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Abstract

Diabetes mellitus is associated with the development of neuronal tissue damage in different central and peripheral nervous
system regions. A common complication of diabetes is painful diabetic peripheral neuropathy. We have explored the antihy-
peralgesic and neuroprotective properties of Rosmarinus officinalis L. extract (RE) in a rat model of streptozotocin (STZ)-
induced diabetes. The nociceptive threshold and motor coordination of these diabetic rats was assessed using the tail-flick and
rotarod treadmill tests, respectively. Activated caspase-3 and the Bax:Bcl-2 ratio, both biochemical indicators of apoptosis,
were assessed in the dorsal half of the lumbar spinal cord tissue by western blotting. Treatment of the diabetic rats with RE
improved hyperglycemia, hyperalgesia and motor deficit, suppressed caspase-3 activation and reduced the Bax:Bcl-2 ratio,
suggesting that the RE has antihyperalgesic and neuroprotective effects in this rat model of STZ-induced diabetes. Cellular
mechanisms underlying the observed effects may, at least partially, be related to the inhibition of neuronal apoptosis.
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Introduction

Diabetes mellitus is a well-known metabolic disorder associ-
ated with hyperglycemia and other metabolic complications
that result from disturbances in insulin secretion or insulin
action [1]. A growing body of scientific research shows an
association between metabolic disorders and a number of
neurodegenerative diseases. Epidemiologic research has
revealed that patients with diabetes are at a significantly
increased risk of developing neural tissue damage and that
diabetes causes profound changes in the peripheral and cen-
tral nervous systems [1, 2]. A number of population-based
studies have reported that more than one-half of all diabetic
patients exhibit diabetic neuropathy and pain related to dia-
betes neuropathy [1, 3, 4].

It is well established that hyperglycemia is one of the
main underlying factors of injury to the nervous system
in diabetic patients [5, 6]. Some study results have led to
the proposal that diabetic neuropathy is related to the con-
stant generation of reactive oxygen species through glucose
auto-oxidation and the subsequent development of advanced
glycation end-products, activation of nuclear enzyme poly
(ADP-ribose) polymerase and reduced antioxidant protec-
tion [2, 4]. In addition, apoptosis has been suggested as a
possible mechanism for the high glucose-induced neural
dysfunction and cell death observed in many investigations
[7].

There is an overall growing demand for herbal medicines,
both in developing and developed countries. In this context,
the antinociceptive and neuroprotective properties observed
in many natural products has drawn intensive research inter-
est [8]. Furthermore, several in vivo and in vitro investiga-
tions have shown the beneficial effects of herbal medicines
on neurodegenerative disorders, such as diabetic neuropathy,
Parkinson disease and Alzheimer disease [9-11].

Rosemary (Rosmarinus officinalis L.; family Lamiaceae)
is a perennial herb that is typically found in the Mediterra-
nean region. It is known as a medicinal herb due to its high
antioxidant activity and its use in traditional medicine for the
treatment of diabetes mellitus [12—14]. In addition, several
studies have been shown that rosemary extract has antinoci-
ceptive, anti-inflammatory, anti-apoptotic and neuroprotec-
tive properties [15—19]. However, to date there has been no
report on the antinociceptive and neuroprotective effects of
rosemary in an in vivo model of diabetic neuropathic pain.
The study reported here was therefore designed to investi-
gate the possible effects of R. officinalis leaf extract (RE) in a
rat model of diabetic neuropathic pain by evaluating its pos-
sible effect on hyperglycemia-induced neuronal apoptosis.
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Materials and methods
Materials

Streptozotocin (STZ) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Primary monoclonal anti-B-actin and
primary polyclonal anti-caspase 3 antibodies were obtained
from Cell Signaling Technology Inc. (Danvers, MA, USA).
Primary monoclonal anti-Bcl-2 and primary polyclonal anti-
Bax antibodies were obtained from Santa Cruz Biotechnol-
ogy (Dallas, TX, USA).

Preparation of the RE

Rosemary leaf extract was prepared in the Razi Herbal Med-
icines Research Center (Lorestan, Iran). Herbal identifica-
tion was confirmed by the Botany Department of Lorestan
University. Healthy leaves were dried under shaded condi-
tions to avoid the decomposition of chemical constituents,
and then about 200 g of the dried rosemary leaves were
ground into fine powder and the powder extracted with eth-
anol/water (70:30). The extract was subsequently filtered
under reduced pressure in a rotary evaporator and the filtrate
concentrated to dryness. The resulting RE (about 10 g) was
freeze-dried. For the in vivo study, portions of the crude RE
were weighed and dissolved in physiological saline. High-
performance liquid chromatography analysis showed that
the RE contained about 4.5% rosmarinic acid (as the main
polyphenol component of RE).

Animals and experimental groups

Forty eight male Wistar rats (body weight 220-250 g)
were purchased from the Pasteur Institute of Tehran and
housed four per cage under a 12/12-h light/dark cycle in a
temperature-controlled room (22 + 1 °C). The animals were
given 1 week to adapt to the new environment (Razi Herbal
Medicines Research Center animal housing unit). Food and
water were available ad libitum. Animals were handled daily
(9.00-11.00 a.m.) 5 days before the experiment in order
acclimate them to the experimental conditions and minimize
nonspecific stress responses. The 48 rats were randomly
placed into six experimental groups of 6-8 animals each
(see Table 1). All experimental protocols were performed
according to the ethical guidelines of Lorestan University
of Medical Sciences based on the U.S. NIH Guide for the
Care and Use of Laboratory Animals (https://grants.nih.gov/
grants/olaw/guide-for-the-care-and-use-of-laboratory-anima

Is.pdf).


https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
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Table 1 Effect of rosemary

Group Serum glucose (mg/dl) Body weight (g)

extract on serum glucose level

and body weight Start of study  End of study Start of study  End of study
Control 92.33+2418 93.84+2.664 228242971  247.8+6.204%%*
Diabetes 334241234 3473+ 15.47##H# 231.5+4918  185.0+10.10%*###
Diabetes + saline 351.0+16.30  344.8 + 15.24### 231.5+3.490  192.8 +7.888**#H
Diabetes+ 100 mg/kg RE 370.2+19.05  342.7 + 18.45### 2333+4.759  210.8+7.382%*##
Diabetes+ 150 mg/kg RE 317.8+11.15  293.2 + 14.34### 225.5+8.336  217.8+3.254##
Diabetes+200 mg/kg RE  342.8+23.99  281.2+17.76**###  231.7+4.326 241.2+4.143*

RE Rosemary extract

Data are presented as the mean + standard error of the mean for 6-8 animals in each group

* kkkxE indicate significant difference at P<0.05, P<0.01 and P<0.001, respectively, vs. start of the
study in same group. ## and ### indicate significant difference at P <0.01 and P <0.001, respectively, vs.

control rats at the end of the study

Experimental protocols

Diabetes was induced by a single intraperitoneal injection of
STZ (55 mg/kg body weight) that had been freshly dissolved
in 0.1 mol/l citrate buffer. The control group comprised rats
receiving an injection of citrate buffer. Diabetes was con-
firmed in the STZ-injected rats 1 week after the injection
by measuring serum glucose concentrations. Glucose con-
centration was assayed enzymatically using a glucose oxi-
dase—peroxidase (GOD-POD) kit (Pars Azmon Co., Qom,
Iran). Those rats with blood glucose levels of > 250 mg/dl
were considered to have diabetes. Once the development of
diabetes had been confirmed, the diabetic rats were imme-
diately (1 week after STZ injection) given the RE (100, 150,
or 200 mg/kg) or saline (as RE vehicle; Diabetes + saline
group) once daily through oral gavage for 21 days (3 weeks).
Four weeks after the STZ injection, the rats were killed by
decapitation under CO, anesthesia.

Nociception assessment

The nociceptive threshold was evaluated using the tail-flick
test [13]. The intensity of the beam was adjusted to cause a
mean control reaction time of 4-6 s. The cut-off time was
adjusted at 15 s in order to avoid tissue damage. The tail-flick
latency for each rat was evaluated three times, and the mean
value was considered to be the baseline latency. A decreased
tail-flick latency represents hyperalgesia as a marker of neu-
ropathy. The nociception threshold was measured once a
week for all groups during the entire experimental period.

Rotarod treadmill

The motor coordination of the rats was assessed using the
rotarod treadmill test. Rats were placed on the rotating rod
device for two trials (on day zero and on the final day of the
study). They were first trained to maintain themselves on the

rotating rod for more than 3 min, and then they were scored
for falling latency (in seconds) in each trial.

Tissue extraction and preparation

Rats were anesthetized by CO, inhalation and decapi-
tated. The spinal column was cut through the pelvic girdle.
Hydraulic extrusion was achieved by inserting a 16 gauge
needle into the sacral vertebral canal and injecting ice-cold
saline. The spinal cord tissue thus obtained was immediately
placed on ice in a glass petri dish and the dorsal half of the
lumbar cord dissected. Tissue samples were weighed, imme-
diately frozen and stored in liquid nitrogen tank until assay.

Western blot analysis

Cleaved caspase 3, Bax and Bcl-2 proteins, all important
biochemical markers of apoptosis, were evaluated by west-
ern blotting. The dissected spinal tissues were homogenized
in ice-cold buffer containing 10 mM Tris—HCI (pH 7.4),
1 mM EDTA, 0.1% sodium dodecyl sulfate, 0.1% Na deoxy-
cholate, 1% NP-40 with protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 2.5 pg/ml of leupeptin, 10 pg/ml of
aprotinin) and 1 mM sodium orthovanadate. The homogen-
ate was then centrifuged at 14,000 rpm for 15 min at 4 °C,
and the resulting supernatant was retained as the whole-cell
fraction. Protein concentrations were evaluated using the
Bradford method (Bio-Rad Laboratories, Hercules, CA,
USA). Equal amounts of protein were resolved electropho-
retically on a 9% SDS-polyacrylamide gel electrophoresis
system and transferred to nitrocellulose membranes (GE
Healthcare Bio-Sciences, Chicago, IL, USA). After block-
ing (overnight at 4 °C) with 5% non-fat dried milk in Tris-
buffered saline with Tween 20 (blocking buffer, TBS-T,
150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 0.1% Tween 20),
the membranes were probed with caspase 3 rabbit monoclo-
nal antibody (Asp175 [Cell Signaling Technology; 1:1000
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overnight at 4 °C]), Bax (D 21; sc-6236) and Bcl-2 (C-2;
sc-7382 [Santa Cruz Biotechnology; 1:1000 for 3 h at room
temperature). After washing in TBS-T (three times, 5 min),
the blots were incubated for 1 h at room temperature with
a horseradish peroxidase-conjugated secondary antibody
(1:15000; GE Healthcare Bio-Sciences). All antibodies were
diluted in blocking buffer. The antibody—antigen complexes
were detected using the ECL (enhanced chemiluminescence)
system and exposed to Lumi-Film chemiluminescent detec-
tion film (Roche Diagnostics GmbH, Mannheim, Germany).
B-Actin immunoblotting (1:1000; Santa Cruz Biotechnol-
ogy, USA) was used as a loading control. Caspase 3, Bax,
Bcl-2 and B-actin band densities were evaluated from the
respective band densitometry. The ImageJ image processing
program was used to analyze the intensity of expression.
These values were expressed as the tested protein/f-actin
ratio for each sample.

Statistical analysis

The results were expressed as the mean + standard error
of the mean. The difference in mean tail-flick latency was
determined by two-way analysis of variance (ANOVA). The
differences in motor deficit (mean retention time) and the
average caspase3/p-actin and Bax/Bcl-2 band density ratios
were compared by one-way ANOVA. The serum glucose
level and body weight of experimental groups were com-
pared at the start and end of study using the paired Student’s
t test or a one- or two-way repeated measure ANOVA for
multiple group comparisons. Tukey’s post hoc test was used
following ANOVA to test for significance among the differ-
ent groups. P <0.05 was considered to be significant.

Fig. 1 Effect of rosemary
extract (RE) on the progress
of diabetes-induced thermal
hyperalgesia. Lines indicate
nociceptive threshold of each
experimental group. Values
are presented as mean + stand-
ard error of the mean (SEM)
of n=6-8 animal. Asterisks
indicate significant differ-
ence (*P<0.05, **P<0.01,
##%P <(0.001) vs. control
groups. Hashtag indicates sig-

Nociceptive threshold (s)
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Results

The effect of RE on serum glucose level and body
weight in diabetic animals

One week following STZ injection, diabetic rats developed
hyperglycemia. At this time point the serum glucose con-
centrations were significantly increased in the non-treated
diabetic animals (334.2 + 12.34 mg/dl; Diabetes group in
Table 1) compared to the control animals (92.33 +2.418 mg/
dl; Control group in Table 1) (P <0.001). At 4 weeks after
STZ injection the plasma glucose levels were also high in
the diabetic rats (Table 1). In STZ-treated animals which
had received the vehicle (Diabetes + saline group), the
serum glucose concentration was similar to that in the non-
treated Diabetes group. Once-daily treatment of diabetic rats
with 200 mg/kg RE for 3 weeks significantly decreased the
serum glucose level compared to the level at the start of RE
administration (P < 0.01), but the serum glucose concentra-
tion remained much higher than that of the Control group
(Table 1). Conversely, treatment with 100 and 150 mg/kg
RE had no significant effect on the serum glucose levels of
the diabetic animals. The changes in the body weights of the
control, diabetic and RE-treated rats during the time course
of the study is also shown in Table 1. A significant weight
loss was observed in non-RE-treated diabetic rats and those
treated with 100 mg/kg RE. Treatment of diabetic animals
with 200 mg/kg RE for 3 weeks significantly increased the
body weight compared to that at the start of the RE treat-
ment (P <0.05).

The effect of RE on the nociceptive threshold
in diabetic animals

As shown in Fig. 1, saline-treated or non-treated diabetic
animals showed a significant decrease in nociceptive thresh-
old (hyperalgesic response) which began 2 weeks (14 days)
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after STZ injection and persisted almost unchanged up to
the end of the study (week 4). RE (200 mg/kg) treatment
was observed to reduce the development of diabetes-induced
hyperalgesia (Fig. 1).

The effect of RE on diabetes-induced motor deficits

The rotarod treadmill assessment showed that there was a
notable loss of motor coordination in diabetic animals. The
retention time of the diabetic rats on the rotating rod was
decreased to about 64% of that of the non-diabetic (Control)
animals, while treatment with 200 mg/kg RE increased the
retention time to 93.37% of the control values. RE given at a
dose of 100 mg/kg RE had no significant effect on diabetes-
induced motor impairment (Fig. 2).

3 Control

@l Diabetes

3 Diabetes + Saline

Diabetes + 100 mg/kg RE

B3 Diabetes + 150 mg/kg RE

ZZ1 Diabetes + 200 mg/kg RE

200+
#

—_ T T
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Fig. 2 Effect of RE on diabetes-induced motor deficits at the end (day
28) of study. Values are presented as the mean+ SEM of n=6-8 ani-
mals. Asterisks indicate significant difference (**P <0.01) vs. control
groups. Hashtag indicates significant difference ( #P <0.05) vs. dia-
betic group

Fig.3 Western blot analysis
of cleaved-caspase 3 in the

Cleaved caspase-3
Beta-actin

The effect of RE on apoptotic parameters in diabetic
animals

Western blotting data showed that diabetes leads to caspase
3 activation in the dorsal portion of the lumbar spinal cord,
while RE treatment (200 mg/kg) reduces hyperglycemia-
induced caspase 3 activation (Fig. 3). Furthermore, an
increase in Bax protein levels was induced under diabetic
conditions. Thus, there was a significant increase in the
Bax:Bcl-2 protein ratio in diabetic animals. This increased
Bax:Bcl-2 ratio was attenuated in diabetic rats treated
by 200 mg/kg RE. RE administered at doses of 100 and
150 mg/kg RE had no significant effects on cleaved caspase
3 activation or Bax:Bcl2 ratio expression (Figs. 3, 4).

Discussion

Our results show that RE exerted effects that reduced cell
damage induced by high glucose levels and inhibited both
diabetic neuropathic pain and motor coordination deficit.
Administration of RE to diabetic rats reduced the levels
of apoptosis markers, such as caspase 3 activation and the
Bax:Bcl-2 ratio. We therefore conclude that RE modulated
the cellular toxicity in the lumbar spinal cord of diabetic rats
induced by high glucose levels.

One of the most common complications of diabetes mel-
litus is neuropathic pain. Hyperglycemia-induced cell death
in STZ-induced diabetic animals represents a good, practi-
cal in vivo model for the study of diabetic neuropathic pain
[20, 21]. It is now well established that diabetes is asso-
ciated with advanced oxidative stress [22] and that oxida-
tive stress causes direct toxic effects on nerve tissue [1].
This knowledge has led researchers to study the influence
of various antioxidant-based treatments on redox status in
several investigational models of diabetes. It is also well
documented that oxidative stress is closely linked to apopto-
sis in a variety of cell types [23]. Many pathological mecha-
nisms, such as intracellular redox homeostasis disruption
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and irreversible oxidative modifications of lipids, proteins
or DNA, can result from oxidative stress and therefore lead
to apoptosis. In addition, apoptosis plays a critical role in
the development of diabetic neuropathy through oxidative
stress [1].

Many in vivo and in vitro studies have shown that pro-
apoptotic Bax protein expression increases in hyperglycemic
conditions compared to the normal state (i.e. the Bax:Bcl2
ratio is increased) [9, 20, 24]. Bax is a pro-apoptotic member
of the Bcl2 family of pro- and anti-apoptotic proteins.

We have recently observed that in PC12 cells cultured in
high-glucose media (as an in vitro model of diabetic neu-
ropathy), RE was able to prevent hyperglycemia-induced
cellular toxicity by reducing the levels of some biochemical
markers of apoptosis, such as caspase 3 activation and the
Bax/Bcl2 ratio [25].

In an in vitro investigation, Sharifi and colleagues
demonstrated that the suppression of apoptotic proteins
by Z-VAD-FMK (as a caspase inhibitor) inhibits the cell
toxicity induced by high glucose levels [26]. Joseph and
Levine reported that caspases (as components of apoptosis
signaling pathways) contribute to the expression of pain-
related behavior in animals with peripheral neuropathy.
These authors also reported that caspase inhibitors (such as
Z-VADFMK) decrease neuropathic pain-related behaviors
in rats [27]. Although all mechanisms of diabetic neuro-
pathic pain are not completely known, some animal models
indicate that axonal degeneration following peripheral nerve
injury causes neuropathic pain [28].

In recent years, much attention has been directed to
herbal polyphenolic compounds because they can promote
a number of antioxidative mechanisms and stimulate pro-
tective enzymes, which result in protection against oxida-
tive cell damage [29]. Rosmarinus officinalis L. (family
Lamiaceae) is a perennial herb that is native to the Medi-
terranean area. In folk medicine, the aerial portions of this
herb are mostly used as an analgesic for renal and abdomi-
nal colic pain and rheumatic disorders [30, 31]. Rosemary
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also has several important biological characteristics, such
as hepatoprotective [32], antidiabetic [33], anti-oxidant
[33] and neuroprotective [19] effects.

It has been reported that the rosemary plant possesses
considerable antioxidant activity, and its extract has been
shown to exhibit significant radical-scavenging properties,
probably due to the high concentration of polyphenolic
components such as carnosol, rosmanol, carnosic acid,
methyl carnosate, caffeic acid and rosmarinic acid [14].
The RE has also been shown to exert an anti-nociceptive
effect in several investigational models of pain [15, 16,
34]. In this background, Ghasemzadeh and colleagues have
shown that the extract of the aerial parts of R. officinalis
L. can attenuate the neuropathic pain, inflammation and
apoptosis induced by chronic constriction injury (CCI)
model of neuropathic pain in rats [17, 18]. These authors
concluded that by decreasing some apoptotic factors (such
as the Bax/Bcl2 ratio as well as cleaved caspase 3 expres-
sion in sciatic nerve tissue), the RE can attenuate neuronal
damage and neuropathic pain in CCI rats [17, 18].

Taken together, the analgesic effects of rosemary might
be mediated through the attenuation of neuronal apoptosis.
The neuroprotective properties of this extract may be due,
at least in part, to the large amounts of phenolic and flavo-
noid compounds and to the antioxidant, anti-inflammatory
or free radical-scavenging properties of this plant.

Conclusions

In conclusion, the results of this study showed that the
leaf extract of R. officinalis has neuroprotective effects, as
confirmed by behavioral tests and biochemical assays in a
rat model of diabetes. The extract had a significant effect
on the reduction of thermal hyperalgesia in STZ-induced
diabetic animals.
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