of various groups. Each experiment was performed in triplicate. (D) Comparison with the model group indicated that the expression of LC3B in the nerve tissues was
increased in the treated group. (E) Comparison with the model group indicated that the expression of Parkin was increased in the nerve tissues in the treated group. The
data are presented as the mean±SD. **P<0.01.
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which emphasize potential therapeutic efficacy of paeoniflorin. The data of network pharmacology analysis indicated that
various targets, such as TNF, TP53, AKT1, and IL6, were closely associated with the effect of paeoniflorin on PN. The
data of GO and KEGG analyses also showed that paeoniflorin may be able to regulate nerve-related proliferation and
autophagy-related and inflammatory biological processes to influence the growth of nerve cells. These findings demon-
strated the potential of paeoniflorin as a treatment for PN. However, these targets were identified by computational
analysis, and the results had to be verified in animal experiments.

Mitochondrial dysfunction is a key factor in the occurrence of PN.47,48 Many studies have confirmed that autophagy
disorders are closely related to the occurrence of PN. Promotion of peripheral nerve autophagy is able to reduce
mitochondrial dysfunction and the level of apoptosis to relieve CIPN.49 In addition, promoting autophagy in Schwann
cells helps reduce protein aggregation and alleviates BiPN.50 IL6 has been reported to be closely related to autophagy.
Takagaki et al51 have demonstrated that the lack of autophagy in endothelial cells induces IL6 synthesis/secretion.
However, IL6 has been reported to promote autophagy in many types of cancer. The role of IL6 in autophagy remains
controversial, and specific effects may depend on cellular microenvironment.52,53 Parkin is an E3 ubiquitin ligase that can
trigger mitochondrial autophagy by degrading outer mitochondrial membrane proteins and is considered the core factor
of the mitochondrial autophagy pathway.54,55 Additionally, Parkin plays an important role in maintaining the survival of
the neurons. Parkin reduces the damaging effect of neurotoxins and metal ions on the nerves.56 During autophagy, LC3 is
converted from the cytosolic LC3-I form to the membrane-bound LC3-II form, which is lipidated and accumulates on the
autophagosome membrane. The autophagosome fuses with the lysosome to form an autophagolysosome, which is then
broken down. The ubiquitin-related protein p62, which binds to LC3, is also used to monitor the autophagic flux.57 PC12
cells are derived from rat pheochromocytoma cells and are widely used for neurotoxicity assessment.58 The present study
analyzed the toxic effects of bortezomib on PC12-derived neuronal cells. After bortezomib treatment, the activity of
PC12 cells was significantly reduced, the level of autophagy was decreased, the mitochondria were significantly
damaged, and IL6 levels were significantly elevated. Paeoniflorin significantly reduced bortezomib-induced damage to
the mitochondria of PC12 cells and relieved mitochondrial energy imbalance. After administration of paeoniflorin, NAO
levels were restored to normal levels, the apoptosis rate of the cells was decreased, the expression of the p62 and Tim23
proteins was decreased, and the expression of the LC3II, beclin-1, and Parkin proteins was increased. This finding
indicated that paeoniflorin significantly reduced bortezomib-induced damage to PC12 cells and that the mechanism of
this effect may be related to the regulation of the Parkin-mediated mitochondrial autophagy pathway.

Paeoniflorin has been shown to significantly alleviate PN caused by diabetes and paclitaxel.24,59,60 The present study is
the first to report the protective effect of paeoniflorin on bortezomib-induced peripheral neuropathy. In the present study,
bortezomib was used to induce peripheral neuropathy in C57BL/6J mice, and the effects of paeoniflorin on inflammation and
autophagy were investigated in a model of peripheral neuropathy. The data indicated that intraperitoneal injection of
bortezomib (1 mg/kg, days 1, 4, 8, and 11) induced PN in mice. Bortezomib promoted the production of the proinflammatory
cytokine IL6 in mice and reduced the levels of autophagy in the mouse sciatic nerve. Paeoniflorin ameliorated peripheral
neuropathy in BiPN model mice and protected the sciatic nerve from bortezomib-mediated damage, possibly acting by
reducing the level of inflammation, increasing the level of autophagy, and maintaining mitochondrial homeostasis.

We assessed neuropathy in bortezomib-treated mice by evaluating mechanical allodynia, thermal hyperalgesia,
and conduction velocity.57 As expected, mice clearly manifested mechanical allodynia after the administration of
bortezomib, and paeoniflorin significantly reduced the occurrence of pain and mechanical hypersensitivity.
Subsequent monitoring of the changes in the motor nerve conduction velocity and nerve tissue structure in BiPN
model mice demonstrated that paeoniflorin significantly increased the motor nerve conduction velocity and reduced
the damage to the myelin structure of the sciatic nerve in BiPN model mice. After paeoniflorin treatment, the level of
autophagy in the sciatic nerve cells of BiPN model mice was increased, ROS release was decreased, the expression of
LC3II/I, Beclin-1, and Parkin was significantly increased, and the expression of p62 and Tim23 was reduced. LC3
isoform B (LC3B) is one of the most commonly used markers of autophagy. The data of immunohistochemistry
showed that paeoniflorin significantly increased the expression of LC3B and Parkin in the sciatic nerves of BiPN
model mice. These results suggested that bortezomib-induced peripheral neurotoxicity in mice was associated with
inflammation, impairment of autophagy, oxidative stress, and mitochondrial damage and that paeoniflorin reduced
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BiPN-mediated damage by reversing the changes in these pathways. The results of the experiments with cultured
cells also showed that paeoniflorin reduced the level of IL6 in PC12 cells after bortezomib treatment, increased the
level of autophagy, and reduce bortezomib-induced damage to these cells. Therefore, our conclusions were similar
based on the results of in vivo and in vitro studies. At present, we have verified only the protective effect of
paeoniflorin, which may be due to counteracting neuroinflammation and reducing autophagy injury. Further experi-
ments are needed to confirm the long-term therapeutic effect of paeoniflorin in BiPN.

Conclusion
The present study confirmed that paeoniflorin significantly alleviated peripheral neuropathy caused by bortezomib,
possibly by reducing IL6 levels to regulate PARKIN-mediated mitochondrial autophagy and mitochondrial damage.
Paeoniflorin is an effective agent for the treatment of BiPN; however, further investigations are needed.
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