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Extracellular Matrix Remodeling and Modulation
of Inflammation and Oxidative Stress by Sulforaphane
in Experimental Diabetic Peripheral Neuropathy

Passant E. Moustafa,1,3 Noha F. Abdelkader,2 Sally A. El Awdan,1 Osama A. El-Shabrawy,1

and Hala F. Zaki2

Abstract— The peripheral nervous system is one of many organ systems that can be pro-
foundly impacted in diabetes mellitus. Diabetic peripheral neuropathy has a significant negative
effect on patients’ quality of life as it begins with loss of limbs’ sensation and may result in lower
limb amputation. This investigation aimed at exploring the effect of sulforaphane on peripheral
neuropathy in diabetic rats. Experimental diabetes was induced through single intraperitoneal i-
njections of nicotinamide (50mg/kg) and streptozotocin (52.5mg/kg). Rats were divided into five
groups. Two groups were treated with saline or sulforaphane (1 mg/kg, p.o.). Three diabetic gr-
oups were either untreated or given sulforaphane (1 mg/kg, p.o.) or pregabalin (10 mg/kg, i.p.).
Two weeks after drugs’ administration, biochemical, behavioral, histopathological, and immuno-
histochemical investigations were carried out. Treatment with sulforaphane restored animals’ b-
odyweight, reduced blood glucose, glycated hemoglobin, and increased insulin levels. In parallel,
it normalized motor coordination and the latency withdrawal time of tail flick test, increased the
latency withdrawal time of cold allodynia test, and ameliorated histopathological changes. Treat-
ment of sulforaphane, likewise, decreased sciatic nervemalondialdehyde, nitric oxide, interleukin-
6, and matrix metalloproteinase-2 and -9 contents. Similarly, it reduced sciatic nerve DNA
fragmentation and expression of cyclooxygenase-2 and nuclear factor kappa-B p65. Meanwhile,
it increased sciatic nerve superoxide dismutase and interleukin-10 contents. These results reveal
the neuroprotective effect of sulforaphane against peripheral neuropathy in diabetic rats possibly
through modulating oxidative stress, inflammation, and extracellular matrix remodeling.

KEY WORDS: sulforaphane; diabetic peripheral neuropathy; streptozotocin; oxidative stress; inflammation; extra-
cellular matrix remodeling.

Highlights
• Sulforaphane is neuroprotective against diabetic peripheral neuropathy
• Sulforaphane has anti-hyperglycemic, anti-oxidant, anti-inflammatory
activities

• Sulforaphane suppressed matrix metalloproteinases involved in the neu-
ropathic pain
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INTRODUCTION

The peripheral nervous system is one of many sys-
tems that is immensely impacted in diabetes mellitus (DM)
[1]. Nearly half of patients, who have had DM for 25 years
develop diabetic peripheral neuropathy (DPN) with vary-
ing severity [2, 3]. Peripheral nerve complications first
appear in distal extremities and can lead to chronic pain
or loss of limbs’ sensation [4]. DPN is counted as a sub-
stantial cause of morbidity as it contributes to the develop-
ment of foot ulcerations, Charcot joints, and limb amputa-
tion in diabetic patients [5]. Notably, in developing coun-
tries, up to 50% of diabetic patients are diagnosed by DPN
[6].

The currently postulated mechanisms of DPN are
escorted with cellular damage resulting from the activation
of various cellular pathways triggered by long-term hyper-
glycemia, which consecutively leads to metabolic imbal-
ances mostly oxidative stress [1, 7]. These cellular path-
ways include aldose reductase, hexosamine pathway, non-
enzymatic glycation, and oxidative phosphorylation,
which once activated result in the formation of toxic me-
tabolites such as reactive oxygen species (ROS), advanced
glycation end-products (AGE’s), and protein kinase C
(PKC)-mediated cellular signaling molecules [8–11]. The
over-production of such toxic metabolites results in endo-
thelial dysfunction, microangiopathy, ischemia, and even-
tually peripheral nerves damage and death [2, 7, 12].
Noteworthy, increased glycolytic process and over-
activation of aldose pathway lead the formation of free
radicals through reducing nicotinamide adenine dinucleo-
tide phosphate (NADPH) and overburdening the mito-
chondrial electron transport chain, correspondingly [9,
13]. As a consequence, the over-production of ROS within
the cell triggers the activation of poly(ADP-ribose) poly-
merase (PARP) pathway, which results in nicotinamide
adenine dinucleotide (NAD+) depletion as well as ROS,

PKC, and AGE’s formation [14]. Both ROS and AGEs
prompt a cascade of inflammatory reactions through the
over-activation of nuclear factor-kappa B (NF-κB) path-
way [15]. This pathway in turn initiates the production of
interleukins from macrophages alongside the transcription
of various proteins including cytokines, chemokines, ad-
hesion molecules, nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2) resulting in neuronal dysfunc-
tion and the progression of DPN [16, 17].

Noteworthy, matrix metalloproteinases (MMPs) are
extensively involved in inflammation and tissue remodel-
ing accompanied by various neuro-degenerative diseases
including DPN [18, 19]. Both inflammation and oxidative
stress associated with uncontrolled hyperglycemia trigger
the activation of matrix metalloproteinase-2 (MMP-2) and
matrix metalloproteinase-9 (MMP-9). This leads to extra-
cellular matrix (ECM) degradation, constriction of arteries,
ischemia of nerve tissues, and finally neural cell cessation
[20, 21]. It has been investigated that activation of COX-2
stimulates the production and expression of both MMP-2
and MMP-9 from vascular smooth muscle, endothelial
cells, and macrophages [22]. Furthermore, ROS prompts
the oxidation of the sulfide bond of the pro-domain of
MMPs, which results in the activation of pro-MMPs and
the decrease of tissue inhibitors of metalloproteinases
(TIMPs) [23].

Sulforaphane (SFN) is a broccoli-derived
isothiocynate (ITC) that is found in cruciferous vegetables,
mainly broccoli and cauliflower [24]. It has been shown
that SFN has a neuroprotective effect due to its anti-oxidant
and anti-inflammatory properties [25, 26]. SFN is a potent
inducer of nuclear erythroid 2-related factor 2 (Nrf2) and
hence provides neuroprotective effect against neurodegen-
erative diseases [27]. In addition to its direct effect on Nrf2,
SFN exhibits anti-inflammatory effect via inhibiting NF-
κB signaling pathway [28]. Several recent studies have
investigated that SFN increased neurogenesis, decreased
amyloid plaque deposition, and enhanced cognitive func-
tion in various animal models of Alzheimer’s disease (AD)
[29, 30]. SFN, likewise, mitigated the development of
Parkinson’s disease (PD) in rats through its neuroprotec-
tive, anti-apoptotic, and anti-oxidant actions [31]. Further-
more, a recent study has shown that SFN attenuated cere-
bral ischemic/reperfusion injury via its anti-inflammatory
and neuroprotective properties [32]. Based on the de-
scribed effects, this study attempted to examine the poten-
tial protective effect of SFN against streptozotocin (STZ)-
induced peripheral neuropathy in diabetic rats using the
pregabalin (PGB) as a standard drug for comparison. Ad-
ditionally, the roles of SFN on body weight, diabetic

Abbreviations:AD, Alzheimer’s disease; AGEs, Advanced glycation end
products; ANOVA, Analysis of variance; COX-2, Cyclooxygenase-2;
DM, Diabetes mellitus; DPN, Diabetic peripheral neuropathy; ECM,
Extracellular matrix; ERK1/2, Extracellular signal-regulated protein ki-
nases 1 and 2; GHBA1c, Glycated hemoglobin; H&E, Hematoxylin and
eosin; HPWL, Hind paw withdrawal latency; IL-10, Interleukin-10; IL-6,
Interleukin-6; iNOS, Nitric oxide synthase; Keap1, Kelch-like ECH asso-
ciated protein 1; MDA, Malondialdehyde; MMP-2, Matrix
metalloproteinase-2; MMP-9, Matrix metalloproteinase-9; NA, Nicotin-
amide; NADPH, Nicotinamide adenine dinucleotide phosphate; NF-κB,
Nuclear factor kappa B; NO, Nitric oxide; PD, Parkinson’s disease; PGB,
Pregabalin; PKC, Protein kinase C; ROS, Reactive oxygen species; SFN,
Sulforaphane; SOD, Superoxide dismutase; STZ, Streptozotocin; TWL,
Tail withdrawal latency.
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biomarkers, behavioral alterations as well as oxidative
stress, inflammation, MMPs activity, DNA fragmentation,
and histological alterations were also assessed.

MATERIALS AND METHODS

Animals

Adult male Wistar rats (250–300 g) were used
through this investigation. They were obtained from the
Animal House of the National Research Center, Giza,
Egypt. Animals were kept at least 1 week for adaptation
before being assigned to the study, in standard housing
circumstances (room temperature 22 ± 2 °C, relative hu-
midity 60 ± 10% and 12 h light/dark cycle). All animals
were permitted ad libitum access to tap water and standard
laboratory chow. This study conforms with the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-
23, revised 1996) and was approved by the Ethics Com-
mittees of Faculty of Pharmacy, Cairo University (permit
number 1393) and National Research Centre (permit num-
ber 15/047).

Chemicals and Drugs

Sulforaphane and PGB were obtained from Swanson
Health Products, (North Dakota, USA) and Pfizer (Cairo,
Egypt), respectively. STZ and nicotinamide (NA) were
purchased from Sigma-Aldrich (Missouri, USA) and
Bayer (Lyon, France), respectively. All other chemicals
used in this study were of highest purity and analytical
grade.

Induction of Diabetes

Nicotinamide (50 mg/kg), dissolved in normal
physiological saline, was injected intraperitoneally
15 min before STZ administration (52.5 mg/kg,
i.p.), which dissolved in 0.1 M citrate buffer directly
before use (pH 4.5) to 36 rats that were fasted
overnight. For the partial protection of insulin-
secreting β-cells from the damaging effect of STZ,
NA is injected before STZ [33]. After STZ adminis-
tration, all rats received 5% glucose solution as an
alternative to tap water for 24 h to reduce death due
to hypoglycemic shock. Two days after STZ admin-
istration, blood samples were withdrawn from the tail
vein of each rat and blood glucose levels were mea-
sured using a portable glucometer (ACCU-Check,

Roche, USA). Only rats depicting values ranging
BGL ≥ 200 mg/dl were chosen and considered as
diabetic [34–36].

Experimental Design

In the experiment, a total of 60 rats were randomly
distributed into 5 groups (12 rats/group) as follows:

& Group I contained normal rats that received saline
subcutaneously daily for 15 days and served as normal.

& Group II comprised normal rats that were given
SFN (1 mg/kg, p.o.) daily for 15 days.

& Group III included normal rats that administered
single intraperitoneal doses of NA (50 mg/kg) and STZ
(52.5 mg/kg) as formerly described and served as diabet-
ic control.

& Group IV included diabetic rats treated with SFN
(1 mg/kg, p.o.) daily for 15 days. The dose of SFN was
chosen based on formerly published work [37] besides a
pilot experiment (data not shown).

& Group V included diabetic rats treated with PGB
(10 mg/kg, i.p.) daily for 15 days [38].

One day after the last drugs’ administration, all rats
were exposed to several behavioral tests. Subsequently, all
rats were weighed and anesthetized; thereafter, blood sam-
ples were collected via the retro-orbital plexus and sepa-
rated into two parts. The first part was used for the deter-
mination of glycated hemoglobin (GHBA1c), while the
second part was centrifuged at 3000×g for 10 min to
separate serum for the estimation of insulin level. At last,
all animals were euthanized by decapitation, and the sciatic
nerve tissues were cautiously removed, washed with ice-
cold saline, and left to dry. Sciatic nerve samples were
divided into two parts and weighted; the first one was
homogenized in phosphate buffer for the determination of
malondialdehyde (MDA), nitric oxide (NO), superoxide
dismutase (SOD), interleukin (IL)-6, IL-10, MMP-2,
MMP-9, and DNA fragmentation, while the second por-
tion was fixed in 10% neutral-buffered formalin for histo-
pathological and immunohistochemical examination.

Determination of Body Mass Changes

Each rat was weighed at the beginning of the exper-
iment and 24 h following the last treatment for the deter-
mination of both initial and final body weights (g). Percent
change of body weight was calculated using the following
equation:
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%Change of body weight

¼ mean of final body weights–mean of initial body weights
mean of initial body weights

� 100

Rotarod Test

Grip muscle strength of rats was evaluated using accel-
erating rotarod device (Ugo Basile, Italy, Model 7750) by
placing rats in the opposite direction of the horizontal rotating
rod (3 cm diameter and 90 cm height). The starting speedwas
at rpm and accelerated linearly to 40 rpm. Before starting the
experiment, all rats were trained for three successive days
(one session/day, 5min each). The performance of all rats was
evaluated through recording the time spent by each rat to fall
from the roller, during 5-min period [39].

Tail Flick Test

Evaluation of antinociceptive threshold of rats was
determined using the tail flick device (Ugo Basile, Italy,
Model 37360). In this test, rats’ tails were gently subjected
to the radiant heat stimulus of the device. Tail flick latency
time was estimated in seconds from the initial light emis-
sion until tail withdrawal. To avoid tissue injury, a maxi-
mum cut-off of 10 s was considered during the test. For
each rat, tail flick latency was determined for two times at
30 min interval and the mean reading was reported as tail
flick latency [40].

Hind Paw Cold Allodynia Test

Cold-induced allodynia was assessed through im-
mersing the hind paw of each rat in a cold-water container
and keeping constant temperature (4.5 °C). Then, the hind
paw withdrawal latency (HPWL) for each rat was mea-
sured. To prevent tissue injury, only one hind paw was
assessed during each immersion at a time with a cut-off
time 20 s. For each rat, the test was repeated two times for
each hind paw at 5-min interval and the HPWL was re-
corded as the average of both hind paw readings. The
extended contact time with cold water was interpreted as
anti-allodynic effect, whereas the shorter contact was noted
as more severe allodynia [41].

Tail Cold Allodynia Test

In this test, cold-induced allodynia was assessed
through immersing the tail of each rat to cold-water con-
tainer and maintaining constant temperature (4.5 °C). To

avoid tissue injury, a cut-off time 15 s was considered
while determining the tail withdrawal time (TWL) for each
rat. The procedure was repeated for five times at 5 min
interval for each rat. A shorter contact with cold-water was
counted as a more severe allodynia, whereas the prolonged
contact was noted as anti-allodynic effect [42].

Determination of Blood Glucose, Glycated
Hemoglobin, and Insulin Levels

Blood glucose level was assessed 24 h after the last
treatment using a portable glucometer (ACCU-Check,
Roche, USA). Using tail vein puncture technique, blood
was withdrawn from rats and a drop of blood was posi-
tioned on the glucometer strip loaded in the device for the
assessment of rats’ BGL. Quantitative determination of
rats’ GHBA1c and insulin levels was conducted by means
of rat-specific immunoassay kits obtained from Cusabio
(Wuhan, China) and Alpco (Boston, USA), respectively,
based on the protocol provided.

Determination of Oxidative Stress Biomarkers

Sciatic nerve homogenate was used for the quantita-
tive determination of MDA, NO, and SOD. Lipid peroxi-
dation products were measured indirectly by the estimation
of the secondary product such as MDA according to the
technique of Ruiz-Larrea et al. [43] Total NOx content was
measured based on the reduction of nitrate to nitrite by
vanadium, and then total nitrate was determined by Griess
reagent according to the method of Sastry et al. [44].
Determination of SOD content was performed using spe-
cific immunoassay kit obtained from Cusabio (Wuhan,
China) according to the manufacturer’s guidelines.

Determination of Inflammatory Biomarkers and
Matrix Metalloproteinases

Quantitative determination of IL-6, IL-10, MMP-2,
and MMP-9 contents in sciatic nerve homogenate was
carried out using rat-specific enzyme-linked immunosor-
bent assay (ELISA) kit purchased fromRay Biotech (Geor-
gia, USA), Cusabio (Wuhan, China), and Cloud-Clone
Corporation (Texas, USA), respectively, based on the man-
ufacturer’s instructions.

Determination of Deoxyribonucleic Acid
Fragmentation

Sciatic nerve homogenate was used of the quantita-
tive determination of DNA fragmentation using diphenyl-
amine reaction procedure as previously described by Gibb
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et al. [45]. The amount of fragmented DNAwas measured
spectrophotometrically at 600 nm, and the fragmented
DNA percent was calculated using the following formula:

%Fragmented DNA ¼ OD Sð Þ
OD Sð Þ þ OD Pð Þ � 100

OD(S) = absorbance of sample supernatant
OD(P) = absorbance of sample pellet

Histopathologic Studies

The formalin-fixed sciatic nerve samples were rou-
tinely processed for paraffin embedding, and then, thin 4-
μm sections were formed and stained with hematoxylin
and eosin (H&E) for light microscope investigation. Eval-
uation of sciatic nerve damage was qualitatively estimated
and graded based on the severity of pathologic changes.
Scores were given to lesions detected as follows: (0) no
observed impairment, (1) mild impairment fewer than 25%
of sciatic nerve cells impacted, (2) moderate impairment
ranging from 25 to 50% of sciatic nerve cells affected, and
(3) severe impairment more than 50% of sciatic nerve cells
impacted [46]. To eliminate bias, a blind examination of all
the samples was performed.

Immunohistopathological Examination

Cyclooxygenase-2 and NF-κB p65 expression were
estimated in the sciatic nerve using a modified avidin-
biotin immunochemistry technique based on the method
of [47]. Before immunohistopathological investigation,
paraffinized sciatic nerve specimens were rehydrated in
xylene and graded ethanol solutions and heated in citrate
buffer (pH = 6) for 20 min. Thereafter, sciatic nerve sam-
ples were cooled and immunolabeled with primary poly-
clonal rabbit antibodies against NF-κB p65 (1:200 dilu-
tion; Invitrogen, Carlsbad, CA, USA) and COX-2 (1:200
dilution; Thermo Fisher scientific, Waltham, USA) and
incubated overnight at 4 °C. Then, phosphate-buffered
saline was used for washing sciatic nerve tissue sections
before being incubated for 30 min at 37 °C with biotinyl-
ated secondary antibody (1:200 dilution, Dako, Denmark),
and then with Avidin DH and biotinylated horseradish
peroxidase H complex based on Elite ABC kit guidelines
(Vector Laboratories Inc., Burlingame, USA). At last, sci-
atic nerve samples were washed one more time with
phosphate-buffered saline, and the reaction was revealed
by diaminobenzidine tetrahydrochloride (DAB Substrate

Kit, Vector Laboratories Inc., Burlingame, USA) and the
tissue samples counterstained with hematoxylin,
dehydrated, and cleared in xylene then cover slipped for
light microscopic investigation.

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism software version 6 (San Diego, CA, USA). Results
of GHBA1c, blood glucose and insulin levels, MDA, NO,
SOD, IL-6, IL-10, MMP-2, MMP-9, and DNA fragmen-
tation contents as well as the tail flick behavior test were
carried out using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. Results of
body weight, rotarod, hind paw, and tail cold allodynia
behavior tests were statistically analyzed using two-way
ANOVA followed by Tukey’s multiple comparison test.
The data were presented as mean ± SD, and differences
were considered when the probability level is less than
0.05.

RESULTS

Effect of Sulforaphane onDiabetes Induced Changes in
Body Weight

Diabetic rats showed a significant loss in body weight
by 25.54%, as compared to the basal value. Treatment with
SFN normalized body weight of diabetic rats. However,
treatment PGB did not show any significant enhancement
in body weight as compared to the diabetic control group
(Table 1).

Effect of Sulforaphane on Diabetes Induced Changes
in Nociceptive Thresholds and Motor Coordination

Diabetic rats showed a significant decrease in the
balancing time on the rotarod and in the latency with-
drawal time of tail flick, hind paw cold allodynia, and
tail cold allodynia tests to be 46.75, 48.06, 39.73, and
63.23%, respectively, as compared to the normal
group. Treatment with SFN succeeded to normalize
the balancing rotarod time on rotarod and the latency
withdrawal time of tail flick test and significantly im-
proved the latency withdrawal time of the hind paw
cold allodynia test to be 177.53%, as compared to the
diabetic control group. However, it did not show any
significant enhancement in the latency withdrawal time
of tail cold allodynia test as compared to the diabetic
rats. Treatment with PGB succeeded to normalize the
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balancing rotarod time on rotarod and the latency with-
drawal time of both tail flick and hind paw cold
allodynia tests of diabetic rats, as compared to the
diabetic control group. However, it did not show any
significant improvement in the latency withdrawal time
of tail cold allodynia test in comparison to the diabetic
control group (Fig. 1).

Effect of Sulforaphane on Diabetes Induced Changes
in Blood Glucose, Glycated Hemoglobin, and Insulin
Levels

Diabetic rats showed significant increase in blood
glucose and GHBA1c levels to 523.70 and 434.92%,
respectively, along with a significant decrease in insu-
lin level to 19.38% as compared to the normal group.
Treatment with SFN showed significant decrease of
blood glucose and GHBA1c levels to be 40.15 and
35. 21%, respectively, and increased serum insulin
level to be 289.71% as compared to the diabetic con-
trol group. Treatment with PGB significantly decreased
GHBA1c level to be 65.94%; however, it did not show
any significant improvement in blood glucose and in-
sulin levels as compared to the diabetic control group
(Table 2).

Effect of Sulforaphane on Diabetes Induced Changes
in Oxidative and Inflammatory Biomarkers in the
Sciatic Nerve

Diabetic rats showed a significant increase in MDA,
NO, and IL-6 contents in the sciatic nerve to 486.66,
511.48, and 590.43%, respectively, and a decrease in
SOD and IL-10 contents to 13.67 and 16.75%,

respectively, as compared to normal rats. Treatment with
SFN significantly reduced MDA, NO, and IL-6 contents in
the sciatic nerve to be 45.06, 39.28, and 43.69%, respec-
tively, and significantly increased SOD and IL-10 contents
to be 386.88 and 315.78% as compared to the diabetic
control group. Treatment with PGB significantly reduced
MDA, NO, and IL-6 to 63.47, 53.94, and 63.32%, respec-
tively, and increased SOD content to 262.29% of the
diabetic control group, without improving sciatic nerve
IL-10 content (Table 3).

Effect of Sulforaphane on Diabetes Induced Changes
in Matrix Metalloproteinases in the Sciatic Nerve

Diabetic rats showed significant increase in MMP-2
and MMP-9 contents in the sciatic nerve to 506.62 and
563.32%, respectively, as compared to the normal group.
Treatment with SFN showed significant decrease in sciatic
nerve MMP-2 and MMP-9 contents to 45.36 and 52.70%,
respectively, as compared to diabetic control group. Ad-
ministration of PGB resulted in a significant decrease in the
sciatic nerve content of MMP-2 and MMP-9 to 70.99 and
67.38%, respectively, in comparison to the diabetic control
group (Fig. 2).

Effect of Sulforaphane on Diabetes Induced
Deoxyribonucleic Acid Fragmentation in the Sciatic
Nerve

Diabetic rats showed significant increase in DNA
fragmentation in the sciatic nerve to 400.35% in compar-
ison to the normal group. Diabetic rats treated with SFN or
PGB resulted in a significant decrease in DNA fragmenta-
tion to 72.06 and 58.82%, respectively, as compared to the
diabetic control group (Fig. 3).

Effect of Sulforaphane on Diabetes Induced Changes
in Cyclooxygenase-2 Expression in the Sciatic Nerve

Immunohistochemical examination of sciatic nerve
tissues of diabetic rats showed a significant increase in
the expression of COX-2 that has been confirmed through
severe intracellular and nerve sheath posit ive
immunoreactions as well as significantly higher immuno-
reactive area percentage (572.25%) as compared to the
normal group. Treatment with SFN resulted in a significant
suppression of COX-2 protein expression, evidenced by
moderate positive immunoreaction in the nerve fiber cells
and the nerve sheath along with a significantly reduced
immunoreactive area percentage (55.71%) in comparison
to the diabetic control group. On the other hand, treatment

Table 1. Effect of Sulforaphane on Diabetes Induced Changes in Body
Weight

Treatment Initial body weight (g) Final body weight (g)

Normal 252.00 ± 4.47 258.00 ± 6.05
SFN 261.2 ± 8.76 272.60 ± 10.53
Diabetic control 246.60 ± 4.66 183.60 ± 5.23a,b

Diabetic + SFN 220.40 ± 4.26 218.80 ± 7.50a

Diabetic + PGB 267.60 ± 4.65 192.40 ± 8.78a,b

Each value represents the mean ± SEM of eight animals in each group.
Statistical analysis was performed by using two-way ANOVA followed by
Tukey’s multiple comparison test; p < 0.05
SFN sulforaphane, PGB pregabalin
a vs normal
b vs basal
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with PGB showed significant decrease in COX-2 protein
exp r e s s i on , demons t r a t ed by mi ld po s i t i v e

immunoreaction in the nerve fiber cells and the nerve
sheath along with a significantly reduced immunoreactive

Fig. 1. Effect of sulforaphane on diabetes induced changes in nociceptive thresholds and motor coordination. a Rotarod, b tail flick, c hind paw cold all-
odynia test, and d tail cold allodynia tests in diabetic rats. Each bar with vertical line represents the mean ± SEM of eight rats in each group. *vs normal, #vs
diabetic control, using one-way ANOVA followed by Tukey’s multiple comparisons test for latency withdrawal time in tail flick test as well as two-way
ANOVA followed by followed by Tukey’s multiple comparisons test for rotarod balancing time and latency withdrawal times in hind paw cold allodynia and
tail cold allodynia tests; p < 0.05. SFN sulforaphane, PGB pregabalin.

Table 2. Effect of Sulforaphane on Diabetes Induced Changes in Blood Glucose, Glycated Hemoglobin and Insulin Levels

Treatment Blood glucose level (mg/dl) Glycated hemoglobin (ng/ml) Insulin (μIU/ml)

Normal 108.33 ± 2.88 6.30 ± 0.28 5.52 ± 0.36
SFN 112.66 ± 1.47 4.17 ± 0.18 6.17 ± 0.21
Diabetic control 567.33 ± 17.14a 27.40 ± 0.88a 1.07 ± 0.03a

Diabetic + SFN 227.83 ± 16.31a,b,c 9.65 ± 0.37a,b,c 3.10 ± 0.12a,b,c

Diabetic + PGB 578.16 ± 16.29a 18.07 ± 0.60a,b 1.65 ± 0.05a

Each value represents the mean ± SEM of eight animals in each group. Statistical analysis was performed by using one-way ANOVA followed by Tukey’s
multiple comparison test; p < 0.05
SFN sulforaphane, PGB pregabalin
a vs normal
b vs diabetic control
c vs PGB
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area percentage (73.68%) in comparison to the diabetic
control group (Table 4; Fig. 4).

Effect of Sulforaphane on Diabetes Induced Changes
in Nuclear Factor Kappa-B p65 Expression in the Sciatic
Nerve

Immunohistochemical examination of sciatic
nerve tissues of the diabetic control group showed
severe intracellular and nerve sheath positive
immunoreactions as well as significantly higher
immuno-reactive area percentage (623.07%) in com-
parison to normal rats. Treatment with SFN or PGB
showed significant reduction of NF-κB p65 protein
expression, proved by no positive immunoreaction in
the cells of the nerve fibers along with a significantly
reduced immunoreactive area percentage (76.84 and
88.17%, respectively) relative to the diabetic control
group (Table 4; Fig. 5).

Effect of Sulforaphane on Diabetes Induced
Histopathological Changes in the Sciatic Nerve

Histopathological investigation of sciatic nerve
sections in rats of both normal and SFN groups
showed normal structure of nerve fibers cells with
steady arrangement and covering sheath. However,
diabetic rats showed severe extravasations of red
blood cells between the nerve trunk and nerve
sheath, moderate increase in collagen proliferation
and severe myelin ballooning and vascular degenera-
tions with moderate irregular arrangement of nerve
fiber cells. Treatment with SFN or PGB maintained
the normal histopathological structure of the sciatic
nerve (Table 5; Fig. 6).

DISCUSSION

The findings of the current study revealed that SFN
has a neuro-protective effect against peripheral neuropathy
induced by NA-STZ model similar to that of the standard
drug PGB. Peripheral neuro-protection of SFN is based on
the observed enhancement of diabetic rats’motor functions
and nociceptive threshold, alleviation of histopathological
impairment of sciatic nerve, coupled with reducing of
oxidative stress, inflammatory load, MMPs, and DNA
fragmentation.

In the current study, NA and STZ injections showed
significant increase in blood glucose and GHBA1c levels
coupled with a marked decrease in serum insulin level and
rats’ average body weight, which is in agreement with
former studies [34, 48–50]. It has been investigated that
NA-STZ promotes oxidative stress leading to partial de-
struction of insulin secretingβ-cells, thus diminishing their
insulin secreting function and consequently increasing
BGL [51]. Furthermore, Balamurugan and Ignacimuthu
found that insulin deficiency co-occurs with extravagant
breakdown of tissue proteins and wasting muscle mass
leading to the observed loss in rats’ average body weight
[52]. Herein, SFN treatment attenuated NA-STZ-induced
loss in diabetic rats’ body weight which is in consistent
with a former study of Sun et al., who found that SFN
treatment improved body weight in mdx mice via trigger-
ing Nrf-2 pathway and thereby mitigating oxidative dam-
age [53]. Additionally, SFN mitigated NA-STZ-induced
diabetes in rats demonstrated by reducing blood glucose
and insulin levels and increasing serum insulin level. In
support, Song et al. and de Souza et al. demonstrated that
the anti-hyperglycemic effect of SFN is mainly due to its
ability to reduce the overproduction of ROS and inhibit
NF-κB pathway in the pancreatic islets cells, hence pre-
serving insulin secretion [28, 37].

Table 3. Effect of Sulforaphane on Diabetes Induced Changes in Oxidative and Inflammatory Biomarkers in the Sciatic Nerve

Treatment MDA (μmol/g tissue) NO (μmol/g tissue) SOD (μ/g tissue) IL-6 (pg/g tissue) IL-10 (pg/g tissue)

Normal 4.50 ± 0.24 5.40 ± 0.22 8.92 ± 0.42 3.45 ± 0.21 28.35 ± 0.71
SFN 3.17 ± 0.12 4.15 ± 0.12 9.47 ± 0.31 3.17 ± 0.27 26.50 ± 1.71
Diabetic control 21.90 ± 0.88a 27.62 ± 0.98a 1.22 ± 0.06a 20.37 ± 0.78a 4.75 ± 0.25a

Diabetic + SFN 9.87 ± 0.45a,b,c 10.85 ± 0.41a,b,c 4.72 ± 0.09a,b,c 8.90 ± 0.42a,b,c 15.00 ± 0.44a,b,c

Diabetic + PGB 13.90 ± 0.49a,b 14.90 ± 0.49a,b 3.20 ± 0.20a,b 12.90 ± 0.50a,b 7.97 ± 0.37a

Each value represents the mean ± SEM of eight animals in each group. Statistical analysis was performed by using one-way ANOVA followed by Tukey’s
multiple comparison test; p < 0.05
SFN sulforaphane, PGB pregabalin
a vs normal
b vs diabetic control
c vs PGB
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It has been shown that long-term hyperglycemia can
induce worsening in rats’ motor functions as well as noci-
ceptive threshold [54]. Herein, NA-STZ-induced diabetes
resulted in significant impairment of muscle coordination
on the rotating rod coupled with sensory dysfunction in
diabetic rats demonstrated by reduction in latency

withdrawal time in the tail flick, hind paw cold allodynia,
and tail cold allodynia tests. In support, Solanki and
Bhavsar found that STZ injection resulted in impairment
of motor coordination in diabetic rats [55]. Notably, un-
controlled hyperglycemia resulted in obvious nerve degen-
eration possibly due to partial destruction of pancreatic β-
cells, overproduction of blood glucose, and reduced con-
sumption of glucose by tissues [56]. Additionally,
Pandhare et al. and Al-Rejaie et al. found that STZ injec-
tion resulted in the development of thermal and cold
hyperalgesia in diabetic rats as well as worsening in their
motor performance as a consequence to the release of pro-
inflammatory meditators from the resident macrophages,
Schwann cells, and the area near the nerve lesion [54, 57].
In the current study, treatment with SFN showed signifi-
cant improvement in motor coordination of diabetic rats as
well as nociceptive threshold. In agreement, Morroni et al.
found that SFN improved motor coordination in 6-
hydroxydopamine-lesioned mouse model of PD through
enhancing glutathione levels and its dependent enzymes
(glutathione-S-transferase and glutathione reductase) as
well as modulating neuronal survival pathways such as
extracellular signal-regulated protein kinases 1 and 2
(ERK1/2) in the brain of mice [58]. In addition, Chen
et al. found that SFN mitigated motor impairment in early
brain injury after experimental subarachnoid hemorrhage
in rats [59]. Herein, treatment with PGB showed marked

Fig. 2. Effect of sulforaphane on diabetes induced changes in matrix m-
etalloproteinases in the sciatic nerve. aMMP-2. bMMP-9. Each bar with
vertical line represents the mean ± SEM of eight rats in each group. *vs
normal, #vs diabetic control, @vs PGB, using one-way ANOVA followed
by Tukey’s multiple comparisons test; p < 0.05. SFN sulforaphane, PGB
pregabalin.

Fig. 3. Effect of sulforaphane on diabetes induced deoxyribonucleic acid
fragmentation in the sciatic nerve. Each bar with vertical line represents the
mean ± SEM of eight rats in each group. *vs normal, #vs diabetic control,
using one-way ANOVA followed by Tukey’s multiple comparisons test;
p < 0.05. SFN sulforaphane, PGB pregabalin.
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enhancement in the motor coordination as well as nocicep-
tive threshold of NA-STZ-induced diabetic rats. In support
to our findings, Bender et al. alluded that PGB has anti-
hyperalgesic and anti-allodynic effects possibly via selec-
tively blocking calcium alpha-2 delta-2 (α2–δ) channels
and therefore reduce the calcium ion level and oxidative
stress in the sciatic nerve [60].

Noteworthy, oxidative stress and inflammation seem
to take a center-stage in the development of DPN [8, 61]. In

the current study, NA and STZ injections induced a signif-
icant increase in sciatic nerve contents of MDA and NO as
well as a marked decrease in SOD content. In support to
our results, Kamble and Bodhankar demonstrated that
uncontrolled hyperglycemia accompanied by NA and
STZ injections results in oxidative stress and ROS over-
production that in turn prompt the development of DPN
[36]. Herein, SFN treatment boosted endogenous anti-
oxidant defense through attenuating the effect of NA-
STZ-induced diabetes on the aforementioned oxidative
biomarkers. In support, Karin et al. and Guerrero-Beltrán
found that the protective effect of SFN against neurode-
generative diseases arises from induction of many cyto-
protective proteins through Nrf2-antioxidant response ele-
ment pathway [62, 63]. Noteworthy, when cell is in equi-
librium state, Nrf2 is segregated in the cytosol through two
molecules of Kelch-like ECH-associated protein 1 (Keap
1) [64]. Nevertheless, whenever there is a massive gener-
ation of ROS, oxidation of cysteine thiol groups of Keap1
takes place that leads to conformational changes resulting
in the detachment of Nrf2 from Keap1, allowing nuclear
translocation of Nrf2. Nrf2 interaction with antioxidant

Table 4. Effect of Sulforaphane on Diabetes Induced Changes in
Cyclooxygenase-2 and Nuclear Factor Kappa-B p65 Expression in the

Sciatic Nerve

Treatment COX-2 expression NF-κB p65 expression

Normal − −
SFN − −
Diabetic control +++ −
Diabetic + SFN ++ +
Diabetic + PGB + −

− Nil, + mild damage, ++ moderate damage, +++ severe damage
SFN sulforaphane, PGB pregabalin

Fig. 4. Effect of sulforaphane on diabetes induced changes in cyclooxygenase-2 expression in the sciatic nerve. a Representative photomicrographs
illustrating the immunohistochemical staining of COX-2 in sciatic nerve sections (×400). Normal group showed no immunoreaction of COX-2 in the nerve
fiber cells and in the nerve sheath. SFN group showed no immunoreaction of COX-2 in the nerve fiber cells as well as the nerve sheath. Diabetic control group
showed severe intracellular and nerve sheath positive immunoreactions of COX-2 (arrow). Diabetic + SFN group showed moderate positive immunoreaction
of COX-2 in the cells of the nerve fibers (arrow). Diabetic + PGB group showedmild positive immunoreaction of COX-2 in the nerve fiber cells as well as the
nerve sheath. bQuantification of COX-2 staining as area percentage of immunopositive cells to the total area of microscopic field across five fields. Each bar
with vertical line represents the mean ± SEM of five fields. *vs normal, #vs diabetic control, @vs PGB, using one-way ANOVA followed by Tukey’s multiple
comparisons test; p < 0.05. SFN sulforaphane, PGB pregabalin.
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response element (ARE), the specific DNA-binding do-
main, results in augmenting the expression of antioxidant
enzymes including heme oxygenase-1 (HO-1),
glutamylcysteine synthetase, gamma-glutamyl cysteine li-
gase (γ-GCS), and thioredoxin reductase as well as phase 2
detoxifying enzymes such as NAD(P)H:quinone oxidore-
ductase (NQO1), glutathione S-transferases (GST), and
UDP-glucuronyltransferases [27]. SFN acts on Nrf2-
Keap1 cytosolic complex through its isothiocyanates part
and dislocates this complex through altering the cysteine
thiol residues of Keap1 that in turn leads to allow Nrf2

nuclear translocation and induction of ARE gene transcrip-
tion [65].

Notably, oxidative stress triggers a cascade of
inflammatory responses, through the activation of NF-
κB pathway that in turn results in the devastation of
lipid membrane and tissue damage, and lastly leads to
the progression of DPN [16, 17]. Herein, NA-STZ-
induced diabetes resulted in significant increase in IL-
6 as well as NF-κB p65 and COX-2 expression
coupled with a marked reduction in sciatic nerve IL-
10 content. These findings are in accordance with

Fig. 5. Effect of sulforaphane on diabetes induced changes in nuclear factor kappa-B expression in the sciatic nerve. a Representative photomicrographs
illustrating the immunohistochemical staining of NF-κB in sciatic nerve sections (×400). Normal group showed no immunoreaction of NF-κB in the nerve
fiber cells and in the nerve sheath. SFN group showed no immunoreaction of NF-κB in the nerve fiber cells as well as the nerve sheath. Diabetic control
showed severe intracellular and nerve sheath positive immunoreactions of NF-κB indicated by brown staining (arrow). Diabetic + SFN group showed no
immunoreaction of NF-κB in the cells of the nerve fibers. Diabetic + PGB showed no immunoreaction of NF-κB in the nerve fiber cells as well as the nerve
sheath. b Quantification of NF-κB staining as area percentage of immunopositive cells to the total area of microscopic field across five fields. Each bar with
vertical line represents the mean ± SEM of five fields. *vs normal, #vs diabetic control, @vs PGB, using one-way ANOVA followed by Tukey’s multiple
comparisons test; p < 0.05. SFN sulforaphane, PGB pregabalin.

Table 5. Effect of Sulforaphane on Diabetes Induced Immunohistochemical Damage in Sciatic Nerve Tissue

Treatment Hemorrhage Collagen proliferation Ballooning and vascular degeneration Irregular nerve fiber cell arrangement

Normal − − − −
SFN − − − −
Diabetic control +++ ++ +++ ++
Diabetic + SFN − − − −
Diabetic + PGB − − − −

− Nil, + mild damage, ++ moderate damage, +++ severe damage
SFN sulforaphane, PGB pregabalin
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Kamble and Bodhankar, who found that long-term
hyperglycemia triggered various inflammatory media-
tors through the activation of NF-κB in STZ-induced
diabetic rats [36]. It is worth mentioning that NF-κB
plays a fundamental role in acute and chronic inflam-
matory disorders. In normal condition, NF-κB dimers
are retained in the cytoplasm in an inactive form by
binding to a specific NF-κB inhibitory protein and IκB
protein that prevent NF-κB-DNA binding. Different
stimuli such as pro-inflammatory cytokines can acti-
vate the IκB kinase (IKK) complex that phosphorylates
NF-κB-IκB complex resulting in their dislocation.
Thus, the liberated NF-κB can interact with DNA and
triggers the expression of diverse pro-inflammatory
mediators and inducible enzymes [66]. Besides its

anti-oxidant effects, SFN has been documented as a
regulator of inflammatory responses through inhibiting
the activation NF-κB pathway in sciatic nerve and in
turn contributes to neuroprotection in diabetic neurop-
athy [62]. Herein, PGB treatment ameliorated the NA-
STZ-induced changes in oxidative and inflammatory
biomarkers. These findings are in agreement with for-
mer studies of Thiagarajan et al., who demonstrated
that PGB is an antagonist of voltage-dependent calci-
um channels that binds to α2–δ subunit and hence
decreases the calcium ion level and oxidative stress in
the sciatic nerve [67]. Furthermore, Park et al. found
that the neuroprotective action of PGB is mediated via
its anti-inflammatory effect as it suppresses the NF-κB-
regulated gene products and the expression of COX-2

Fig. 6. Effect of sulforaphane on diabetes induced histopathological changes in the sciatic nerve. Representative photomicrographs of sciatic nerve from
normal group showed normal histological structure of nerve fibers cells with regular arrangement and covering sheath; SFN group showed normal histol-
ogical structure; diabetic control displayed severe extravasations of red blood cells (H) in-between the nerve trunk and nerve sheath, moderate increase in
collagen proliferation and severe myelin ballooning and vascular degenerations with moderate irregular arrangement of nerve fiber cells were observed
(arrow); Diab + SFN group showed normal histological structure; Diab + PGB showed normal histological structure (H&E ×40).
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and thus prevents the synthesis of substance P-induced
cytokine in DPN [68].

Notably, long-term hyperglycemia leads to oxidative
stress and overproduction of ROS that in turn results in over-
activation of oxidative poly(ADPribose) polymerase
(PARP), which trigger DNA fragmentation and also con-
tribute markedly to the development of DPN [69]. In this
context, NA-STZ-induced diabetic rats exhibited sciatic
nerve DNA fragmentation. On the other hand, treatment
with SFN significantly reduced DNA fragmentation in sci-
atic nerve of diabetic rats similar to that observed in PGB-
treated rats. In accordance with our findings, Angeloni et al.
showed that SFN activates Nrf2 that serves as a defense
mechanism against oxidative stress through producing anti-
oxidants, cytoprotective proteins, and phase II detoxifying
enzymes and hence increases cell viability and decreases
DNA fragmentation [70]. Furthermore, Tarozzi et al. found
that SFN mediated DNA fragmentation into oligosomes,
which is counted as an irreversible late stage of apoptosis
via averting mitochondrial depolarization resulting from the
activation of caspase 9 and 3 in dopaminergic-like human
neuroblastoma cell line [25].

Herein, histopathological investigation revealed
that NA-STZ-induced diabetic rats resulted in severe
extravasation of red blood cells between the nerve
trunk and nerve sheath, moderate increase in collagen
proliferation, severe myelin ballooning, and vascular
degeneration with moderate irregular arrangement of

nerve fiber cells. In support, former studies showed
that uncontrolled DM provoked sciatic nerve damage
[18, 71]. Treatment with SFN and PGB retained the
normal histopathological structure of sciatic nerve
tissue in diabetic rats. In support, Tarozzi et al. al-
luded that SFN mitigated neurodegenerative diseases
via its dual anti-oxidant and anti-inflammatory neu-
roprotective effects [25].

Ultimately, MMP-2 and MMP-9 are widely asso-
ciated with many neuro-degenerative diseases includ-
ing DPN as they destruct ECM components in the
basement membrane via acting on various substrates
such as fibronectin, elastin, desaturated interstitial col-
lagen, and IV collagen [72]. Notably, ECM devastation
results in constriction as well as alteration in the struc-
ture of arteries that in turn leads to impairment in
neural cells, causing ischemia of nerve tissue and
eventually nerve death [18]. Herein, NA and STZ
injections resulted in significant increase in sciatic
nerve MMP-2 and MMP-9 contents. In support to
these findings, Creager et al. and Parkar and Addepalli
found that uncontrolled hyperglycemia induced by
STZ activates PKC that prompts ROS overproduction
coupled with a cascade of inflammatory responses via
activating NF-κB [16, 18]. ROS and inflammation
upregulate MMPs especially MMP-2 and MMP-9 via
oxidizing of the sulfide bond of the pro-domain of
MMPs, which results in the triggering of pro-MMPs

Fig. 7. SFN exerted anti-peripheral neuropathic effect against the NA-STZ-induced diabetic rats

1472 Moustafa, Abdelkader, El Awdan, El-Shabrawy, and Zaki



and the reduction of TIMPs [21]. In this study, SFN
treatment showed marked suppression of the expres-
sion of MMP-2 and MMP-9 in sciatic nerve similar to
those of PGB-treated rats. In accordance with these
findings, studies of Benedict et al. found that SFN
suppressed the expression MMPs via its anti-
inflammatory effect in traumatic spinal cord injury in
rats [26]. Furthermore, Sun et al. alluded that SFN
mitigated the expression of MMP-9 via inhibiting
TNF-α-induced NF-κB activation in spinal cord injury
in mice [53].

CONCLUSION

Taken together, the present investigation demon-
strates that SFN exerted anti-peripheral neuropathic
effect against the NA-STZ-induced diabetic rats. Its
beneficial effect might be attributed to its ability to
modulate hyperglycemia, oxidative stress, inflamma-
tion, and its ability to remodel ECM (Fig. 7). Given
to the efficacy of SFN, it would be recommended to
perform more pre-clinical studies to elucidate further
mechanisms that might be involved in the anti-
peripheral neuropathic effect of SFN. In addition,
clinical studies are necessary to investigate the appli-
cability of SFN as therapeutic agent for the treatment
of peripheral neuropathy in patients suffering from
diabetes.
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