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Abstract: Objectives: Sulforaphane (SFN), an isothiocyanate in cruciferous plants, has been reported to be effective
in treating central nervous system diseases. However, how SFN protects the central nervous system needs further
study. The aim of this study was to investigate the neuroprotective effect of SFN and its possible mechanism of
action. Methods: Sprague-Dawley rats were used to develop a cognitive impairment model. The Morris water maze
(MWM) was used to evaluate the effect of SFN on learning and memory, and haematoxylin-eosin (H&E) staining
and terminal transferase deoxyuridine nick-end labelling (TUNEL) were used to observe morphologic changes in
neurons and neuronal apoptosis in the hippocampus and cortex. An oxidative stress marker kit was used to detect
the content and activity of SFN, and the expressions of nuclear factor drythroid-2 related Factor 2 (Nrf2), heme
oxygenase 1 (HO-1), and NAD(P)H quinone oxidoreductase 1 (NQO-1) were measured by RT-PCR. Results: SFN treat-
ment significantly improved cognition, increased the number of neurons, and suppressed neuronal apoptosis. In ad-
dition, SFN significantly decreased the content of malondialdehyde (MDA) and enhanced the antioxidant activities
of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in the hippocampus and cortex. Furthermore,
SFN elevated the expression of Nrf-2, HO-1, and NQO-1. Conclusions: SFN ameliorated diabetes-induced cognitive
dysfunction by activating the Nrf2/HO-1 pathway, providing a new perspective for SFN therapy to delay cognitive
impairment in diabetes patients.
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Introduction

Type 2 diabetes mellitus (T2DM) is a common
metabolic disorder characterized by hyperinsu-
linaemia, insulin resistance (IR), and hypergly-
cemia [1]. According to statistics, diabetes has
become one of the greatest health problems
and its prevalence is increasing due to lifestyle
changes such as diet, being overweight, and
lack of exercise [2, 3]. In addition, the aging of
the population is an important factor contribut-
ing to the increasing incidence of diabetes [4].
If blood glucose is not well controlled, complica-
tions may occur in multiple systems, including
the central nervous system [5]. These compli-
cations impose heavy psychological and eco-

nomic burdens on diabetic patients and their
families. Clinical and epidemiologic data sug-
gest that T2DM is positively associated with the
risk of cognitive decline and dementia [6]. The
findings of studies indicate that rats exhibit cog-
nitive dysfunction eight weeks after the onset
[7]. Epidemiological data suggest a strong
association between diabetes and dementia.
However, chronic diabetes causes varying de-
grees of cognitive decline, which is a little-
studied topic; although it is generally accepted
that diabetes can induce cognitive decline, its
pathogenesis is unclear. Defects in insulin sig-
naling have been reported to be associat-
ed with cognitive impairment in patients with
Alzheimer’s disease (AD) [8].
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Insulin resistance and oxidative stress (0S) are
risk factors for T2DM, which can lead to cogni-
tive impairment [9]. An imbalance between the
production and clearance of reactive oxygen
species (ROS) leads to OS. Overall, OS is an
important determinant of AD pathogenesis and
the development of insulin resistance and dia-
betic complications. In diabetic encephalopa-
thy, OS is a major contributor to the initiation of
amyloid precursor protein (APP) cleavage at the
B-site, or B-amyloid (AB) peptides affecting neu-
rotransmission in the brain, leading to memory
deficits and dementia [10]. Currently, in clinical
practice, a combination therapy approach is
employed to mitigate cognitive impairment cau-
sed by diabetes, wherein hypoglycemic drugs
and cognitive impairment-delaying medications
are administered concurrently. Therefore, our
objective is to identify a solution that effectively
manages blood sugar levels while simultane-
ously reducing cognitive impairment.

Sulforaphane (SFN) is mainly found in crucifer-
ous vegetables, especially broccoli and cauli-
flower. With further research, the biological
activities of SFN such as its anti-inflammatory,
hypoglycemic, and antioxidative effects, have
been widely explored [11]. Oxidative stress and
inflammation are related to neurodegenerative
diseases; therefore, neuroscientists are very
interested in the biological activity of SFN. SFN
has been used to study neurodegenerative
diseases, such as Alzheimer’'s disease (AD),
Parkinson’s disease (PD) and multiple scle-
rosis (MS). To demonstrate the protective effect
of SFN on cognitive dysfunction induced by
diabetes, we used Sprague-Dawley (SD) rats
to establish a diabetic cognitive impairment
model, and tested the cognitive function of
these rats and related indicators of oxidative
stress and expression of oxidative stress-relat-
ed genes to verify the neuroprotective mecha-
nism of SFN.

Materials and methods
Animals

Forty-five male SD rats (8 weeks old) were pro-
vided by North China University of Science and
Technology and maintained at a room tempera-
ture of 22+2°C for 12 hours of light per day. All
animal manipulations were performed in accor-
dance with the provisions of the Guide for the
Care and Use of Laboratory Animals of North
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China University of Science and Technology,
and this experiment was approved by the
Animal Ethics Committee of North China Uni-
versity of Science and Technology (Approval
No: LAEC-NCST-20200002). Fifteen rats were
randomly selected as the normal control (NC)
group (n=15) and fed with a normal diet. The
remaining 30 rats were fed with a high-fat and
high-sugar diet for 3 weeks and then intraperi-
toneally injected with STZ (45 mg/kg b.wt) [12].
Fasting blood glucose (FPG) was measured on
days 3 and 7 after STZ injection. Rats with FPG
above 16.7 mmol/L were considered as T2DM
models. Then the T2DM rats were divided into
a diabetic group (DM group, n=15) and a SFN
treatment group (SFN group, n=15). Rats in the
SFN group were injected intraperitoneally (IP)
with SFN (5 mg/kg b.wt) [13], and other ani-
mals in the NC and DM groups were given an
equal volume of vehicle with phosphate buffer.
After eight weeks, the related indices of the
rats were detected and compared with those
before SFN treatment to determine the neuro-
protective effect of SFN on diabetic rats (Figure
1A).

Morris water maze (MWM) test

The MWM test was carried out to assess spa-
tial learning and memory. The rats were placed
in a cylinder filled with water with a diameter of
120 cm and a depth of 50 cm. During the five
days, the rats were allowed to swim freely in the
cylinder and given 60 s time to find and climb
on the platform hidden 1 cm below the water
platform, and this time was recorded as the
escape latency. If the rat did not successfully
find the platform within 60 s, the escape la-
tency was recorded as 60 s. On the sixth day of
the experiment, the underwater platform was
removed, and the time spent in the quadrant
where the platform was located and the num-
ber of platform crossings were both recorded.

H&E staining

After the MWM test, all the experimental ani-
mals were decapitated following anesthesia by
pentobarbital (60 mg/kg, i.p.), and the hippo-
campus and cortex were isolated and embed-
ded in paraffin. The embedded paraffin tissue
was cut into 5 um thick sections and set aside.
Next, the slices were dehydrated in various con-
centrations of alcohol and then immersed in
xylene twice for 10 minutes each. The sections
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Figure 1. Changes in the learning and memory ability of diabetic rats. A. Experimental design for all rats; B. Escape
latency; C. Time in platform-site quadrant; D. Crossing. *P < 0.05 vs NC group, #P < 0.05 vs DM group.

were subjected to hematoxylin eosinstained
(Hematoxylin and Eosin Staining Kit, CO105M,
Beyotime, China). staining. Finally, the sections
were closed with PermountTM mounting medi-
um, and the cell morphology was observed
under a light microscope and photographed.

Oxidative stress injury in rat brain tissue

The cortex and hippocampus were separated
on ice, cut into pieces and transferred to phos-
phate solution for homogenization. The super-
natant was centrifuged at 4°C and the centrifu-
gation speed was set at 15,000 gxg for 30
min. Superoxide dismutase (SOD, A001-3-2,
Nanjing, China), glutathione peroxidase (GSH-
PX, AO05-1-2, Nanjing, China) activity detec-
tion kits, and malondialdehyde (MDA, AO0O3-1-
1, Nanjing, China) content detection kits were
purchased from Jiancheng Bio Company in
Nanjing, China.

TUNEL assay
An in situ apoptosis kit (C1098, Beyotime

Institute of Biotechnology, China) was used to
detect apoptosis in rat hippocampal and corti-
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cal neurons, and the experiment was perfor-
med strictly according to the instructions of the
kit. After dehydration, the paraffin brain slices
were incubated with proteinase K for 15-30
min at room temperature after which 50 p of
the TUNEL reaction mixture was added. The
mixture was incubated at 37°C for 60 min in a
wet chamber, 50 pl of transforming agent was
added to the wet chamber, and the nuclei were
counterstained with haematoxylin.

Quantitative real-time PCR analysis

Total RNA was extracted from rats from NC
group, DM group and SFN group using Trizol
(cat. no. RO016; Beyotime Institute of Bio-
technology, China), as reported previously. RNA
was qualitatively and quantitatively analysed
and then reverse transcribed into cDNA, and
specific primers were added to 50 pl of cDNA
reaction solution (reaction system: DAN, 2 uL;
Buffer, 5 uL; primers, 2 uL; dNTPs, 4 uL; water,
34.6 uL; Tap plus DNA polymerase, 0.3 yL). The
reaction cycles for RT-PCR were as follows:
95°C for 30 s, 95°C for 5 s for 40 cycles and
60°C for 30 s. The B-actin gene was used as an
internal control. The 222°T method was used to
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Table 1. Primers for real-time PCR

Nrf-2 forward primer ~ GGCTCAGTCACTCGATAGCTC
Nrf-2 reverse primer ~ CCTGCTGCTTGTTTTCCGTA
HO-1 forward primer ~ CGAGGAAAATCCCAGATCAGC
HO-1 reverse primer ~ TAAATTCCCACTGCCACGGTC
NQO-1 forward primer CATCTCTGGCGTATAAGGAAGG
NQO-1 reverse primer CAAGCACTCTCTCAAACCAGC
GAPDH forward primer TATGACTCTACCCACGGCAAG
GAPDH reverse primer ATACTCAGCACCAGCATCACC

analyze the differences in relative gene expres-
sion to determine the amount of target RNA in
hippocampus and cortex of each group. The
primers used for the Nrf-2, HO-1, NQO-1 and
GAPDH are shown in Table 1. The primers were
designed by Yunsi Biotech.

Statistical analysis

All the data are presented as the means * SD.
One-way ANOVA and LSD test were performed
using SPSS 23.0. A P value less than 0.05 was
considered significant.

Results

Effects of SFN on cognitive function in T2DM
rats

The MWM was carried out to investigate the
effect of SFN on cognitive function in T2DM
rats. Compared with those in the NC group, the
rats of the DM group spent more time in the
place navigation test. After SFN treatment, the
rats in the SFN group exhibited shorter es-
cape latencies than did those in the DM group
(Figure 1B). In the spatial probe test, the DM
group exhibited a significant in decrease both
the time swimming in the target quadrant and
the target platform crossings number, while the
SFN group stayed more time in the target quad-
rant and crossed more numbers of target plat-
forms than those in the DM group (Figure 1C,
1D; P < 0.05). The results showed that diabe-
tes-induced cognitive impairment was reduced
by SFN administration.

Effects of SFN on the histopathology of the rat
brain

To evaluate the protective effect of SFN on neu-
rons, H&E staining was used to compare num-
ber of morphologically normal neurons in the
hippocampus and cortex of the three groups.
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As shown in Figure 2, in the NC group, staining
revealed that the number of neurons in the hip-
pocampus and cortex was large and they were
arranged in order; the shape of the nucleus was
uniform and regular, and the nucleolus was
clearly visible. In the DM group, we found a
large number of irregularly arranged neurons in
the hippocampus and cortex characterized by
cell body shrinkage and deeply stained nuclei.
However, after SFN administration, the abnor-
mal neurons in the hippocampus and cortex of
diabetic rats were significantly reduced. Our
results showed that SFN could significantly pro-
tect neurons in the hippocampus and cortical
region from damage and loss.

Effects of SFN on apoptotic cell death

To investigate the antiapoptotic effect of SFN,
we used in situ TUNEL technology in rats. As
shown in Figure 3, few TUNEL-positive cells in
the hippocampal and cortical regions were
detected in brain sections from the NC group.
In the DM group, a large percentage of TUNEL-
positive neurons were observed, while in rats
treated with SFN, the percentage of apoptotic
cells was significantly decreased in both the
hippocampal and cortical regions.

Effect of SFN on oxidative stress induced in
DM rats

To investigate the protective effect of SFN
against oxidative stress injury induced by hyper-
glycemia, the lipid peroxides peroxide (MDA)
content, SOD and GSH-Px activities were mea-
sured. Figure 4 shows that the content of MDA
was markedly elevated in the DM group, while
the activities of SOD and GSH-Px were sig-
nificantly inhibited. However, SFN significantly
decreased MDA content and increased SOD
and GSH-Px activities in the brain tissue of dia-
betic rats. From our results, it can be conclud-
ed that SFN has the ability to protect against
oxidative stress damage.

Effect of SFN on Nrf2, HO-1, and NQO-1 ex-
pression

To further investigate the neuroprotective
mechanism of SFN, the expression of Nrf2,
HO-1, and NQO-1 was detected by PCR (Figure
5). The results revealed that the expression lev-
els of Nrf2, HO-1, and NQO-1 in the hippocam-
pus and cortex of DM rats were significantly
lower than those in the hippocampus and cor-

Int J Clin Exp Pathol 2024;17(12):469-476



Neuroprotective effect of sulforaphane

Hippocampus

DM

SFN

Figure 2. Histologic analysis of hippocampus and cortex.

tex of NC rats (P < 0.05). The expression
decrease was in response to SFN treatment.
These results suggested that the Nrf2/Ho-1
signalling pathway may be involved in the neu-
roprotective effects of SFN.

Discussion

Diabetes-related cognitive impairment is a
prevalent form of dementia with an increasing
incidence each year, and the STZ-induced dia-
betic rat model has been widely accepted and
applied. In the present study, the administra-
tion of an effective dose of STZ and a high-fat
diet caused severe hyperglycaemia. Diabetes
causes neuronal loss and accelerates neuronal
apoptosis in the hippocampus and cortex. SFN
was effective in reducing the severity of cogni-
tive impairment in animals with diabetes.

There is a dynamic balance between the pro-
duction and clearance of reactive oxygen spe-
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Cortex

cies (ROS) in the body [14].
Once there is an irreversible
imbalance, oxidative stress
can occur. Oxidative stress
is involved in the occurrence
of cognitive impairment relat-
ed to a variety of neurologi-
cal diseases. After treatment
with oxidative stress mark-
ers, SOD and GSH-px in the
brain decreased significantly,
while MDA, a marker of lipid
peroxidation, increased sig-
nificantly [15]. Other studies
have shown that SFN retains
the expression of antioxi-
dants in individuals with cog-
nitive impairment caused by
central nervous system inju-
ry. Moreover, SFN has the
property of lowering blood
glucose. Oxidative stress is
largely responsible for neuro-
nal damage and even death,
and the loss of neuronal cells
is a decrease in cognitive
ability. Therefore, we can
hypothesize that treatment
with SFN may improve cogni-
tive impairment caused by
diabetes by decreasing oxida-
tive stress.

Evidence suggests that excessive ROS produc-
tion in brain tissue can induce apoptotic cell
death and promote neurodegeneration [16].
TUNEL assay data revealed that apoptosis
occurred in the hippocampus and cortical re-
gions of dementia model rats. Previous studies
have shown that apoptotic cell death is signifi-
cantly increased in rats with dementia [17].
SFN treatment reduced the number of apop-
totic cells, clearly indicating that SFN treatment
exerts a neuroprotective effect by reversing
programmed cell death in dementia.

In our study, we further linked increased apop-
tosis with histopathologic changes. H&E stain-
ing revealed morphologic changes. In diabetic
rats, a large number of nuclei were hyperchro-
matic and pyknotic, indicating significant neu-
ropathologic changes. It was evident that the
number of pyknotic neurons was decreased
after SFN administration, which further amelio-
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cellular redox sensor. In re-
sponse to oxidative stress,
Nrf2 dissociates from Keapl
and migrates into the nucle-
us, where it interacts with the
ARE and activates the ex-
pression of a range of genes,
including HO-1 and NQO-1.
Nrf2 knockout mice exhibit
increased markers of oxida-
tive stress and deficits in
spatial learning and memory
[18]. Nrf2 knockout mice
exhibit increased markers of
oxidative stress and deficits
in spatial learning and me-
mory [19]. It has been found
that SF has antioxidant bio-
logical activity, which can be
achieved through the Nrf-ARE
signaling pathway [20]. In a
study of neurologic impair-
ment after oxidative enceph-
alopathy, it was found that
the Nrf2-ARE signaling path-
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Figure 3. Changes in the number of apoptotic positive neurons. A. Apoptosis
of representative neurons in hippocampus and cortex of rats in each group;
B. Percentage of TUNEL-positive neurons. *P < 0.05 vs NC group, #P < 0.05

vs DM group.

rated neuronal damage. The RT-PCR results
showed that the mRNA levels of Nrf2, HO-1,
and NQO-1 were significantly decreased in the
cortex and hippocampus of diabetic rats, indi-
cating that the Nrf2/ARE signaling pathway was
blocked. Our results are consistent with previ-
ous studies showing the downregulation of Nrf2
and ARE-encoding gene expression in demen-
tia models. The transcription factor Nrf2 is a
major factor that regulates oxidative stress.
Nrf2 binds to Keapl and functions as an intra-
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NC DM SFN

suggested that the antioxi-
dant activity of SFN may be
related to the activation of
Nrf2 pathway [24]. Therefore,
our findings suggest that SFN
may inhibit oxidative stress-
mediated diabetes-induced
apoptosis by activating the Nrf2/HO-1 signaling
pathway. Nrf2 has previously been shown to
have neuroprotective effects when overex-
pressed in animal models of Alzheimer’s dis-
ease, Parkinson’s disease, and amyotrophic
lateral sclerosis. In this study, we set only a
single dose of SFN to preliminarily confirm the
glucose-regulating and neuroprotective effects
of SFN. We will use multiple doses of SFN
to investigate whether the protective effect
increases with increasing concentrations. In
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addition, we will monitor the effects of SFN on
cognition in rats through long-term follow-up.

Conclusion

Our findings suggest that SFN may inhibit oxi-
dative stress-mediated diabetes-induced apop-
tosis by activating the Nrf2/HO-1 signaling
pathway. This can be solid evidence for basic
research and preclinical studies.
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