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Berberine ameliorates diabetic neuropathic pain in a rat model:
involvement of oxidative stress, inflammation,
and μ-opioid receptors
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Abstract
Berberine, a chemical found in plants, is used as a supplement for diabetes. This study aimed to investigate the effects and the
underlying molecular regulations of berberine in diabetic neuropathic pain in a rat model of diabetes. Rats were injected with
streptozotocin (STZ) to induce diabetes and then were treated with berberine. Blood glucose levels and body weight were measured.
Thermal and mechanical nociception were assessed by paw pressure test and hot tail immersion test. Oxidative stress was assessed
by lipid peroxidation, production of reactive oxygen species (ROS) and catalase activity. Neuroinflammation was assessed by tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6) protein levels. Finally, μ-opioid receptor (MOR) protein and mRNA levels were
measured. We found that berberine treatment partially suppressed blood glucose levels and restored body weight in diabetic rats.
Berberine also suppressed STZ-induced oversensitivity of mechanical and thermal nociception. Additionally, berberine partially
suppressed oxidative stress and inflammation of diabetic rats. Finally, berberine significantly enhanced protein and mRNA expres-
sion levels of μ-opioid receptor (MOR). Our findings suggest that berberine is a potential therapeutic alleviating diabetes and
diabetic neuropathic pain, probably through suppression of oxidative stress and neuroinflammation that may be mediated byMOR.
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Introduction

Diabetes mellitus is prevalent chronic metabolic disorder, af-
fecting approximately 400 million people worldwide (Nathan

2015). While several ways have been shown to effectively
manage blood glucose levels, including medications such as
use of insulin, diet, and physical activity, it is relatively more
difficult to control the many common complications associat-
ed with diabetes including retinopathy, nephropathy, neurop-
athy, cardiovascular diseases, foot damage, and neurodegen-
eration (Toth 2014;Wong et al. 2016; Maffi and Secchi 2017).

Diabetic neuropathic pain is common among patients with
diabetes. With approximately half of adult diabetic patients
being affects, diabetic neuropathic pain has caused serious
problems (Paisley and Serpell 2017). Due to damages of
nerves resulted from high blood glucose levels, organs
throughout the body are being affected, including heart, blood
vessels, the digestive system, and painful feet and legs.
Leaving improperly treated, diabetic neuropathy can be costly
and devastating. While therapeutic strategies have been ex-
plored to treat this disabling diabetes complication, no effec-
tive treatment is available and there is an urgent need to de-
velop drugs with high efficacy and safety (Javed et al. 2015).

Several pathophysiological processes have been shown to
be implicated in diabetic neuropathy, mainly including abnor-
mal oxidative stress and neuroinflammation (Albers and Pop-
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Busui 2014). Suppressing oxidative stress and inflammatory
status is associated with alleviation of neuropathic pain in a
mouse mode of diabetes (Valsecchi et al. 2011). Additionally,
μ-opioid receptors have been implicated in the pathogenesis
of obesity, a risk factor for type 2 diabetes, and diabetic neu-
ropathic pain. Reduced levels of μ-opioid receptors have been
observed both the in the brains of diabetic individuals as well
as the spinal cord of diabetic rats induced by STZ administra-
tion (Karlsson et al. 2015; Kou et al. 2016). Agonist-mediated
activation of μ-opioid receptors alleviates mechanical
hyperalgesia that is associated with diabetic neuropathy in rats
(Schiene et al. 2015).

Berberine is a naturally occurring chemical extracted from
several plants such as tree turmeric and goldenseal. Berberine
possesses multiple biological and pharmacological activities
including anti-tumor, anti-inflammatory and anti-oxidative
stress effects (Caliceti et al. 2016). Recently, berberine has
also been shown to have an anti-diabetic effect and has been
used in clinical studies for the treatment of type 2 diabetes
(Chang et al. 2015). Berberine has been shown to alleviate
diabetic nephropathy through suppression of inflammatory
responses and podocyte apoptosis by modulating TLR4/
NF-κB activity (Zhu et al. 2018). Several recent studies have
also shown that berberine is beneficial for suppressing diabet-
ic neuropathy (Zhou et al. 2016; Zan et al. 2017).
Additionally, berberine has been shown to suppress visceral
pain and improves intestinal motility in mouse models of irri-
table bowel syndrome that involved MOR (Chen et al. 2015).

We therefore hypothesized that berberine might alleviate
neuropathy in diabetic animal models through suppression
of neuroinflammation and oxidative stress and this regulation
might involve MOR. In this study, we further explored the
effects of berberine in STZ-induced diabetes in rats and inves-
tigated its role in neuroinflammation, oxidative stress, and
regulation of MOR.

Materials and methods

Diabetic rat model and drug treatment

All animal procedures were approved by Guangxi Medical
University’s ethics committee. Male adult Wistar rats were
housed in an environmentally controlled animal facility at a
12-h light-dark cycle with free access to a regular diet and
drinking water. Rats weighed 180–220 g at the beginning to
the study and were singly housed. Rats were randomly divid-
ed into five groups: sham (vehicle treatment, n = 10), diabetes
(STZ+ vehicle treatment, n = 10), diabetes+ Ber 5 (STZ+
5 mg/kg berberine), diabetes+ Ber 20 (STZ+ 20 mg/kg ber-
berine), and diabetes+ Ber 40 (STZ+ 40 mg/kg berberine).

After 1 week of acclimation to the animal facility, diabetes
was induced with a single dose of streptozotocin (STZ,

60 mg/kg body weight) by intraperitoneal (i.p.) injection.
Fasting blood glucose levels were assessed 2 weeks following
STZ administration and rats with a glucose level of over
16.7 mM were included in this study as diabetic (Zhou et al.
2016). Berberine was prepared according to a previous study
by first dissolving with dimethyl sulfoxide (DMSO) and then
diluted with 0.9% normal saline (Yang et al. 2018). At 2 weeks
after STZ administration, diabetic rats were treated with ber-
berine at indicated dose by i.p. injection daily for 10 weeks or
insulin at 5 IU/kg by subcutaneous injection. Blood glucose
levels and body weight were measured every 4 weeks.
Mechanical and thermal nociception were assessed every
2 weeks. Rats were euthanized under anesthesia and tissues
were harvested for biochemical analysis at 12 weeks follow-
ing STZ injection.

Mechanical and thermal nociceptive tests

Mechanical nociception was assessed by paw pressure test
as described previously with a rodent pincher analgesia
meter (Kiasalari et al. 2017). Briefly, mechanical pressure
was applied to the left hind paw of the rat being tested with
increasing force. The threshold at which rat withdrew its
paw was recorded. A maximum force of 500 g was applied
and the threshold hold was recorded as 500 g even if rats
did not withdraw at this force level. Each rat was subjected
to three trials with a 10-min interval between two trials.
The average threshold was calculated.

Hot tail immersion test was performed to assess the thermal
nociception as described previously (Kiasalari et al. 2017).
Briefly, the tail of the rat being test was immersed into 51 °C
water for a maximum of 30 s and the latency when the rat
withdrew the tail was recorded. Each rat was subjected to four
trials with a 5-min interval between two trials. The average
latency was calculated.

Assessment of oxidative stress

Oxidative stress was assessed by lipid peroxidation, reactive
oxygen species (ROS) production, and catalase activity as
described previously (Zhao et al. 2015).

Malondialdehyde (MDA) levels were measured in the se-
rum from different rat groups to determine lipid peroxidation.
Briefly, blood sample was collected from each rat using car-
diac puncture, homogenized in 1.15% KCl solution supple-
mented with 1 mM phenyl methyl sulphonyl fluoride, and
10% trichloroacetic acid was added to the supernatant after
centrifuging for 20 min at 1500×g. The samples were extract-
ed after centrifuging for a second time for 5 min at 1000×g,
added with 0.67% thiobabituric acid and incubated for 20 min
in boiling water. The absorbance at the wavelength of 535 nm
was measured and converted to MDA concentration.
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Hydrogen peroxide (H2O2) levels were measured to deter-
mine ROS production. Briefly, rat blood was homogenized in
phosphate buffer (500 mM) supplemented with 10 mM sodi-
um azide. After centrifuging at 4 °C for 10 min at a speed of
15, 000 g, 100 μl reaction solution was added to 50 μl of
supernatant and incubated for 20 min at room temperature.
The optic density was measured at the wavelength of
560 nm and the H2O2 concentration was calculated.

Catalase activity was determined by homogenizing blood
in 0.25 M sucrose, which was first centrifuged for 10 min at
1000 g. The supernatant of the homogenate was further cen-
trifuged 4 °C for 20 min at a speed of 10, 000 g. The super-
natant (50 μl) from the second centrifuge was mixed with
1.7 M hydrogen peroxide and 0.05 M phosphate until 3 ml.
The absorption was measured at the wavelength of 240 nm.
Catalase activity was calculated.

Western blot

DRGs and spinal cord were isolated from rats of each in-
dicated group, homogenized in lysis buffer and proteins
were subjected to standard preparation and separation by
electrophoresis as described previously (Mao et al. 2017).
Proteins were transferred to a polyvinylidene membrane,
incubated in primary antibodies at 4 °C for overnight and
in secondary antibodies at room temperature and detected
using a LI-COR imaging system. Protein expression was
quantified and presented as relatively to control group. The
following antibodies were used in this study: anti-MOR
(ab10275) and anti-GAPDH (ab8245). All antibodies were
purchased from Abcam.

Quantitative real-time polymerase chain reaction

qRT-PCR was performed to assess the mRNA levels as de-
scribed previously (Yang et al. 2018). Briefly, following iso-
lation from rats of each indicated group, DRGs and spinal cord
were subjected for total RNA extraction by the Trizon reagent
(Invitrogen, Waltham, MA USA). The SYBR Green master
(Invitrogen) was used for qRT-PCR. GAPDH was used as an
internal control.

ELISA

Serum levels of TNF-α and IL-6 were assessed by ELISA
using respective kits (R&D Biosystem, Minneapolis, MN)
according to manufacturer’s instruction.

Immunofluorescent staining

Immunofluorescent staining was performed according to a
previous study (Wan et al. 2016). Briefly, rats were anesthe-
tized, perfused with PBS followed by 4% paraformaldehyde

and post-fixed. The spinal cord and DRG were dissected and
incubated in 30% sucrose for overnight. Sagittal sections of
the spinal cord and horizontal sections of the DRG were
stained with anti-MOR antibody (ab10275, Abcam). After
staining, sections were observed under fluorescent micro-
scope and images were taken. The optical intensity was mea-
sured to represent the expression level of MOR.

Statistical analysis

The statistical difference between two groups was determined
by one- or two-way ANOVA analysis following a Tukey’s
post hoc test. Mean ± SD was used for data presentation.
Significant difference was reached with P < 0.05.

Results

Berberine suppressed STZ-induced blood glucose
and body weight changes in a dose-dependent
manner

To confirm the establishment and persistence of diabetic
symptoms, we measured blood glucose levels and body
weight of all rats. Consistent with previous studies on induc-
tion of diabetes by STZ injection, we found that STZ admin-
istration significantly increased blood glucose levels (Fig. 1a)
and decreased body weight (Fig. 1b) at 4, 8, and 12 weeks
compared to that of control rats at the same time points.
Treatment of diabetic rats with a low-dose berberine (5mg/kg)
did not affect STZ-induced changes in blood glucose levels
and body weight. Importantly, we found that higher doses of
berberine (20 mg/kg and 40 mg/kg) partially and significantly
suppressed both blood glucose levels and body weight in di-
abetic rats. Similarly, insulin treatment also reduced blood
glucose levels and body weight in diabetic rats.

Berberine restored mechanical and thermal
nociception in diabetic rats in a dose-dependent
manner

We then investigated mechanical and thermal nociception
which is impair in diabetic animal models. Paw pressure test
showed that STZ administration significantly reduced me-
chanical threshold starting at 2 weeks post injection that
persisted until the end of the study (12 weeks) (Fig. 2a). We
found that a low dose of berberine (5 mg/kg) did not improve
mechanical threshold in diabetic rats. However, higher doses
of berberine (20 mg/kg and 40 mg/kg) gradually improved
mechanical nociception. Although lower that control group,
higher doses of berberine significantly increased mechanical
threshold in diabetic rats.
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In the hot tail immersion test, we found that STZ ad-
ministration significantly reduced tail withdraw latency
(Fig. 2b). Consistent with the above results, we found that
higher doses of berberine (20 mg/kg and 40 mg/kg) grad-
ually improved thermal nociception and significantly in-
creased paw withdraw latency.

Interestingly, we did not observe any rescuing effect of
insulin treatment on both mechanical and thermos nociception
in diabetic rats, suggesting the effects of berberine are not due
to reduced blood glucose levels.

Berberine suppressed oxidative stress in diabetic rats

We found that STZ administration increased oxidative
stress as indicated by increased MDA (Fig. 3a) and ROS
(Fig. 3b) production and decreased catalase activity in the
serum (Fig. 3c) starting from 4 weeks after treatment.

Importantly, we found that berberine treatment at the dose
of 40 mg/kg significantly suppressed MDA and ROS pro-
duction and increased catalase activity, although they
were still significantly different from the control group.
These results suggest that berberine treatment partially
suppressed STZ-induced oxidative stress. Additionally,
we found that insulin treatment did not suppress STZ-
induced oxidative stress, suggesting that berberine
treatment-mediated suppression of oxidative stress is not
due to reduced glucose levels.

Fig. 2 Effects of berberine treatment to diabetic rats, starting 2 weeks
since STZ injection, on mechanical nociceptive test a and thermal
nociceptive test b. Data are presented as mean ± SD. *p < 0.05,
**p < 0.01 compared to sham group in the same week. #p < 0.05,
##p < 0.01 compared to diabetes group in the same week

Fig. 1 Effects of berberine on blood glucose a and body weight b in
diabetic rats. Data are presented as mean ± SD. * p < 0.05, ** p < 0.01
compared to sham group in the same week. # p < 0.05, ## p < 0.01
compared to diabetes group in the same week
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Berberine reduced neuroinflammation in diabetic rats

We then examined the effects of berberine on STZ-induced
neuroinflammation. First, we confirmed overproduction of
proinflammatory cytokines TNF-α (Fig. 4a) and IL-6 (Fig.
4b) in the serum by ELISA. Quantification results showed that
STZ significantly upregulated TNF-α and IL-6 levels. We
found that while 40 mg/kg berberine treatment did not
completely restore TNF-α and IL-6 levels to that of control
group, it significantly suppressed STZ-induced TNF-α and
IL-6 production, indicating that berberine suppresses STZ-
induced neuroinflammation in rats. Additionally, we found

that insulin treatment at 5 IU/kg did not alter the serum levels
of TNF-α and IL-6 in diabetic rats.

Berberine restored MOR expression in diabetic rats

Finally, we investigated the effects of berberine on MOR ex-
pression. Consistent with previous studies, we found that STZ
treatment slightly suppressedMOR protein expression in both
spinal cord and DRGs of the rats (Fig. 5a and b). Strikingly,
we found that berberine significantly restored both MOR pro-
tein and mRNA expression in STZ treated rat spinal cord and
DRG and these levels were significantly higher than that of

Fig. 3 Effects of berberine
treatment (40 mg/kg) on lipid
peroxidation a, reactive oxygen
species b and catalase activity c in
rat serum. Data are presented as
mean ± SD. * p < 0.05, **
p < 0.01 compared with sham
group. # p < 0.05 compared to
diabetes group

Fig. 4 Berberine treatment
reduced inflammatory cytokines
in diabetic rat serum. Cytokine
levels of TNF-α a and IL-6 b in
serum were detected by ELISA
every 4 weeks. Data are presented
as mean ± SD. * p < 0.05, **
p < 0.01 compared to sham group.
# p < 0.05 compared to diabetes
group
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the control rats (Fig. 5c and d). On the other hand, we found
that insulin treatment did not affect MOR levels.

To further confirm the effect of berberine on MOR ex-
pression, we performed immunohistochemistry on spinal
cord and DRG sections using MOR antibody (Fig. 6a)
and found that, berberine treatment significantly increased
the optical density of MOR (Fig. 6b) consistent with an
increase in MOR expression. Similarly, insulin treatment
had no effect on MOR expression.

Discussion

In this study, we investigated the effects of berberine in dia-
betic neuropathy in the STZ-induced diabetic rat model and
the potential underlying molecular mechanism mediating
these effects. Our study showed that berberine not only re-
stored body weight and blood glucose levels but also sup-
pressed hypersensitive thermal and mechanical nociception
in diabetic rats. Additionally, our results revealed that berber-
ine substantially suppresses neuroinflammation and oxidative
stress in the DRGs and spinal of STZ-treated rats. Finally, we
showed that MOR expression was suppressed by STZ admin-
istration and importantly, berberine significantly enhanced
MOR protein and mRNA levels.

Diabetic neuropathy is a disabling severe complication of
diabetes affecting approximately half of diabetic patients.
There have been urgent needs for the development of thera-
peutics that are effective for diabetic neuropathy. Several

animal models of diabetes have been established and pheno-
types of diabetic neuropathy have been carefully characterized
for the screening of effective therapeutic strategies (Biessels
et al. 2014). In the STZ-induced diabetic model, not only the
increased blood glucose levels and body weight loss are reca-
pitulated, but the animals are also affected by neuropathic
pain, making it an ideal model to study diabetic neuropathy.
In this study, we confirmed STZ-induced diabetic neuropathy
in rats by tests of mechanical and thermal nociception and also
explored the optimal dosage of berberine in the alleviation of
diabetic neuropathy in STZ-administered rats. Our study
showed that while a low dose (5 mg/kg) of berberine did not
affect diabetic neuropathy, higher doses (20 mg/kg and
40mg/kg) substantially reduced the sensitivity of nociception,
indicating an alleviation of neuropathic pain. Our study is
consistent with the previous study showing a neuroprotective
effect of berberine during the Morris water maze test in a rat
model of diabetic neuropathy (Zhou et al. 2016) and our study
further extended the neuroprotective effects on thermal and
mechanical nociception in diabetic rats. Similar protective ef-
fects of berberine against neuropathic pain were also observed
in a rat model of peripheral nerve injury (Yang et al. 2018).
These studies, including ours, suggest that berberine may be
beneficial for neuroprotection in general.

Oxidative stress is implicated in the pathogenesis of diabe-
tes and lipid peroxidation has been shown to induce diabetic
neuropathy (Low et al. 1997). Increased oxidative stress
markers are found in various tissues of diabetic mice and rats
induced by STZ including suppression of the activities of an

Fig. 5 Effects of berberine
treatment (40 mg/kg for
12 weeks) on MOR expression in
the spinal cord and DRG of
diabetic rats. Western blot was
used to detect MOR protein
expression in spinal cord a and
DRG b. Relative MOR protein
expression c from Western blot
and relative MOR mRNA
expression d from qRT-PCR were
analyzed. Data are presented as
mean ± SD. * p < 0.05 compared
to sham group. # p < 0.05 com-
pared to diabetes group
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antioxidant enzyme, induction of MDA in pancreatic tissue
and increased levels of serum NO and treatment of diabetic
rats with an antioxidant quercetin suppressed oxidative stress
in the pancreas (Coskun et al. 2005). Similarly, increased ox-
idative stress is also detected in diabetic rat brain, suppression
of which improved neurotrophic support (Ola et al. 2014).
Consistent with roles of oxidative stress in diabetic neuropa-
thy and the antioxidant effects of berberine, in this study we
showed that accompanying alleviation in diabetic neuropathic
pain, berberine treatment also reduced oxidative stress levels
in the DRGs and spinal cord of diabetic rats.

Similar to oxidative stress, increased inflammation is also
implicated in the pathogenesis of diabetes and is frequently
studied together with oxidative stress. In the brain of diabetic
rats induced by STZ, proinflammatory cytokine levels includ-
ing IL-6, IL-1β, and TNF-α, which were suppressed by an
anti-oxidative and anti-inflammatory flavonoid, morin leading
to ameliorated diabetic encephalopathy (Ola et al. 2014).

Similarly, increased levels of IL-1β and TNF-α were also
detected in the DRG and sciatic nerve lysates of diabetic rats
and suppression of these proinflammatory cytokine levels was
associated with alleviation of neuropathic pain (Kiasalari et al.
2017). In this study, we confirmed STZ-induced inflammatory
responses by examining TNF-α and IL-6 protein levels in the
DRGs and spinal cord of diabetic rats and our results showed
that these proinflammatory cytokines were upregulated in re-
sponse to STZ administration. Importantly, our study showed
that STZ-induced TNF-α and IL-6 protein expression in both
DRGs and spinal cord was significantly suppressed by berber-
ine treatment, indicating a role of berberine in the suppression
of neuroinflammation in STZ-induced diabetic rats. Our find-
ings are indeed consistent with known roles of berberine in the
inhibition of oxidative stress and inflammation. While most
previous studies examined the effects of berberine in the se-
rum, liver, kidney, pancreas, heart, cortex, and hippocampus
of diabetic animals (Li et al. 2014), we further explored the

Fig. 6 Immunohistochemistry was used to label MOR protein in spinal cord and DRG a and relative MOR optical density was analyzed b. Scale bar =
100 μm. * p < 0.05 compared with sham group. # p < 0.05, ## p < 0.01 compared with diabetes group
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anti-oxidative stress and anti-neuroinflammation roles of ber-
berine in the DRGs and spinal cord which are involved in the
regulation of neuropathic pain.

Finally, in this study, we investigated the potential molec-
ular mechanism underlying berberine mediated alleviation of
diabetic neuropathic pain. Previously, it has been shown that
decreased spinal cord MOR expression was associated with
diabetic neuropathic pain (Kou et al. 2016). Consistent with
this previous study, our study also showed a reduction in the
protein and mRNA levels of MOR in both the DRGs and
spinal cord of diabetic rats. Importantly, we detected a drastic
increase of MOR expression in diabetic samples treated with
berberine, consistent with a previous study showing berberine
increasedMOR expression in the cortical neurons rat embryos
as well as the bowel of a mouse model of visceral pain (Chen
et al. 2015). Our findings, together with the previous reports,
suggest that berberine alleviates diabetic neuropathic pain
through regulation of MOR expression. Although beyond
the scope of our study, one future direction will be to further
explore the connection between berberine and MOR in the
management of diabetic neuropathy. Berberine has been
shown to be able to cross the blood brain barrier after systemic
administration and may thus directly play a role throughMOR
in the nervous system (Chen et al. 2015). Our study with the
DRG and spinal cord confirms this possibility. Additionally,
the reduction of pro-inflammatory cytokines including TNF-α
and IL-6 in response to MOR activation observed in our mod-
el of diabetic neuropathy is consistent with a previous study
showing an inhibitory effect of MOR agonists on cytokine
production in a model of colitis and an increased expression
of cytokine in animals with genetic deletion of the MOR gene
(Anselmi et al. 2015). However, further studies are required to
determine the exact molecular mechanism underlying berber-
ine mediated effects on diabetic neuropathic pain.

One limitation of this study is that we only used one animal
model to investigate the effects of berberine on diabetic neu-
ropathic pain. Although beyond the scope of our current study,
it will be important to confirm our finding in other diabetes
models such as the db/db mice which carry mutations in leptin
receptor and develop robust neuropathy including
hyperalgesia and allodynia within 12 weeks prior to any clin-
ical studies (O’Brien et al. 2014).

Conclusion

In summary, the results of our study indicate that berberine
not only suppresses diabetic symptoms, but is also effec-
tive in alleviating diabetic neuropathy, making it an ideal
therapeutic adjuvant for the treatment of this devastating
complication of diabetes. Our study also indicates that
these effects of berberine may involve the suppression of
oxidative stress and inflammation and that restoration of

MOR expression levels may be important for suppression
of neuropathic pain. Although beyond the scope of this
study, these important findings warrant further investiga-
tion on the berberine-MOR link for development treat-
ments of diabetic neuropathy (van Beek et al. 2018).
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