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Metformin prevents morphine-induced apoptosis in rats with diabetic
neuropathy: a possible mechanism for attenuating morphine
tolerance
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Abstract

Morphine is a drug of choice for the treatment of severe and chronic pain, but tolerance to the antinociceptive effect limits
its use. The development of tolerance to morphine has recently been associated with neuronal apoptosis. In this study, our
aim was to investigate the effects of metformin on morphine-induced neuronal apoptosis and antinociceptive tolerance in
diabetic rats. Three days of cumulative dosing were administered to establish morphine tolerance in rats. The antinocicep-
tive effects of metformin (50 mg/kg) and test dose of morphine (5 mg/kg) were considered at 30-min intervals by thermal
antinociceptive tests. To induce diabetic neuropathy, streptozotocin (STZ, 65 mg/kg) was injected intraperitoneally. ELISA
kits were used to measure caspase-3, bax, and bcl-2 levels from dorsal root ganglion (DRG) tissue. Semi-quantitative scor-
ing system was used to evaluate apoptotic cells with the the terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) method. The findings suggest that co-administration of metformin with morphine to diabetic rats
showed a significant increase in antinociceptive effect compared to morphine alone. The antinociceptive tests indicated that
metformin significantly attenuated morphine antinociceptive tolerance in diabetic rats. In addition, metformin decreased
the levels of apoptotic proteins caspase 3 and Bax in DRG neurons, while significantly increased the levels of antiapoptotic
Bcl-2. Semi-quantitative scoring showed that metformin provided a significant reduction in apoptotic cell counts in diabetic
rats. These data revealed that metformin demonstrated antiapoptotic activity in diabetic rat DRG neurons and attenuated
morphine tolerance. The antiapoptotic activity of metformin probably plays a significant role in reducing morphine tolerance.
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Introduction

Neuropathic pain is a serious complication of diabetes and
constitutes an important clinical problem due to resistance
to treatment and occurs in approximately 50% of patients
(Hicks and Selvin, 2019; He et al. 2021). Opioid therapy
such as morphine for diabetic neuropathy may be beneficial
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for a group of people; however, the development of tolerance
and physical dependence with long-term use limits its use
(Jamison and Mao 2015). Therefore, morphine is an opioid
approved as third-line therapy in the management of diabetic
neuropathy (Patil et al. 2015). Experimental studies reveal
that morphine cannot show an effective antinocicepitive
effect in the treatment of painful diabetic neuropathy (Chen
and Pan 2002). Increase in blood and brain glucose concen-
tration in diabetes creates significant changes in the endog-
enous opioid system and the functioning of antinociceptive
processes (Forman et al. 1985). These changes occurring in
the opioid system with hyperglycemia cause the develop-
ment of tolerance to the antinociceptive effect of morphine
in diabetic animals (Gullapalli et al. 2002).

Spinal and supraspinal administration of p-opioid recep-
tor (MOR) agonists to animals with diabetic neuropathy
resulted in a significant reduction in antinociceptive effect
(Kamei et al. 1992). It has been suggested that neuronal and
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non-neuronal factors are responsible for the decrease in the
antinociceptive activity of MOR agonists in animals with
painful diabetic neuropathy (Mousa et al. 2013; Zychowska
et al. 2013). Experimental studies have suggested that the
reduction in antinociceptive effect may be related to impaired
G-protein responses to MOR or loss of MOR (Mousa et al.
2013). Furthermore, activation of non-neuronal microglia
cells in the spinal cord causes a decrease in the antinocicep-
tive effect of morphine in neuropathic pain. Consistent with
this, minocycline, a specific microglia inhibitor, increases
morphine antinociception in streptozotocin (STZ)-induced
diabetic mice (Zychowska et al. 2013). Chronic administra-
tion of morphine to mice causes neurotoxic effects by acti-
vating apoptotic pathways (Emeterio et al. 2006). Morphine
induces apoptosis in the rat dorsal raphe nucleus, suggesting
it may be a possible mechanism for morphine antinocicep-
tive tolerance (Charkhpour et al. 2010). In addition, chronic
administration of morphine to neonatal rats has been shown
to increase neuronal apoptotic cell death (Bajic et al. 2013).
Long-term administration of morphine induces upregulation
of proapoptotic elements such as Bax and caspase-3 in the
spinal cord, while downregulating the antiapoptotic protein
Bcl-2 (Mao et al. 2002; Hassanzadeh et al. 2011). How-
ever, metformin prevents apoptosis by decreasing Bax and
caspase-1 protein levels and increasing Bcl2 protein levels
(Kolivand et al. 2017). In addition, chronic morphine admin-
istration stimulates glial activity and increases inflammatory
cytokines in animals with tolerance to morphine (Raghaven-
dra et al. 2004; Shen et al. 2011).

It has been reported that mammalian target of rapamycin
complex 1 (mTORCI1) plays an important role in the devel-
opment of morphine tolerance (Shirooie et al. 2019; Lutz
et al. 2015). Furthermore, repeated injections of morphine
increase mTORCI activity in the dorsal horn of the spinal
cord, and rapamycin, an mTORCI inhibitor, blocks these
effects (Xu et al. 2014). mTOR is effective in regulating
apoptotic cell death, and activation of mTOR inhibits apop-
tosis regulatory molecules (Faivre et al. 2006). Metformin
is used in the clinic to lower blood sugar in patients with
type 2 diabetes and has anti-inflammatory, anti-cancer and
antioxidant properties (Vazquez-Martin et al. 2009). Fur-
thermore, it has been stated that metformin exerts a potent
neuroprotective effect against etoposide-induced apoptotic
cellular death in primary cortical neurons of cultured rats
(EI-Mir et al. 2008). Metformin directly inhibits the mTOR
complex 1 signaling pathway by activating the 5’ adeno-
sine monophosphate activated protein kinase (AMPK).
Metformin is also able to directly suppress mTOR indepen-
dently of AMPK (Shirooie et al. 2019). Although the effects
of metformin on neuropathic pain are known, its effects on
the antinociceptive activity and tolerance of morphine in
animals with diabetic neuropathy have not been fully elu-
cidated yet.
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In the light of all this information, our aim in this study is
to investigate the effects of metformin on morphine-induced
apoptosis and antinociceptive tolerance in rats with diabetic
neuropathy using biochemical and histochemical methods
and thermal antinociceptive tests.

Materials and methods
Animals

Male adult Wistar albino rats weighing 230 to 260 g were
used for this study. The animals were obtained from the
local Experimental Animal Center (Cumhuriyet University,
Sivas, Turkey). All rats were housed under a 12:12 h light/
dark (lights on at 7:00 a.m.) schedule at room temperature
(22 £2 °C) and a humidity of 45-50%. Standard laboratory
chow and tap water were available ad libitum. The persons
who performed the animal experiments did not know about
the previous treatment of the rats. All experiments were car-
ried out between 10.00 and 16.00 h. Before the study, the
experimental protocols were approved by the Animal Ethics
Committee of Cumhuriyet University (Ethic no: 2019-181).
The housing and treatment of the rats followed the guide-
lines of the “Guide for the Care and Use of Laboratory Rats”
(Institute of Laboratory Animal Resources).

Drugs

Metformin (50 mg/kg) was obtained from Sigma-Aldrich (St.
Louis, MO, USA) and dissolved in saline prior to intraperi-
toneal (i.p.) administration. Morphine HCI (5 mg/kg; Cum-
huriyet University Hospital, Sivas, Turkey) was dissolved in
sterile 0.9% normal saline and was injected i.p. into rats using
1-ml insulin syringes. Streptozotocin (STZ, Sigma, St. Louis,
MO, USA) was dissolved in citrate buffer (pH 4.5) to make
a fresh solution and injected intraperitoneally at a dose of
65 mg/kg. The determination of drug doses was based on data
obtained from previous similar studies and pre-tests (Zhang
et al. 2017; Ozdemir et al. 2011; Zangiabadi et al. 2014].

Induction of morphine tolerance

Morphine tolerance was established in rats with a 3-day
cumulative dose administration (Zarrindast et al. 2002). The
treatment schedule consisted of twice-daily doses of mor-
phine administered at 30 mg/kg (i.p.) (a.m.) and 45 mg/kg
(p.m.) on days 1, 60, and 90 mg/kg on day 2, and 120 mg/kg
twice on day 3. The development of tolerance to morphine
in rats was evaluated by antinociceptive tests on day 4. Dia-
betes was induced by STZ (65 mg/kg, i.p.) injection on day
4, and metformin (50 mg/kg, i.p.) and morphine (5 mg/kg)
were administered 1 day later. Then, antinociceptive tests
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were performed (Fig. 1). Morphine tolerance was defined
as a significant decrease in antinociceptive effect when
morphine was injected into rats at the test dose (5 mg/kg).
First, tail flick (TF) and hot plate (HP) antinociceptive tests
were performed for each rat to determine the mean base-
line latency time. Then, post-drug latency times for each rat
were determined by TF and HP tests at 15, 30, 60, 90, and
120 min after injection of the morphine test dose. Saline
group rats were administered the same dose of saline twice
a day for 3 days as in the drug groups.

Induction of diabetes

Freshly prepared streptozotocin (STZ, single dose 65 mg/
kg) in 0.1-mol/l sodium-citrate buffer (pH 4.5) was injected
intraperitoneally in order to induce diabetic neuropathy
(Zangiabadi et al. 2014). One day after STZ injection, blood
glucose levels were measured by GolDeal Gluco Prober
(Aurum Biomedical Tecnology, Hsinchu City, Taiwan). A
drop of blood was taken from the tail vein of the animal with
a syringe and dripped onto the instrument strip. In the next
step, blood glucose levels were read from the device moni-
tor. Rats with a glucose level of >250 mg/dl were classified
as diabetic. After diabetes induction, animals were used for
evaluating the effect of metformin on morphine antinocicep-
tion and tolerance in the diabetic condition.

Tolerance induction phase

Antinociceptive tests

Standard thermal pain tests TF test (May TF 0703 TF Unit;
Commat, Ankara, Turkey) and HP test (May AHP 0603,
Hot Plate; Commat) were used to measure antinociception.
In the TF test, after the administration of the drugs to the
rats, the radiant heat source was directed to the 2.5-cm
distal part of rat tail and the tail flick latency (TFL) times
were recorded. The radiant heat source was calibrated
so that the basal TFL occurs in an average of 2.8 +0.5 s
in the pain test. Rats with abnormal responses and basal
TFL below 2.3 s or greater than 3.3 s were excluded from
subsequent antinociceptive tests. The cut-off latency was
set as 20 s to prevent tissue damage. Animals still not
responding even within 20 s were excluded from the TF
test. Responses to the TF test are often associated with
central pain mechanisms (Ramabadran et al. 1989: Kanaan
et al. 1996).

In the HP test, rats were placed in a hot plate device at
a temperature of 53 +0.5 °C. The delay at the first sign
of the rat’s jump or paw licking response to avoid heat
was considered an index of the pain threshold. The cut-off
time was arranged at 30 s in order to avoid damage to the
rat paw in this test. It is reported that the antinocicep-
tive response in the HP test results from a combination of
peripheral and central mechanisms (Kanaan et al. 1996).

Tolerance expression phase

STZ (65 mg/kg, i.p.)

[ Morphine injection ]

30 mg/kg, i.p. (@m.) 60 mglkg, (a.m.) 120 mg/kg, (a.m.)
45 mg/kg, (p.m.) 90 mg/kg, (p.m.) 120 mg/kg, (p.m.)

l | l

- Isolation of rat DRG tissue

“MET (50 mg/Kg, i.p.
( 9/kg, i.p.) - Biochemical analysis (ELISA)

-Morphine - H&E staining
(5 mg/kg, i.p.) - TUNEL method
1 Day

A

Day 1 Day 2 Day 3

— 1
Day4 o 15' 30' 60' 90' 120

A J

t & * &+ £ 4

‘ Tail flick test ’
Hot plate test

Fig. 1 The timeline shows the experimental protocol. DRG, dorsal root ganglion; MET, metformin; STZ, streptozotocin; i.p., intraperitoneal;

H&E, hematoxylin and eosin

@ Springer



1452

Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:1449-1462

Homogenate preparation of the dorsal root ganglia

Wistar-albino rats were euthanized by cervical dislocation,
and dorsal root ganglia (DRGs) were aseptically collected
from L3 to S4 spinal levels. DRG tissue samples of animals
in cold phosphate-buffered saline solution (pH 7.4) were
homogenized using a mechanical homogenizer (Analytik
Jena speedmill plus, Jena, Germany). It was centrifuged at
4000 rpm for 10 min at a temperature of 4 °C (Avci and
Taskiran 2020). After obtaining the supernatants, they were
stored at — 80 °C until biochemical analysis. Total protein
levels in tissue samples were determined using the Bradford
method protein assay kit (Merck KGaA, Darmstadt, Ger-
many) (Kruger 1994).

Measurement of caspase-3, Bax, and Bcl-2 levels

ELISA kits (YL Biont, Shanghai, China) were used to meas-
ure caspase-3, Bax, and Bcl-2 levels from DRG tissue sam-
ples. The study was performed in accordance with the manu-
facturer’s instructions. In brief, standard and tissue samples
were added to the plate and incubated at 37 °C for approxi-
mately 60 min. After the washing step was completed, stain-
ing solutions were added and incubated for approximately
15 min. The reading was obtained at 450 nm following the
addition of the stop solution. Standard curves were drawn
to determine the value of the samples. The coefficients of
variation within and between the plates were found to be
less than 10%.

Detection of apoptotic cells

First, rats were euthanized by ketamine injection and antino-
ciceptive tests 2 h after drug administration for tissue prepa-
ration. The explant of DRG neurons was prepared accord-
ing to the methods described previously (Wang et al. 2016).
Briefly, rats were anesthetized and sacrificed. DRGs of the
lumbosacral spinal cord at the L.3-S4 level were isolated and
quickly transferred to a glass petri dish (Corning, USA) con-
taining hanks balanced salt solution at 4 °C in the fixative
solution (4% paraformaldehyde in 0.1 M phosphate buffered
saline (PBS).

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay was carried out using the in situ
cell death detection kit (fluorescein) (Roche Diagnostics
GmbH, Mannheim, Germany). It detects DNA fragmenta-
tion by labeling the 3’-hydroxyl ends in the double-stranded
DNA breaks produced during apoptosis. All procedures
were carried out in accordance with the manufacturer’s pro-
tocol. The DRG tissues were fixed in 10% neutral buffered
formalin and washed for total histological examination.
Then, it was passed through a series of increasing alcohol
(70%, 80%, 90%, and 100%) and triple xylene series and
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embedded in paraffin. Sagittal and horizontal serial sections
of 3—4 um were taken from tissue samples with a microtome
(Leica SM 2000R, Heidelberg, Germany), and they were
placed on slides. It was kept in the oven overnight and left
for chemical deparaffinization in xylol twice. In order to
add water to the tissue, it was passed through a series of
decreasing ethyl alcohol, first distilled water, and then PBS
2 times. All tissues were kept in proteinase K solution in a
dark and humid environment at 21-37 °C for 30 min. At the
end of the period, the tissues were passed through PBS 2
times. About 50 ul of the kit label solution was applied to the
negative controls. The enzyme solution was mixed with the
label solution and left for incubation. Before the mixture is
applied to positive controls, for the detection of DNA breaks,
in DNase 1 recombinant solution (3000 U/ml to 3 U/ml in
50 mM Tris—HCI, pH 7.5, 10 mM MgCl2, 1 mg/ml BSA) at
15-25 °C for 10 min was suspended. Afterwards, TUNEL
mix solution was applied to the tissues, which were passed
through PBS twice, 50 pl on each sample and left to incuba-
tion for 60 min in a humid and dark environment at 37 °C.
Each tissue sample was washed 3 times with PBS-Triton-
X-100. Then, apoptosis was examined semi-quantitatively
under fluorescence microscopy (Olympus BX51). Stained
sections were photographed with a microscope (Leica
DM?2500, Nussloch, Germany).

Semi-quantitative scoring system was used to evaluate
apoptotic cells with the TUNEL method. Ganglion cells
glowing bright green with chromatin aggregation in their
nucleus were considered as apoptotic cells. Apoptotic neu-
ron numbers were expressed as percentages. The grades
were as follows (Schmeichel et al. 2003): 1, light staining
and only affecting <5% of neurons; 2, staining affecting
5-10% of neurons; 3, staining affecting 10-15% of neurons;
3, staining affecting 15-20% of neurons; 5, staining affect-
ing >20% of neurons.

For hematoxylin—eosin staining, firstly the tissues
obtained from DRG sections were deparaffinized by soak-
ing in xylol for 10 min. Then, the preparations were passed
through 95%, 80%, and 70% alcohol, respectively, for
10 min. Tissues were stained with hematoxylin for 5-6 min
and washed with water. Washed tissues were immersed in
acid alcohol to turn pale blue in a few seconds. Afterwards,
the preparations were left in the eosin solution for 3—4 min.
To remove excess eosin, the tissues were passed through
70%, 80%, and 95% absolute alcohol, respectively, and were
treated with xylol 3 times for 10 min. Preparations extracted
from xylol were glued with synthetic resin and left to dry.

Data analysis

To calculate the percentage of maximum possible effect (%
MPE), the hot plate test and tail flick test latencies were
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converted to percent antinociceptive effect. The equation is
as follows:

% MPE = [(test latency — baseline) /(cut off — baseline)] x 100.

Statistical analysis

After the antinociceptive latency times were determined,
the means of MPEs in all group rats were calculated. The
obtained data were expressed as means + S.E.M. Normal
distribution was assessed in accordance with the Shap-
iro—Wilk’s test. A paired ¢-test statistical analysis was used
for the means of the two groups. Data from more than two
groups were analyzed by two-way ANOVA and multiple
comparisons determined by Tukey test using SPSS computer
program (version 22.0 for windows Chicago, IL, USA). In
all groups, p <0.05 was considered statistically significant.

Results

Body weight and blood glucose levels in diabetic
rats

Before thermal antinociceptive tests, blood glucose levels
and body weights of rats were measured before and after
STZ administration. The mean body weight of the diabetic
rats (n=8) was significantly reduced compared to before
STZ injection (p <0.01; Table 1). Furthermore, blood glu-
cose levels (396.66 +2.31) were significantly increased after
STZ injection into rats (p < 0.001). The mean blood glucose
level met the criteria for diabetic rats (>250 mg/dl).

Antinociceptive effects of morphine on painful
diabetic neuropathy

Antinociceptive test results showed that the maximal antino-
ciceptive effect was observed at 60 min after the administra-
tion of morphine (5 mg/kg) in antinociceptive tests of all
group rats (Fig. 2A and B). The antinociceptive effect (%

Table 1 Body weight and blood glucose levels of STZ-induced dia-
betic rats

Body weight (g) Blood glucose (mg/dL)

Before STZ End of experi- Before STZ End of experi-
injection ment injection ment
246.16+1.54 218.73+2.47*%% 129.10+1.83 396.66+2.31%**

The data are presented as the mean+ SEM

“p<0.01 and ***p <0.001 compared to before STZ injection (paired
t-test)

MPE) of morphine was significantly higher in both tail flick
(F30=16.85) and hot plate (F; 5,=20.23) tests compared
to the saline group (p <0.01). On the contrary, the antinoci-
ceptive effect of morphine in the diabetic group significantly
decreased compared to the morphine group rats (p <0.05).

Effects of metformin on morphine antinociception
in diabetic rats

Co-administration of metformin (50 mg/kg) with morphine
(Fig. 3A and B) showed a significant increase in antinocic-
eptive effect compared to that injected with morphine alone
in diabetic rats (p <0.05; Fy,5=17.62, and F, ,5=18.51,
respectively). However, maximal antinociceptive activity
was observed in normal rats in which metformin was com-
bined with morphine in antinociceptive tests (p <0.001).
Furthermore, these data demonstrated that metformin alone
has a significant antinociception in both tail flick and hot
plate tests compared to the saline group rats (»p <0.01).

Effects of metformin on morphine tolerance

Administration of metformin to morphine tolerant rats sig-
nificantly attenuated morphine tolerance (increased % MPE)
in both the tail-flick (p <0.05; Fig. 4A) and hot-plate test
assays (p <0.05; Fig. 4B), as compared to the morphine
tolerant rats (F,,5=21.3 for TF test; F,,5=23.2 for HP
test). Similarly, administration of metformin to diabetic rats
significantly reduced morphine tolerance (p <0.05). In this
test, the maximum antinociceptive activity was obtained at
30 min of measurements.

Effect of metformin on caspase 3, Bax and Bcl-2
levels

Caspase 3 levels were significantly increased in the dorsal
root ganglia of morphine injected diabetic rats compared to
the saline group (p <0.01; Fig. 5A). However, administra-
tion of metformin to rats in this group caused a significant
decrease in caspase 3 levels (p < 0.05). In addition, adminis-
tration of metformin to morphine-tolerant rats significantly
reduced the level of caspase 3 in ganglion tissue (p <0.01).
The data showed that the Bax protein level was higher in rats
with painful neuropathy than in the saline group (»p <0.01;
Fig. 5B). Similarly, injection of metformin into morphine-
tolerant rats significantly decreased Bax protein levels
(p<0.01).

There was a significant decrease in antiapoptotic Bcl-2
protein level in diabetic rats compared to the saline group
rats (p <0.01; Fig. 5C). Administration of metformin to
morphine-tolerant rats resulted in a significant reduction in
Bcl-2 levels (p <0.01).
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Fig.2 Antinociceptive effects A Tail Flick
of morphine on painful diabetic
neuropathy. The antinociceptive 80+
effects of morphine are demon- *
strated in (A) tail-flick test and
(B) hot plate test. Each point = MOR
represents the mean + SEM of -+ MOR+STZ
% MPE for 8 rats. *p <0.01 60+
vs. saline group and *p <0.05 - STZ
vs. morphine group (two-way -0- SAL
ANOVA followed by Tukey wl
HSD post hoc test). MOR, o
morphine; STZ, streptozotocin; = 40-
SAL, saline c\°
20+
o 1 T T 1 1 T
0 15 30 60 90 120
B Hot Plate
801 *
60
L
o
= 404
X
20+
0 T T T T T

Effect of metformin on morphine-induced apoptosis

Hematoxylin—eosin (H&E) staining shows that ganglia are
located linearly along the axons and surrounded by a sin-
gle layer of satellite cells surrounding the ganglia in the
saline, morphine and metformin groups (Fig. 6A). There
were significant improvements in ganglion cell morphol-
ogy, a decrease in satellite cell count, and an improvement
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15

90
Time (min.)

in the structural integrity of the connective tissue in the
metformin-administered groups. TUNEL staining revealed
important information regarding apoptotic cell numbers
in DRG neurons. A semi-quantitative scoring system was
used to evaluate apoptotic cells. The percentage of apop-
totic cells in the diabetic group was significantly higher
than in the saline group (p <0.01; Fig. 6B). Moreover,



Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:1449-1462

1455

Fig.3 Effects of metformin on A
morphine analgesia in diabetic

rats. The effects of metformin 80
are demonstrated in (A) tail-
flick test and (B) hot plate
test. Each point represents the
mean + SEM of % MPE for 8 60-
rats. *p <0.001 vs. saline-treated
group, *p <0.01 vs. saline-
treated group, and **p <0.05
vs. morphine + STZ group
(two-way ANOVA followed

by Tukey HSD post hoc test).
MET, metformin; STZ, strepto-
zotocin; MOR, morphine; SAL,
saline 204

Tail Flick MET+MOR
MET+MOR+STZ
MET

MOR+STZ

SAL

-
—
-
_O.
-O-

80+

60+

404

% MPE

20+

Hot Plate

#

administration of metformin to diabetic rats significantly
reduced the number of apoptotic cells (p <0.05; n=06).
Hematoxylin—eosin staining ganglion cell count was
decreased in morphine-tolerant rats, and there was a sig-
nificant increase in satellite cells. In addition, disruptions in
the structure of the connective tissue between the ganglion
and satellite cells were detected (Fig. 7A). Similarly, the
percentage of apoptotic cells showed a significant increase
in the morphine tolerant group compared to the saline
(p <0.01; Fig. 7B). However, injection of metformin into

15

30 60 90 120
Time (min.)

morphine-tolerant rats resulted in a significant reduction in
the number of apoptotic cells (p <0.05).

Discussion

In this study, we demonstrated that the intraperitoneal
administration of metformin provided a significant decrease
in morphine antinociceptive tolerance. Co-administration
of metformin with morphine increased the antinociceptive
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A Tail Flick - MET+MOR tolerant
80~ -+ MET+STZ+MOR tolerant
-+ STZ+MOR tolerant
- MOR tolerant
604 * * - SAL
w
o
S 404
xR
20
) 0 15 30 60 90 120
B Hot Plate
804
60
w
o
S 40
X
204

0 15 30 60 90 120
Time (min.)

Fig.4 Effects of metformin on morphine tolerance. The effects of
metformin are demonstrated in (A) tail-flick test and (B) hot plate
test. Each point represents the mean+SEM of % MPE for 7-8 rats.
**p <0.01 vs. saline group, *p<0.05 vs. MET + STZ + MOR-toler-
ant group (two-way ANOVA followed by Tukey HSD post hoc test).
MET, metformin; STZ, streptozotocin; MOR, morphine; SAL, saline

activity of morphine in diabetic rats. The data suggested
that metformin reduced the levels of the apoptotic proteins
caspase 3 and Bax in DRG neurons, while increasing the
levels of the antiapoptotic Bcl-2. The apoptosis inhibitory
activity of metformin probably plays a significant role in the
reduction in morphine tolerance.

The antinociceptive effects of opioids in the manage-
ment of neuropathic pain have been a topic of current
debate in clinical practice and opioid research (Balogh
et al. 2019). Opioids are an important drug in acute neu-
ropathic pain states and provide rapid pain relief (Dowell
et al. 2016). It has been reported that the antinociceptive
activity of morphine is reduced in diabetic animals follow-
ing systemic administration of p-opioid receptor (MOR)
agonists such as morphine (Courteix et al. 1998; Nielsen
et al. 2007). Impaired opioid antinociception occurs as a
result of a decrease in the number of opioid receptors (Zhang
et al. 1998). Similarly, opioid receptor density is markedly
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reduced in spinal cord tissues of animals with diabetes
(Shaqura et al. 2013). Our results are in agreement with oth-
ers suggesting that the antinociceptive effect of morphine
decreases in diabetic rats. In addition, co-administration of
morphine and metformin in morphine-tolerant rats potenti-
ated the antinociceptive effect in diabetic rats. This increase
may be attributable to some extent to the antinociceptive
effect of metformin, but the reduction in apoptosis may be
a more important factor in the reduction in morphine toler-
ance. Also, according to another view, metformin reduces
diabetic neuropathy by controlling blood sugar level and
thus causes an increase in MOR concentration in diabetic
rats. The decrease in MOR density may be effective in
reducing the antinociceptive effect of morphine in diabetic
rats (Kou et al. 2016). High doses of morphine are required
to reduce neuropathic pain, but this high dose of morphine
causes tolerance (Hervera et al. 2012).

Previous studies indicate that the mechanisms of mor-
phine tolerance are complex and involve many factors such
as receptors, ion channels, and neural networks (Xu et al.
2014; Ozdemir et al. 2011; Altun et al. 2015). Moreover,
recent evidence indicates that neuronal apoptosis and inflam-
mation play a crucial role in the development of morphine
tolerance (Charkhpour et al. 2010; Lutz et al. 2015). The
antidiabetic drug metformin exerts anti-inflammatory and
neuroprotective effects on neurons of the central and periph-
eral nervous system and reducing hyperalgesia and neuro-
pathic pain in damaged nerves (Pan et al. 2016; Afshari
et al. 2018). In addition, metformin plays an important
role in autophagy and locomotor recovery processes after
spinal cord injury through mTOR inhibition (Zhang et al.
2017). Numerous studies indicate that the mTOR plays an
important role in the development of tolerance to morphine.
Activation of the mTOR pathway inhibits opioid-induced
antinociception and accelerates the development of toler-
ance to opioids (Shirooie et al. 2019). In addition, repeated
long-term injections of morphine increase thermal latency
and mTORCI activity in the dorsal horn of the spinal cord.
Co-injection of rapamycin (an mTORCI1 inhibitor) with
morphine inhibits these effects (Xu et al. 2014). In this study,
inhibition of the MTOR pathway by metformin probably
played an important role in reducing morphine tolerance.

Current studies indicate that activation of non-neuronal
cells such as microglia plays an important role in the devel-
opment of neuropathic pain and that these cells are activated
in conditions of diabetes in the spinal cord (Daulhac et al.
2006; Mika et al. 2009). Activated microglia in the spinal
cord cause neuropathic pain generation through the release
of proinflammatory cytokines, which are common media-
tors of allodynia and hyperalgesia (Mika et al. 2009; Wat-
kins et al. 2007). In addition, available evidence indicates
that chronic morphine treatment induces glial activity in
the spinal cord and increases proinflammatory cytokines in
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Fig.5 The effect of metformin
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morphine-tolerant animals (Shen et al. 2011). Recent reports
demonstrate that activation of the p38 MAPK pathway in
dorsal horn microglia is responsible for diabetes-induced
hyperalgesia (Daulhac et al 2006). Metformin increases
AMPK phosphorylation and significantly reduces opoioid
tolerance by preventing morphine-induced microglial activa-
tion. Moreover, metformin significantly reduces the upregu-
lation of TNF-a mRNA and IL-6 level induced by morphine,

which plays an important role in the attenuation of morphine
tolerance (Pan et al. 2016).

Classical evidences suggest that opioid-induced antino-
ciception and tolerance are a function of the central nervous
system. However, recent studies have revealed the critical
role of nociceptive DRG neurons in expressing antinocicep-
tion and inducing opioid tolerance (Muchhala et al. 2021).
Knockout of p-opioid receptors in DRG neurons expressing
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Fig.6 Effect of metformin on cell morphology and morphine-
induced apoptosis in diabetic rats. Tissue sections were prepared from
rat dorsal root ganglia. H&E staining in tissue sections was used to
evaluate cell morphology. H&E-stained cell nuclei and tissue ele-
ments are seen in blue and cytoplasmic elements in light pink. Slides
were analyzed with a light microscope (X 100 objective). Apoptosis
was tested with cell death detection kit (fluorescein). Apoptotic cells

transient receptor potential vanilloid-1 (TRPV1) or abla-
tion of DRG neurons expressing TRPV1 channel reduces
opioid tolerance (Chen et al. 2007; Corder et al. 2017).
Additionally, selective deletion of p-opioid receptors from
Nav1.8-containing neurons in DRG causes a decrease in
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scattered throughout the tissue section were prominently stained (flu-
orescent) with TUNEL (x 100 objective). (A) shows hematoxylin—
eosin and TUNEL staining in DRG tissue, (B) shows percantage of
apoptotic cells by semiquantitative scoring system. n=6. **p <0.01
vs. saline-treated group, *p <0.05 vs. MOR + STZ group. MET, met-
formin; STZ, streptozotocin; MOR, morphine; SAL, saline

the antinociceptive activity of morphine in inflammatory
pain (Weibel et al. 2013). However, elimination of p-opioid
receptors from DRG neurons blocks the acute supraspinal
and spinal antinociceptive activities of opioids (Sun et al.
2020; Boronat et al. 2001). p-Arrestin-2 is a critical mediator
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Fig.7 Effect of metformin on cell morphology and morphine-
induced apoptosis in morphine-tolerant rats. Tissue sections were
prepared from rat dorsal root ganglia. H&E staining in tissue sections
was used to evaluate cell morphology. H&E-stained cell nuclei and
tissue elements are seen in blue and cytoplasmic elements in light
pink. Slides were analyzed with a light microscope (X100 objec-
tive). Apoptosis was tested with cell death detection kit (fluores-

in the development of acute tolerance to opioids in DRG
nociceptive neurons. Therefore, it can be understood that
DRG neurons have an important role in the development of
anticiceptive tolerance to opioids.

Different anti-apoptotic mediators reduce the antino-
ciceptive tolerance of opioids by preventing apoptosis in
the central nervous system. However, chronic morphine
administration in rats causes significant changes in Bax
and Bcl-2 proteins and induces apoptosis (Hassanzadeh
et al. 2011; Boronat et al. 2001). It has been shown that
donepezil, an anti-apoptotic drug, attenuates opioid tol-
erance by increasing anti-apoptotic Bcl-2 protein mRNA
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cein). Apoptotic cells scattered throughout the tissue section were
prominently stained (fluorescent) with TUNEL (x 100 objective).
(A) shows hematoxylin—eosin and TUNEL staining in DRG tissue
(x100), (B) shows percantage of apoptotic cells by semiquantitative
scoring system. n=6. **p<0.01 vs. saline-treated group, *p <0.05
vs. STZ +MOR-tolerant group

levels, while decreasing proapoptotic Bax gene expression
(Shafie et al. 2015). Biochemical data in this study indi-
cated that metformin decreased apoptosis by increasing the
antiapoptotic Bcl-2 levels, while decreasing the levels of
caspase 3 and Bax, which are apoptotic proteins in DRG
neurons. Mitochondrial permeability transition pore (PTP)
or Bcl-2 family proteins play an important role in the regu-
lation of the intrinsic apoptotic cascade. Under stress con-
ditions, PTP opens, and the outer mitochondrial membrane
is locally ruptured, and apoptogenic proteins, apoptosis-
inducing factor, and cytochrome c are released into the
cytosol (Kroemer and Reed 2000). Metformin inhibits PTP
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opening and subsequent cell death in different endothelial
cell types exposed to high glucose levels (Detaille et al.
2005). In one study, administration of minocycline (a sec-
ond-generation tetracycline) to rats reduced apoptotic cell
numbers in TUNEL staining of the spinal cord and attenu-
ated development of tolerance to morphine (Hassanzadeh
et al. 2011). Similarly, TUNEL staining data of our study
demonstrated that metformin reduced apoptotic cell num-
bers in DRG neurons of diabetic rats. The apoptotic score
protection of metformin in morphine-administered rats is
an important factor in increasing the antinociceptive effect.
This study demonstrated important results in terms of the
effects of metformin on morphine antinociceptive activity
and tolerance in animals with diabetic neuropathy. Further
studies should be planned to fully elucidate the mechanism
of action of metformin on morphine tolerance in animals
with diabetic neuropathy.

Conclusion

In summary, our study results indicated that the adminis-
tration of metformin with morphine increased the antinoci-
ceptive efficiency of morphine and attenuated antinocicep-
tive tolerance in thermal antinociceptive tests. In addition,
metformin prevented morphine-induced apoptosis in the
dorsal root ganglia of diabetic rats by increasing antiapop-
totic Bcl-2 levels and decreasing proapoptotic caspase 3
and Bax levels. Furthermore, metformin resulted in a sig-
nificant reduction in the number of apoptotic cells in DRG
neurons. Further studies will elucidate possible mecha-
nisms for the modulatory role of metformin on the effects
of morphine antinociception in diabetic rats.
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