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Objective: Vascular Dementia (VaD), is associated with metabolic conditions. Diabetes is a major risk factor for the 
development of VaD. This study investigates the efficacy of ulinastatin (UTI) and sulforaphane (SUL) in streptozotocin 
(STZ)-diabetes induced vascular endothelium dysfunction and related dementia.
Methods: Single dose STZ (50 mg/kg i.p.) was administered to Albino Wistar rats (male, 200−250 g). Morris water 
maze and attentional set shifting tests were used to assess the spatial learning, memory, reversal learning, and executive 
functioning in animals. Body weight, serum glucose, serum nitrite/nitrate, vascular endothelial function, aortic super-
oxide anion, brains’ oxidative markers (thiobarbituric acid reactive species-TBARS, reduced glutathione-GSH, superoxide 
dismutase-SOD, and catalase-CAT), inflammatory markers (IL-6, IL-10, TNF-, and myeloperoxidase-MPO), acetylcholi-
nesterase activity-AChE, blood brain barrier (BBB) permeability and histopathological changes were also assessed. UTI 
(10,000 U/kg) and SUL (25 mg/kg) were used alone as well as in combination, as the treatment drugs. Donepezil (0.5 
mg/kg) was used as a positive control.
Results: STZ-administered rats showed reduction in body weight, learning, memory, reversal learning, executive func-
tioning, impairment in endothelial function, BBB permeability, increase in serum glucose, brains’ oxidative stress, in-
flammation, AChE-activity, BBB permeability and histopathological changes. Administration of UTI and SUL alone as 
well as in combination, significantly and dose dependently attenuated the STZ-diabetes-induced impairments in the 
behavioral, endothelial, and biochemical parameters. 
Conclusion: STZ administration caused diabetes and VaD which was attenuated by the administration of UTI and SUL. 
Therefore, these agents may be studied further for the assessment of their full potential in diabetes induced VaD.
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INTRODUCTION

Vascular dementia (VaD), the second most occurring 
form of dementia, is characterized by cognitive impair-
ment, which is quantified as deficit in memory, cognition, 
executive function, language, attention and behavior [1]. 
VaD occurs as a result of impaired vascular system which 
disrupts the sufficient supply of blood and hence oxygen 

as well as nutrients to the brain that ultimately cause neu-
ronal cell death [2]. It is observed that cerebral glucose 
utilization and energy metabolism are the abnormalities 
that precede the initial stages of cognitive impairment [3]. 
This has allowed the use of metabolic disorders asso-
ciated animal models for understanding the efficacy of 
various therapeutics on behavioral as well as biochemical 
phenotypes observed in VaD.

Diabetes is a metabolic disorder, includes impairment 
in the insulin action and signaling. Diabetes is well asso-
ciated with increased cognitive dysfunction and risk of 
dementia in elderly life [4]. Studies report that, diabetes 
increases the probability of VaD, both in early as well as 
late life stage of human [4]. Diabetes results into chronic 



 Ulinastatin and Sulforaphane in Vascular Dementia 471

hyperglycemia. Consistent hyperglycemia, cause endo-
thelial dysfunction, blood-brain barrier (BBB) disruption, 
cerebral atrophy and declined cognitive abilities which 
are similar to those observed in Alzheimer disease (AD) 
and VaD [5]. Endothelial dysfunction hinders sufficient 
supply of blood to the brain. This limits the supply of re-
quired glucose and oxygen for proper functioning of the 
neuronal cells [3]. The brain studies of people suffering 
from dementia shows improper utilization of glucose as 
well as insensitivity to insulin causing damage to the neu-
ronal cell. This is similar to diabetes [6]. Streptozotocin 
(STZ) administered rodents are being utilized as an animal 
model for diabetes [4]. STZ diabetes, increases oxidative 
stress and cause activation of proinflammatory bio-
markers, which directly contribute to endothelial dys-
function [7]. In the last decade, we have extensively stud-
ied diabetes induced VaD in rats and successfully utilized 
diabetes induction as the experimental model of VaD 
[8-11].

Ulinastatin (UTI) a glycoprotein, is a serine protease in-
hibitor that, is isolated from a healthy human urine or is 
produced synthetically. UTI effect has been studied to im-
prove the integrity of the BBB [12,13]. UTI has been re-
ported to show protective effect in brain against traumatic 
brain injury [14], ischemia-reperfusion injury [15], brain 
edema [14], neurodegenerative disorder like Alzheimer’s 
[16], Parkinson’s and other psychiatric diseases [17]. UTI 
has improved learning, memory, spatial memory, cogni-
tive dysfunction, and synaptic plasticity in rodent study 
[18,19]. Treatment with UTI suppresses early inflammation, 
microvascular and endothelial injury in brain [15,20]. 
UTI attenuates oxidative stress, inflammation and neural 
apoptosis in cerebral cortex of the rat [16,21]. Clinical 
and in vitro  studies have also shown the protective effects 
of UTI against oxidative stress and inflammation [16,22]. 
Role of UTI has been studied for various brain conditions 
but the utility of UTI has not been studied in diabetes in-
duced endothelial dysfunction and VaD. We hypothe-
sized that UTI, may provide beneficial effects in diabetes 
induced endothelial dysfunction and VaD. 

Sulforaphane (SUL) found in cruciferous vegetables, is 
a naturally occurring isothiocyanate that can cross the 
BBB easily after absorption [23]. SUL has been docu-
mented to show protective effects against several central 
nervous system (CNS) disorders such as cerebral ische-
mia, Parkinson’s, Alzheimer’s, schizophrenia, epilepsy, 

multiple sclerosis and autism [24,25]. SUL has been ob-
served to reduce hyperglycaemia [26]. SUL has shown 
benefits against impairment in learning, memory, spatial 
memory, and cognitive function [27]. SUL improves the 
integrity if disrupted BBB [28] as well as inhibits micro-
glial activation induced neuroinflammation [29]. The 
therapeutic or prophylactic effect of SUL in the CNS dis-
order is due to its protective effect against oxidative stress 
[30], inflammation [31] and neuronal death [32]. Role of 
SUL has been studied for various brain conditions but the 
utility of SUL has not been studied in diabetes induced en-
dothelial dysfunction and VaD. We hypothesized that 
SUL, may provide beneficial effects in diabetes induced 
endothelial dysfunction and VaD.

In above view, we hypothesized that UTI and SUL, may 
provide beneficial effects in diabetes induced endothelial 
dysfunction and VaD and thus, the present study has been 
designed. In this study, we have induced diabetes in ro-
dents and effects of UTI and SUL alone as well as in com-
bination have been examined. Animals were assessed for 
learning, memory, vascular endothelial function, serum 
as well as brain biochemistry, BBB permeability and his-
topathological changes. Donepezil was utilised as a pos-
itive control [11].

METHODS

Animals
The present study employed adult male albino wistar 

rats weighing around 220−250 gm. Animals were housed 
and taken care of, until the completion of the study in the 
animal house of the institution, with free access to stand-
ard laboratory’s pellet chow diet. Animals had an ex-
posure to 12 hours. light and dark cycle allowing proper 
acclimatization to the laboratory conditions for a span of 
5 days prior to the behavioral study. The experiments con-
ducted were as per the study protocol approved by Institu-
tional Animal Ethics committee (IAEC) between 9:00 and 
16:00 hour maintaining semi sound proof environment in 
laboratory, following the guidelines provided by CPCSEA, 
Ministry of Environment and Forests, Government of India 
(no. 1147/ab/07/CPCSEA).

Drugs and Chemicals
UTI was obtained from Abbott laboratories., India. SUL 

has been obtained from Sun Pharma Pvt. Ltd., India. 5,5, 
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dithiobis (2-nitrobenzoic acid) (DTNB), reduced glutathione 
(GSH), N-naphthyl ethylene diamine, bovine serum albu-
min (BSA), thiobarbituric acid were purchased from Sisco 
Research Laboratories Pvt Ltd., Mumbai, India. All the 
drug solutions were prepared freshly before use. 

STZ Administration
Single dose of STZ (50 mg/kg i.p.) was administered to 

rats by dissolving in citrate buffer (0.1 M; 10 ml/kg, i.p.; 
pH 4.5) to induce experimental diabetes and related de-
mentia [8-11].

Experimental Protocol
In the present study, total 14 groups have been em-

ployed with each group consisting of 8 male Wistar rats.
Group I - Control group: Animals were exposed to be-

havioral assessment from Day 1. 
Group II - Saline: Rats were administered saline (0.9% 

w/v; 10 ml/kg, i.p.; daily) for 26 days with exposure to be-
havioral assessment from 22nd day onwards.

Group III - PBS: Rats were administered PBS (10 ml/kg, 
p.o.; pH 7.4, daily) for 26 days with exposure to behav-
ioral assessment from 22nd day onwards.

Group IV - Citrate buffer: Rats were administered a sin-
gle dose of citrate buffer (0.1 M; 10 ml/kg, i.p.; pH 4.5) af-
ter which they were exposed to behavioral assessment 
from 52nd day of its administration.

Group V - UTI (10,000 U/kg, i.p.), per se: Rats were ad-
ministered UTI (10,000 U/kg, i.p., daily) for 26 days with 
exposure to behavioral assessment from 22nd day on-
wards [12].

Group VI - SUL (25 mg/kg, p.o.) per se: Rats were ad-
ministered SUL (25 mg/kg, p.o., daily), for 26 days with 
exposure to behavioral assessment from 22nd day on-
wards [33].

Group VII - Donepezil (0.5 mg/kg, i.p.) per se: Rats 
were administered donepezil (0.5 mg/kg, i.p., daily) for 26 
days with exposure to behavioral assessment from 22nd 
day onwards. Donepezil serves as a positive control.

Group VIII - STZ: Rats were administered a single dose 
of STZ (50 mg/kg, i.p.) after which they were exposed to 
behavioral assessment from 52nd day of its administration.

Group IX - STZ ＋ UTI (10,000 U/kg, i.p.): UTI (10,000 
U/kg, i.p.) was administered to the STZ (50 mg/kg, i.p.) di-
abetic rats, starting from day 30th of the STZ treatment to 
day 56th, with exposure to behavioral assessment from 

52nd day onwards.
Group X - STZ ＋ SUL (25 mg/kg, p.o.): SUL (25 mg/kg, 

p.o.) was administered to the STZ (50 mg/kg, i.p.) diabetic 
rats, starting from day 30th of the STZ treatment to day 
56th, with exposure to behavioral assessment from 52nd 
day onwards.

Group XI - STZ ＋ UTI (10,000 U/kg, i.p.) ＋ SUL (25 
mg/kg, p.o.) - UTI (10,000 U/kg, i.p.) ＋ SUL (25 mg/kg, 
p.o.) in combination were administered to the STZ (50 
mg/kg, i.p.) diabetic rats, starting from day 30th of the STZ 
treatment to day 56th, with exposure to behavioral assess-
ment from 52nd day onwards.

Group XII - STZ ＋ Donepezil (0.5 mg/kg): Donepezil 
(0.5 mg/kg, i.p.; daily) was administered to the STZ (50 
mg/kg, i.p.) diabetic rats, starting from day 30th of the STZ 
treatment to day 56th, with exposure to behavioral assess-
ment from 52nd day onwards.

During our previous investigations, we observed that 
hyperglycemia induced endothelial dysfunction was ob-
served during 14−15th day (after 2 week). The behav-
ioral deficits due to endothelial dysfunction became com-
parative after 3−4 weeks [7-11]. We therefore, allowed 
the induction of endothelial dysfunction and behavioral 
deficits with STZ administration and then started the treat-
ments. All the treatments were started simultaneously. 
Behavioral assessments were initiated with the exposure 
of animals to the MWM for first five days followed by at-
tentional set shifting test (ASST) for next 10 days. We have 
not aimed to perform a time-course experiment there-
fore, after the last day assessment of ASST, animals were 
sacrificed to remove thoracic aorta and brain for the bio-
chemical parameters’ estimation.

Assessment of Spatial learning and Memory by Morris 
Water Maze

Morris water maze [34] apparatus is used to test memory. 
It consists of large circular pool equally divided into four 
quadrants. The water was filled and was made opaque us-
ing colored dye. White painted platform was placed in the 
target quadrant, 1 cm below the water surface and the 
platform was left undisturbed aa through the training 
session. 

Acquisition trial: The rat was allowed to explore and lo-
cate the submerged platform for 120 seconds and then al-
lowed to stay on the platform for next 20 seconds. If it fails 
to find the platform within 120 seconds, it was then guid-
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ed gently to the platform. Each animal was subjected to 
four trials in the same session, for four consecutive days, 
with every trial having different drop position. After each 
trial animal was allowed to rest for 5 minutes. and the time 
utilized by the animal in locating the submerged platform 
in MWM was be noted down as Escape Latency Time 
(ELT) and it was regarded as the index for acquisition or 
learning. 

Retrieval trial: after the acquisition trials, on the fifth 
day the platform was removed and the rat was placed in 
the pool to explore for 120 seconds. The mean time spent 
in the pool’s four quadrants are observed, recorded and 
the mean time spent searching for the platform by the ani-
mal in target quadrant was jotted down as an index for 
retrieval. Experiments were conducted between 9:00 and 
16:00 hour.

Assessment of Cognitive Function Using Attentional 
Set Shifting Test 

ASST model is used for measuring cognitive function. 
ASST works on the tendency of the animals to dig vigo-
rously in to their bedding. The digging procedure consist 
of the habituation, training and testing paradigm. A week 
before training and testing period, animals were food re-
stricted so that 85% free-fed body weight could be main-
tained. This was followed by habituation and training 
from day 1 to day 7. On day 8 and day 9, animals were al-
lowed to learn discrimination between the dimensions of 
digging medium and the respective odor. On day 10 
(testing paradigm), animals were tested on a series of dis-
crimination stages, simple discrimination (SD), compound 
discrimination (CD), reversal 1 (REV 1), intra-dimensional 
(ID), reversal 2 (REV 2), extra dimensional (ED) and re-
versal 3 (REV 3) stages presented in a fixed order for all an-
imals [35]. Biasness was prevented by carrying forward all 
the behavioral experiments manually by the colleague, 
who was unknown to the experimental protocol.

Assessment of Vascular Endothelial Function Using 
Rat Aortic Ring Preparation

For the assessment of vascular endothelial function, the 
rats underwent cervical dislocation after which the rats 
were decapitated to remove thoracic aorta. After removal, 
the thoracic aorta was cut into rings of around 4 to 5 mm 
width [34]. Aortic rings prepared were suspended and 
mounted to the organ chamber with the help of two stain-

less clips. Organ bath contained Krebs’s buffer with com-
position (in mM): NaCl, 118.3; KH2PO4, 1.2; KCl, 4.7; 
CaCl2, 2.5; MgSO4, 0.6; NaHCO3, 25.0; EDTA, 0.026; pH 
7.4 at 37°C and gassed with 95% O2 plus 5% CO2. A ten-
sion of 1.5 g was given to the aorta ring for the time span 
of 90 minutes in the Krebs’s solution which, was changed 
after every 15 minutes. Upon equilibrium, aortic rings were 
challenged again with KCl (60 mM) followed by washing 
and equilibration period of 30‐minute. After this, the con-
tractile response was elicited by the addition of phenyl-
ephrine (1 M) and when the plateau of contraction was 
reached, Ach or SNP was added to the organ bath for in-
ducing endothelium‐dependent or ‐independent relaxation.

Biochemical Parameters

Collection of samples

For biochemical estimation, blood samples were col-
lected just prior to the animal sacrifice and were kept for 
30 minutes at room temperature followed by centrifuga-
tion for 15 minutes at 4,000 rpm to separate the serum 
which was finally used to estimate serum glucose and ni-
trite/nitrate concentration.

For biochemical estimations in the brain tissue, the ani-
mals were firstly sacrificed to remove the brains. The ani-
mals were decapitated and with the help of the scalpel or 
razor blade, a single cut along the lengthwise was made 
all the way starting from the point between the eyes to the 
posterior aspect. With the help of ronguers, pull back the 
skin and the muscles to expose the skull underneath. 
Thick neck musculature present at the base of the skull 
was removed to see the entire posterior aspect of the 
brain. Now, when the skull is exposed, the bits of the skull 
was peeled away from the base surface using ronguers. 
When the posterior portions of the skull were removed the 
other dorsal portions come off in three large portions. The 
exposed brain is extracted and then the brains were ho-
mogenized using Teflon homogenizer using phosphate 
buffer (10% w/v, pH 7.4) with protease inhibitor (0.1 ml, 
1X) in it, followed by centrifugation for 15 minutes at 
3,000 rpm to obtain clear supernatant [36].

Estimation of serum glucose

To ascertain the induction of diabetes, fasting serum 
glucose levels were monitored every week spectrophoto-
metrically (UV-1800 ENG 240 V, Shimadzu Corporation, 
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Kyoto, Japan) at 550 nm, using commercially available kit 
(Reckon Diagnostics Pvt. Ltd., New Delhi, India) by glucose 
oxidase peroxidase (GOD-POD) method [10]. Blood was 
collected from the orbital sinus post anesthesia by Pasteur 
pipette. Rats with fasting serum glucose levels greater than 
200 mg/dl were considered diabetic. The animals that did 
not become diabetic were excluded from the study 
[37,38].

Estimation of serum nitrite/nitrate concentration

The measurement of serum nitrite/nitrate concentration 
helps in the assessment of nitric oxide levels in the periph-
eral blood supply. The nitric oxide levels serve as an index 
for the endothelial function in the blood vessels. For the 
assessment of serum nitrite concentration, 400 l of car-
bonate buffer (pH 9.0) was added to 100 l of standard 
solution or serum with further addition of 0.15 g of cop-
per-cadmium alloy. The tubes were allowed to incubate 
at room temperature for a period of 1 hour to cause the re-
duction of nitrate into nitrite. This reaction was stopped 
with the addition of 100 l of 0.35 M Sodium hydroxide. 
This was followed by the addition of 400 l of zinc sulphate 
solution (120 mM) to cause deproteination of samples. 
The samples were left to stand still for 10 minutes and then 
was centrifuged at 4,000 g for next 10 minutes. Finally, to 
the aliquots (500 l) of clear supernatant, Griess reagent 
(250 l of 1.0%sulphanialamidepreparedin 3N HCl and 
250 l of 0.1% N-naphthylethylenediamine prepared with 
water) was added and serum nitrite/nitrate concentration 
was measured at 545 nm spectrophotometrically (UV-1800 
ENG 240V, Shimadzu Corporation) [34]. Sodium nitrite 
(5−50 M) standard curve to calculate the serum ni-
trite/nitrate concentration, was plotted.

Estimation of aortic production of super oxide anion

The superoxide anion in aorta suggest the oxidative 
stress in the aorta. For the assessment of superoxide anion 
levels, 10 mm transverse rings of sliced aorta were placed 
for 1.5 hours. in nitrobluetetrazolium (100 mM/L) con-
taining buffer (5 ml) at 37°C. The reduction of the nitro 
blue tetrazolium (NBT) was brought to halt by the addi-
tion of 5 ml of HCl (0.5 mol/L). The rings were then 
minced and homogenized in a mixture of NaOH (0.1 
M/L), SDS (0.1%), and (40 mg)/L diethylentriaminepenta-
acetic acid in water. The resulted mixture underwent cen-
trifugation for 2 minutes at 20,000 g to resuspend the re-

sultant pellet in pyridine (1.5 ml). The mixture was kept at 
80°C to extract formazon for the span of 1.5 hours, post 
which, the mixture underwent centrifugation again for 10 
minutes at 10,000 g. The formazon absorbance was esti-
mated at 540 nm spectrophotometrically [34]. The re-
duced NBT amount was calculated with the help of for-
mula:

Amount of reduced NBT = A × V/ (T × M × e × l)

where A = absorbance,
V is the volume of pyridine,
T = time when the rings were incubated in NBT, 
M = wet mass (blotted) of the aortic rings,
e = extinction coefficient (0.71 mm−1), 
l = length of the light path. 

Estimation of brain total protein

For the assessment of brain total protein, bovine serum 
albumin 0.2−2.4 mg/ml was used as a standard for plot-
ting the standard curve [39]. Brains’ total protein content 
was measured at 750 nm spectrophotometrically using 
standard curve of BSA. These values were expressed as 
mg/ml of supernatant.

Assessment of brain lipid peroxidation

The whole brain thiobarbituric acid reactive substances 
(TBARS) levels serves as a marker of lipid peroxidation in 
the brain. For the assessment of brain TBARS levels, 0.2 
ml of supernatant of the homogenate was pipette out in a 
test tube into which, 0.2 ml of 8.1% sodium dodecylsul-
phate, 1.5 ml of 30% acetic acid (pH3.5), 1.5 ml of 0.8% 
of thiobarbituric acid and distilled water were added, to 
make the volume up to 4 ml. The test tubes were in-
cubated for 1 hour at 95°C, and then were cooled allow-
ing the addition of 1 ml of distilled water, and 5 ml of 
n-butanol−pyridine mixture (15:1 v/v). The tubes were 
centrifuged at 4,000 g for 10 minute. The absorbance of 
developing pink color was measured spectro- photo-
metrically at 532 nm [39]. A standard calibration curve 
with the use of 1−10 nM of 1,1,3,3-tetramethoxypropane 
was prepared. The TBARS values were expressed as nano 
moles/mg of protein. 

Assessment of brain glutathione (GSH) levels

Whole brain GSH levels help in the assessment of 
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brains’ endogenous antioxidant GSH levels. For the as-
sessment of GSH levels, after the halogenation process, 
the supernatant formed was centrifuged at 1,000 g for 40 
minutes at 4°C after mixing in 1:1 ratio with trichloro-
acetic acid (10% w/v) in tubes. The supernatant formed af-
ter the centrifugation was further mixed with 2 ml of diso-
dium hydrogen phosphate (0.3 M) with further addition of 
0.25 ml of 0.001 M freshly prepared 5,50-dithiobis 
(2-nitrobenzoicacid) (DTNB dissolved in 1%w/v sodium 
citrate). The absorbance was estimated at 412 nm spec-
trophotometrically (UV-1800 ENG 240V, Shimadzu 
Corporation). A standard curve with the use of 10−100 
M of glutathione (reduced form) was plotted and the val-
ues were expressed as micromoles of reduced gluta-
thione/mg of protein [34]. 

Assessment of brain superoxide dismutase (SOD) 

activity

Whole brain SOD activity estimation helps in the as-
sessment of brains’ endogenous antioxidant SOD levels. 
Brain SOD activity was measured using spectrophoto-
metrically (UV-1800 ENG 240V, Shimadzu Corporation) 
at 560 nm [35]. The method is based on the formation of 
water insoluble blue from the NBT reduction. For the esti-
mation of SOD activity, brain homogenate (0.5 ml) was 
mixed with 50 mM Na2CO3 (1 ml), 24 m NBT (0.4 ml), 
and 0.1 mM EDTA (0.2 ml). To this mixture, 1 mM hy-
droxylamine hydrochloride (0.4 ml) was further added to 
begin the reaction. The blue colour thus developed in the 
reaction was observed at 560 nm. Absorbance, at 560 nm 
and at 25°C was recorded at Zero-time and then every 30 
seconds during the span of 5 minutes. Control reading 
was obtained by performing the above reaction excluding 
the brain homogenate. The rate of absorbance units (A) in-
crease per minute for the test and control sample(s) were 
recorded. The percentage inhibition of the NBT reduction 
served as a measure for the SOD presence and this was 
calculated with the help of the following formula:

% inhibition = {(ΔA560 nM/min) control − 
(ΔA560 nM/min) test / (ΔA560 nM/min) control} × 100

where (ΔA560 nM at 5 minutes and 30 seconds − A560 
nM at 30 seconds)/5 minutes = ΔA560 nM/minute.

SOD activity in units represented the quantity of en-
zyme required to inhibit 50% of the NBT reduction and 

was expressed as units per mg of protein.

Assessment of brain catalase (CAT) activity

Whole brain CAT activity estimation helps in the as-
sessment of brains’ endogenous antioxidant CAT levels. 
For the assessment of catalase activity in the brain, 1 ml 
brain homogenate was mixed with 1.9 ml of phosphate 
buffer (50 mM) maintained at pH 7.4. Further, addition of 
1 ml H2O2 (30 mM) to the mixture initiated the reaction. 
The above mixture devoid of the brain homogenate serves 
as a blank. The decrease in the absorbance as a result of 
H2O2 decomposition was measured spectrophotometri-
cally (UV-1800 ENG 240V, Shimadzu Corporation) at 
240 nm against the blank [35]. Units were expressed in 
terms of quantity of enzyme required to decompose 1 M 
of H2O2/minutes at 25°C and the activity was demon-
strated as units/mg of proteins.

Assessment of brain inflammatory markers

Interleukin- IL-6, IL-10 and tumour necrosis factor al-
pha (TNF-) were assessed as neuro inflammatory mark-
ers in brain using RayBioⓇ Rat ELISA kits. All three kits 
work on the principle of sandwich enzyme-linked im-
munosorbent assay (in vitro ) for the quantifying rats’ IL-6, 
IL-10, and TNF- in supernatants at 450 nm on a 96-well 
plate reader. The values were expressed in pg/ml [40].

Assessment of myeloperoxidase activity (MPO)

The assessment of whole brain MPO levels serves as an 
inflammatory marker in the brain. For the estimation of 
brain MPO brain tissues were homogenized in 10 vol-
umes 50 mmol/L phosphate buffer having 0.5% hex-
adecyl trimethyl ammonium bromide (HTAB) (pH6.0). 
The homogenized samples underwent three simultaneous 
cycles of freezing and thawing later to which they were 
centrifuged for about 10 minutes at 10,000 g at 4°C. The 
supernatant produced, was added with 1.9 ml of 10 mM 
phosphate buffer (pH6.0) and 145 l of 1.5 mol/L o-dia-
nisidine hydrochloride, containing 0.0005% w/v hydro-
gen peroxide and the change in the absorbance after the 
addition was recorded spectrophotometrically (UV-1800 
ENG 240V, Shimadzu Corporation) at 450 nm for each 
sample [39]. Sample MPO activity was calculated from 
the reaction curve slope based on the equation:
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Specific activity (mol H2O2/min/mg protein) = 
ΔOD per min/ΔOD per mol H2O2 × mg protein. 

Estimation of brain acetyl cholinesterase (AChE) 

activity

The estimation whole brain AChE activity method in-
volves the formation of thiocholine, during the rection be-
tween brain cholinesterase and the acetylthiocholine 
iodide. The thiocholine formed undergoes reaction with 
DTNB to produce yellow colour. 0.5 ml supernatant liq-
uid from the brain homogenate is pipetted out into volu-
metric flask of 25 ml and is diluted with DTNB (5,5’-di-
thiobis-[2-nitrobenzoic acid]) (freshly prepared) solution 
(10 mg) in Sorenson phosphate buffer (100 ml, pH8.0). 
After this, 2 portions of the mixture (4 ml each) is sepa-
rated and poured into two different test tubes, from which 
one test tube is further added with 2 drops of eserine 
solution. However, to both test tubes, substrate solution (1 
ml) (acetylcholine iodide [75 mg] per distilled water [50 
ml]) is added. The test tube added with eserine is taken as 
blank while the absorbance change per min. of the sam-
ple (test) is measured at 420 nm spectrophotometrically 
(UV-1800 ENG 240V, Shimadzu Corporation) [36]. 
Activity of the ACHE is estimated using the formula:

R = ( O.D. × volume of Assay)
(E × mg of protein)

Where, R = rate at which ‘n’ mole of acetylcholine io-
dide hydrolyzed/minute/mg protein

 O.D. = change in absorbance /minute
E = Extinction coefficient = (13600/M/cm)

Assessment of BBB permeability (Evans blue)

The permeability of BBB is impaired in VaD. For the as-
sessment of BBB permeability, 4% Evans blue (4 ml/kg 
i.p.) was administered and was allowed circulate for the 
span of 120 minutes before measurement. The brains 
were removed and cerebral cortex were weighed. Post 
weighing, the brain was homogenized in PBS (3.5 ml, 0.1 
mol/L, pH7.4) followed by centrifugation at 15,000 g for 
30 minutes. The supernatant produced was treated with 
an equal volume of TCA. This was followed by an over-
night incubation at 48°C. The quantification of the ex-
travasated Evans blue was done spectrophotometrically 

(UV-1800 ENG 240V, Shimadzu Corporation) at 615 nm 
[34].

Tissue Preparation for Histopathology 
For histology and subsequent analysis, the removed 

brain samples, were washed with 0.9% saline and then 
fixed in 4% paraformaldehyde. After the process of fix-
ation, the brain samples were further processed by em-
bedding in the paraffin wax. The brain samples then un-
derwent coronal sectioning of thickness 50  using a man-
ual rotary microtome (INCO laboratories, Ambala, India), 
6 slices per brain were selected for qualitative and quanti-
tative visualization. To assess the cell viability and state, 
Nissl staining was used. The sections were further stained 
using 0.1% cresyl violet and luxol fast blue was used as a 
secondary stain. The sections were studied under an in-
verted microscope (CIB-100; Coslab, Haryana, India) and 
photographs were taken at 400× magnification [41]. In 
each of the chosen microscopic fields the neuronal count 
was manually done by an individual blinded to the whole 
study using Image J (National Institutes of Health, Bethesda, 
MD, USA) and the average of 6 sections for each animal 
was taken up for statistical analysis.

Statistical Analysis
The data is represented as mean ± standard deviation. 

The data was analyzed using one-way ANOVA (sigma stat 
12.5) followed by Bonferroni’s post hoc test. The data for 
endothelial function was analyzed using repeated measures 
of ANOVA followed by Newman Keul’s test. The results 
were considered statistically significant when p ＜ 0.05. 

RESULTS

No significant differences were observed in drug per se 
and vehicle control groups on any of the parameters 
assessed.

Effect on Body Weight and Serum Glucose Levels
Compared to control animals, STZ diabetes produced a 

significant decrease in body weight (p ＜ 0.05) and increase 
in serum glucose levels (p ＜ 0.05). Treatment with UTI 
(10,000 U/kg, i.p.), SUL (25 mg/kg) alone and in combina-
tion and Donepezil (0.5 mg/kg, i.p., daily) had no signifi-
cant effect on STZ diabetes induced decrease in body 
weight as well as increase in serum glucose levels (Table 1).
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Table 1. Effect on body weight and serum glucose level

Groups
Body weight (in grams) Serum glucose (mg/dl)

Basal value Final value Basal value Final value

CONTROL 227 ± 5.8 316 ± 5.1 97.3 ± 4.2 99.6 ± 3.71 
SAL 223 ± 5.1 319 ± 6.1 96.4 ± 3.5 98.4 ± 4.32
PBS 231 ± 5.6 314 ± 5.7 98.1 ± 4.01 99.9 ± 4.78
CB 229 ± 5.0 315 ± 5.9 97.3 ± 4.1 98.4 ± 3.97
UTI 225 ± 5.3 312 ± 6.2 98.2 ± 3.77 99.7 ± 4.1
SUL 227 ± 5.2 309 ± 5.8 97.7 ± 3.82 98.7 ± 6.64
DON 231 ± 4.9 307 ± 5.8 97.98 ± 3.97 97.5 ± 4.21
STZ 234 ± 5.8 214 ± 5.1a 98.2 ± 3.51 307.3 ± 5.11a

STZ ＋ UTI 222 ± 5.1 239 ± 5.21a 98.2 ± 3.23 273.8 ± 4.48a

STZ ＋ SUL 232 ± 5.3 241 ± 5.06a 97.3 ± 3.89 270.3 ± 4.87a

STZ ＋ UTI ＋ SUL 234 ± 4.9 246 ± 5.32a 98.1 ± 3.98 266.9 ± 4.64a

STZ ＋ DON 226 ± 5.4 223 ± 5.9a 97.9 ± 3.32 288 ± 4.76a

Values are presented as mean ± standard deviation. n = 8. 
SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, donepezil; STZ, streptozotocin.
Basal values represent values as assessed on day 1 of the study, whereas final values represent values as assessed on day 1 of Morris Water Maze. 
Statistically analyzed using one-way ANOVA (sigma stat 12.5) followed by Bonferroni’s post hoc test. 
ap ＜ 0.05 vs. control group; Body weight: F (11, 84) = 574.777, Serum glucose: F (11, 84) = 3228.958.

Effect on Learning and Memory Using MWM
In MWM, control animals showed a significant de-

crease in day 4 ELT as compared to day 1 ELT, along with 
significant increase in day 5 TSTQ as compared to other 
quadrants, depicting effective learning and memory. STZ 
diabetic rats showed a significantly higher day 4 ELT 
whereas, a significantly lower day 5 TSTQ when com-
pared to the control rats depicting reduced learning and 
memory. Treatment with UTI (10,000 U/kg, i.p.) and SUL 
(25 mg/kg) alone as well as in combination and donepezil 
(0.5 mg/kg, i.p., daily) decreased the day 4 ELT, (F [11, 84] = 
113.474, p ＜ 0.05) as well as increased the day 5 TSTQ, 
(F [11, 84] = 47.124, p ＜ 0.05) when compared to STZ di-
abetic rats, signifying the attenuation of STZ diabetes in-
duced reduction in learning and memory (Fig. 1A, B).

Effect on Reversal Learning and Executive 
Functioning Using ASST

STZ diabetic rats, in comparison to the control group 
showed increased number of trials during REV1 and ED 
stage of ASST signifying impairment in the reversal learning 
and executive functioning. Treatment with UTI (10,000 
U/kg, i.p.) and SUL (25 mg/kg) alone as well as in combi-
nation and donepezil (0.5 mg/kg, i.p., daily) attenuated 
STZ diabetes induced increase the number of trials during 
REV1 (F [11, 84] = 385.836, p ＜ 0.05) and ED stage (F 
[11, 84] = 442.116, p ＜ 0.05) indicating attenuation of 

STZ diabetes induced impairment in reversal learning and 
executive functioning (Fig. 2).

Effect on Endothelium Dependent and Independent 
Relaxation

Acetylcholine (ACh) and sodium nitroprusside (SNP) 
dose dependently produces endothelium dependent and 
independent relaxation in phenylephrine (3 × 10−6 M) 
precontracted isolated rat aortic ring preparation, re-
spectively in control rats. STZ diabetes significantly atte-
nuated ACh induced endothelium dependent relaxation, 
however, no affect was observed on the SNP induced en-
dothelium independent relaxation. Treatment with UTI 
(10,000 U/kg, i.p.) and SUL (25 mg/kg) alone as well as in 
combination and donepezil (0.5 mg/kg, i.p., daily) attenu-
ated the effect of STZ diabetes on endothelial dependent 
relaxation, (p ＜ 0.05). These interventions however, had 
no effect on the endothelium independent relaxation (Fig. 
3A, B).

Effect on Serum Nitrite/Nitrate, Aortic Superoxide 
Anion

Compared to the control animals, STZ diabetic rats 
showed a decrease in serum nitrite/ nitrate and increase in 
aortic superoxide anion levels. Treatment with UTI (10,000 
U/kg, i.p.) and SUL (25 mg/kg) alone as well as in combi-
nation and donepezil (0.5 mg/kg, i.p., daily) prevented 
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Fig. 1. Effect on learning and memory using MWM. Results are expressed as mean ± standard deviation (n = 8), and were statistically analysed using 
one-way ANOVA (sigma stat 12.5) followed by Bonferroni’s post hoc test. (A) ELT= F (11, 84) = 113.474; ap ＜ 0.05 vs. day 1 in respective group; 
bp ＜ 0.05 vs. day 4 in control group. cp ＜ 0.05 vs. day 4 in STZ group. (B) TSTQ = F (11, 84) = 47.124; ap ＜ 0.05 vs. mean time spent in other 
quadrant in respective group; bp ＜ 0.05 vs. mean time spend in target quadrant by control group; cp ＜ 0.05 vs. mean time spend in target quadrant 
by STZ group. 
MWM, Morris water maze; SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, donepezil; 
STZ, streptozotocin.

STZ diabetes induced reduction in the serum nitrite/ni-
trate levels (F [11, 84] = 46.991, p ＜ 0.05) as well as STZ 
diabetes induced increase in the aortic superoxide anion 
(F [11, 84], p ＜ 0.05) levels (Fig. 4A, B).

Effect on Brain Oxidative Stress (TBARS, GSH, SOD, 
CAT) 

Compared to the control animals, STZ diabetic rats 
showed an increase in brain oxidative markers (TBARS) 
and decrease in brain antioxidant markers (GSH, SOD, 
CAT). Treatment with UTI (10,000 U/kg, i.p.) and SUL (25 
mg/kg) alone as well as in combination and donepezil 
(0.5 mg/kg, i.p., daily) prevented STZ diabetes induced in-
crease in the brain TBARS (F [11, 84] = 124.657, p ＜ 

0.05) levels as well as decrease in the brain’s anti-oxidant 
markers that is., GSH (F [11, 84] = 54.356, p ＜ 0.05); 
SOD (F [11, 84] = 71.315, p ＜ 0.05); CAT (F [11, 84] = 
105.789, p ＜ 0.05) (Fig. 5A−D).

Effect on Brain Inflammatory Markers (IL-6, IL-10, 
TNF-, MPO)

Compared to the control animals, STZ diabetic rats 
showed an increase in brain inflammatory markers (IL-6, 
TNF-, MPO) and decrease in brain anti-inflammatory 
marker (IL-10). Treatment with UTI (10,000 U/kg, i.p.) and 
SUL (25 mg/kg) alone as well as in combination and done-
pezil (0.5 mg/kg, i.p., daily) prevented STZ diabetes in-
duced increase in the brain IL-6 (F [11, 84] = 648.989, p ＜ 
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Fig. 2. Effect on reversal learning and executive functioning using ASST. Results are expressed as mean ± standard deviation (n = 8), and were 
statistically analyzed using one-way ANOVA (sigma stat 12.5) followed by Bonferroni post hoc test. 
REV 1 = F (11, 84) = 385.836; ap ＜ 0.05 vs. control group; bp ＜ 0.05 vs. of STZ group. ED = F (11, 84) = 442.116; cp ＜ 0.05 vs. control group; dp ＜
0.05 vs. STZ group.
ASST, attentional set shifting tests; SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, 
donepezil; STZ, streptozotocin.

0.05); TNF- (F [11, 84] = 214.838, p ＜ 0.05); and, MPO 
levels (F [11, 84] = 242.955, p ＜ 0.05) as well as decrease 
in the brain IL-10 levels (F [11, 84] = 150.26, p ＜ 0.05) 
(Fig. 6A, B).

Effect on Brain AChE Activity
Compared to the control animals, STZ diabetic rats 

showed an increase in brain AChE activity. Treatment 
with UTI (10,000 U/kg, i.p.) and SUL (25 mg/kg) alone as 
well as in combination and donepezil (0.5 mg/kg, i.p., 
daily) prevented STZ diabetes induced increase in the 
brain AChE activity (F [11, 84] = 302.228, p ＜ 0.05) (Fig. 
7).

Effect on BBB Permeability 
Compared to the control animals, STZ diabetic rats 

showed an increase in Evans blue dye extravasation in 
cerebral cortex depicting impairment in BBB permeability. 
Treatment with UTI (10,000 U/kg, i.p.) and SUL (25 mg/kg) 
alone as well as in combination and donepezil (0.5 mg/kg, 
i.p., daily) prevented STZ diabetes induced increase in 
Evans blue dye extravasation (F [11, 84] = 2,997.317, p ＜ 

0.05) (Fig. 8).

Effect on Histopathological Studies
STZ animals’ images of Nissl staining on cerebral cortex 

depicts that STZ diabetic animals as compared to control 
group, have increased number of pyknotic and chromato-
lytic cells. Treatment with UTI (10,000 U/kg, i.p.) and SUL 
(25 mg/kg) alone as well as in combination and donepezil 
(0.5 mg/kg, i.p., daily) significantly attenuated the STZ 
diabetes induced increase in the number of pyknotic and 
chromatolytic cells in the cerebral cortex of the STZ dia-
betic rats (F [4, 35] = 31.267, p ＜ 0.05) (Fig. 9). 

DISCUSSION

In present investigation, STZ diabetes increased serum 
glucose levels (assessed every week), reduced body weight, 
learning, memory (MWM), reversal memory, executive 
functioning (ASST) and impaired endothelial function as 
well as BBB permeability in rats (assessed using thoracic 
aorta). STZ diabetic rats showed increased cerebral oxida-
tive stress (↑TBARS, ↓GSH, ↓SOD, ↓CAT), inflamma-
tion (↑IL-6, ↑TNF-, ↑MPO, ↓IL-10), AChE activity, 
and histopathological changes. The results obtained are 
in accordance with the previously published result reports 
from ours as well as others’ lab [8-11]. Further, treatment 
with UTI as well as SUL alone as well as in combination, 
attenuated the behavioral deficits, endothelial dysfunc-
tion, impaired biochemical parameters, and histopatho-
logical changes in STZ diabetic rats.
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Fig. 3. Effect on endothelium dependent and independent relaxation. Results are expressed as mean ± standard deviation (n = 8), repeated measure 
ANOVA (sigma stat 12.5) followed by Newman-Keul’s test. (A) Endothelium dependent relaxation = ap ＜ 0.05 vs. control group; bp ＜ 0.05 vs. STZ 
group. (B) Endothelium independent relaxation. 
UTI, ulinastatin; SUL, sulforaphane; DON, donepezil; STZ, streptozotocin.

STZ diabetic rats shows loss in the body weight. This is 
probably due to their inability to metabolize carbohy-
drates which, shifts the reliance more towards fat metabo-
lism for the energy purposes hence, results into wastage of 
fat resources [42]. Administration of STZ causes death of 
the insulin producing  cells in the pancreas, which in-
creases the serum glucose levels in rats [4]. Thus, we have 
utilized STZ for induction of diabetes. Diabetes inhibits 
long term potentiation in hippocampal cells. This is re-
sponsible for mammalian learning and memory by de-
creasing nitric oxide (NO) [43], which itself is associated 
with memory deficits [9-11,34,35]. Our previous studies 
in diabetic rats have reported reduction in learning and 
memory due to endothelial dysfunction, increased oxida-
tive stress, inflammation, and AChE activity [9-11,34,39]. 
This work and our previous works utilized STZ-induced 

diabetes for induction of endothelial dysfunction, behav-
ioral deficits, and biochemical impairments of vascular 
dementia [8-11]. Even other research groups have also as-
sessed similar alterations induced by diabetes [42,44,45]. 
Thus, in view of the results of this study and results of pre-
vious studies both from our lab and other research groups 
[4,8-11,34,42,45] we can say possibly it is the STZ dia-
betes which is responsible to induce changes in animals 
similar to that of phenotypes of vascular dementia. There-
fore, in this study diabetes may have impaired learning, 
memory, reversal learning and executive functioning, via 
endothelial dysfunction, cholinergic dysfunction, oxida-
tive stress and inflammation.

Endothelium maintains the balance between the vaso-
constriction and vasodilation. Diabetes upregulates in-
ducible nitric oxide synthase (iNOS) and impairs activa-
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Fig. 4. Effect on serum nitrite/ nitrate and aortic superoxide anion. Results are expressed as mean ± standard deviation (n = 8), one-way ANOVA 
(sigma stat 12.5) followed by Bonferroni’s post hoc test. ap ＜ 0.05 vs. control group; bp ＜ 0.05 vs. STZ group. (A) Serum nitrite/nitrate = F (11, 84) =
46.991. (B) Aortic superoxide anion = F (11, 84) = 220.936.
SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, donepezil; STZ, streptozotocin.

tion of the endothelium nitric oxide synthase (eNOS) 
which, causes reduction in the serum nitrite/nitrate levels, 
as observed in the present as well as previous studies 
[35,44]. Hyperglycemia increases NOS mediated vas-
cular superoxide production by increasing nicotinamide 
adenine dinucleotide phosphate hydrogen (NAD[P]H) 
oxidase activity in diabetic patients [46]. This causes endo-
thelial dysfunction. Increase in the oxidative stress is an-
other pathological feature of diabetes [46]. ROS causes lipid 
peroxidation by mainly targeting the polyunsaturated fatty 
acids on the cell membrane as observed by increased 
TBARS levels [34,35,40]. Excessive production of super-
oxide and hydroxyl levels, decreases the antioxidant SOD 
activity [47]. Diabetes mediated increase in NADH pro-
duction, decreases NAD(P)H levels which is required for 
the formation of GSH [48] which, decreases the GSH 
levels. CAT act as a main regulator for the metabolism of 

hydrogen peroxide, consistent hyperglycemia down-
regulates the CAT protein expression [49,50]. Hyperglycemia 
increase brain MPO, TNF- and IL-6 levels [51,52]. 
Hence, increase in brain TBARS, TNF-, IL-6, MPO as 
well as decrease in brain SOD, GSH, and CAT have been 
previously observed in STZ diabetic rats. Further, endo-
thelial dysfunction, cholinergic dysfunction, inflamma-
tion and oxidative stress in STZ diabetes have resulted in 
cognitive dysfunction [7-9,39,40,52].

UTI administration reduces the STZ diabetes induced 
weight loss in the current study. UTI reduces the loss in 
weight possibly via inhibiting the hyperglycemia induced 
activation of the inflammatory and apoptotic pathway as 
observed in the clinical study as well as rodent study 
[53-55]. Clinical data suggests that UTI reduces hyper-
glycemia via improving the insulin resistance and re-
ducing the excessive release of inflammatory factors [56]. 
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Fig. 5. Effect on brain oxidative stress (TBARS, GSH, SOD, CAT). Results are expressed as mean ± standard deviation (n = 8), one-way ANOVA 
(sigma stat 12.5) followed by Bonferroni’s post hoc test. ap ＜ 0.05 vs. control group; bp ＜ 0.05 vs. STZ group. (A) TBARS = F (11, 84) = 124.657. 
(B) GSH = F (11, 84) = 54.356. (C) SOD = F (11, 84) = 71.315. (D) CAT = F (11, 84) = 105.789.
SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, donepezil; STZ, streptozotocin.

Furthermore, UTI has shown benefits against impairment 
in learning, memory, spatial memory, attention and cog-
nition during pre-clinical and clinical studies [57,19]. 
Beneficial and protective effects of UTI has been observed 
on synaptic plasticity [57]. UTI is reported to translocate 
lipopolysaccharide in patients undergoing spinal surgery 
[19]. Human UTI like substances are observed in the rat’s 
hippocampus, cerebral cortex and hypothalamus region 
which are partly related to learning and memory [58,59]. 
In addition to this, UTI administration inhibits nuclear fac-
tor kappa-B (NF-kB) activation and hence inflammation 
[60]. Protective effects of UTI has also been observed 
against cholinergic dysfunction, oxidative stress, endo-

thelial dysfunction, BBB disruption and neuronal apopto-
sis [12,13,17,20,21]. The increase in inflammation, oxi-
dative stress, cholinergic dysfunction and endothelial dys-
function have already been reported to cause learning 
and memory impairment, in our previous studies 
[18,34,35] Therefore, beneficial effects of UTI on spatial 
memory, learning, reversal memory and executive func-
tioning, observed in this study may have been due to its 
beneficial effect against endothelial dysfunction, oxida-
tive stress, inflammation, and AChE activity.

UTI administration in the current study increases the serum 
nitrite/nitrate levels. This is possibly due to UTI induced 
phosphorylation/activation of endothelial nitric oxide 
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Fig. 6. Effect on brain inflammatory markers (IL-6, IL-10, TNF-, MPO). Results are expressed as mean ± standard deviation (n = 8), one-way 
ANOVA (sigma stat 12.5) followed by Bonferroni’s post hoc test. ap ＜ 0.05 vs. control group; bp ＜ 0.05 vs. STZ group. (A) IL-6 = F (11, 84) = 
648.989. (A) IL-10 = F (11, 84) = 150.26. (A) TNF- = F (11, 84) = 214.838. (B) MPO = F (11, 84) = 242.955.
SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, donepezil; STZ, streptozotocin.

synthetase (eNOS) and AKT which, increases the levels of 
intracellular NO [61]. Also, UTI protects against vascular 
hyperpermeability by modulating the intrinsic apoptotic 
signaling pathway [62]. Furthermore, UTI improves per-
meability and integrity of the BBB by inhibiting the ex-
pression of matrix metallopeptidase 9 (MMP-9) and tissue 
plasminogen activator (t-PA) [14]. Furthermore, UTI in-
hibits the reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase and NF-kB which, further 
inhibits vascular superoxide production and inflammation 
(TNF-, interleukin-1 (IL-1), IL-6, and MPO) [60,63]. 
UTI reduces the lipid peroxidation as observed by the re-
duced TBARS levels [64]. UTI mediated increase in the 
anti-oxidants (SOD, GSH, CAT) is possibly via upregula-
tion of nuclear factor E2-related factor 2 (Nrf2) gene 

[21,22,65] and activation of Nrf2/NOS pathway [66]. 
Also, UTI administration regulates AMPK/NF-kB pathway, 
and downregulates (toll like receptor) TLR 4 which are 
further reported to decreases inflammation [67]. Hence, 
UTI shows beneficial effects against reduced learning, 
memory, endothelial dysfunction, oxidative stress, in-
flammation, and AChE activity which, may be responsible 
for its effects against diabetes induced vascular endothe-
lial dysfunction and related dementia.

SUL administration in the current study reduces STZ 
diabetes induced decrease in the weight reduction possi-
bly via reducing inflammation and oxidative stress [26]. 
SUL mediated upregulation of the Nrf2 gene is found re-
sponsible for its effect against hyperglycemia [26]. Further-
more, SUL has shown benefits against impairment of 
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Fig. 7. Effect on brain AChE activity. Results are expressed as mean ±
standard deviation (n = 8), one-way ANOVA (sigma stat 12.5) followed 
by Bonferroni’s post hoc test. F (11, 84) = 302.228. ap ＜ 0.05 vs. 
control group; bp ＜ 0.05 vs. STZ group.
SAL, saline; PBS, phosphate-buffered saline; CB, citrate buffer; UTI, 
ulinastatin; SUL, sulforaphane; DON, donepezil; STZ, streptozotocin.

Fig. 8. Effect on BBB permeability. Results are expressed as mean ±
standard deviation (n = 8), one-way ANOVA (sigma stat 12.5) followed 
by Bonferroni’s post hoc test. F (11, 84) = 2997.317. ap ＜ 0.05 vs. 
control group; bp ＜ 0.05 vs. STZ group.
BBB, blood brain barrier; SAL, saline; PBS, phosphate-buffered saline; 
CB, citrate buffer; UTI, ulinastatin; SUL, sulforaphane; DON, donepezil;
STZ, streptozotocin.

learning, memory, cognition via inhibition of AChE activ-
ity [68] and activation of brain-derived neurotrophic fac-
tor (BDNF)-mTOR [27] as well as Nrf2-HO-1 (Heme oxy-
genase) signaling pathway [69]. SUL increases the ex-
pression of choline acetyltransferase (chAT) [68], Nrf2, 
and tissue inhibitor of metaloproteinases 2 (TIMP2) gene 
[70] that, promote learning, memory, spatial memory, 
synaptic plasticity and hippocampal function. Also, SUL 
prevents neuronal apoptosis of the hippocampal region 
via upregulating p-Akt, phospho-glycogen synthase kin-
ase 3 beta (p-GSK3), nerve growth factor (NGF) and 
BDNF expressions [33]. In addition to this, SUL admin-
istration modulates Nrf2 and inhibits NF-kB activation 
and therefore, production of inflammatory markers hence, 
inflammation [71,31]. Protective effects of SUL have also 
been observed against cholinergic dysfunction [68], oxi-
dative stress [30], endothelial dysfunction, BBB disruption 
[28] and neuronal apoptosis [32]. Therefore, beneficial 
effects of UTI on spatial memory, learning, reversal mem-
ory and executive functioning, observed in this study may 
have been due to its beneficial effect against endothelial 
dysfunction, oxidative stress, inflammation, and AChE 
activity.

SUL administration has protective effect on the endo-
thelial function and integrity of the BBB [28]. SUL admin-
istration in the current study increases the serum nitrite/ni-

trate levels by increasing the expression of eNOS mRNA 
which, further increases the nitric oxide levels [72]. Also, 
in-vitro study suggests that, SUL administration inhibits 
the AGE-RAGE axis whose, excessive production are 
known to cause endothelial dysfunction [73]. In addition 
to this, SUL restores the BBB integrity via inhibiting 
MMP-9 expression and restoring claudin-5 as well as oc-
cluding expression [74]. The cumulative effect of all these 
may enhance the endothelial function. The activation of 
Nrf2 gene via SUL administration further, reduces the vas-
cular superoxide production [72]. In addition to this, 
treatment with SUL reduces the lipid peroxidation as ob-
served by the reduced TBARS levels in the present study 
also [30]. Furthermore, SUL mediates transcriptional acti-
vation of the Nrf2 gene with the antioxidant response ele-
ment (ARE) in their promoters [75]. Nrf2/ARE activation 
by SUL further induces antioxidant enzymes (SOD, CAT, 
GSH) that enhance the antioxidative effect [76]. Further-
more, SUL decreases the levels of TNF-, IL-6, MPO and 
increases the levels of IL-10 by inhibiting the NF-kB and 
activating the Nrf2 pathway [29]. Hence, SUL shows ben-
eficial effects against reduced learning, memory, endothe-
lial dysfunction, oxidative stress, inflammation, and AChE 
activity which, may be responsible for its effects against 
diabetes induced vascular endothelial dysfunction and 
related dementia.
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Fig. 9. Effect on histopathological studies. The Nissl staining of cerebral cortex of STZ diabetic rats (400× magnification; scale bar = 10 m). (A) 
Control group, showing closely packed neuronal cells with vesicular nuclei; (B) STZ group, showing many pyknotic and chromatolytic cells with 
irregular shape and condensed nuclei; (C) STZ ＋ UTI group, showing few closely packed neuronal cells along with less number of pyknotic and 
chromatolytic cells; (D) STX ＋ SUL group, showing increased number of normal neuronal cells with fewer pyknotic and chromatolytic cells; (E) STZ ＋
UTI ＋ SUL group, showing greater number of normal closely packed neuronal cells along with very few number of pyknotic cells depicting 
beneficial effect of combination; (F) neuronal count. ap ＜ 0.05 vs. control group; bp ＜ 0.05 vs. STZ group.
Results are expressed as mean ± standard deviation (n = 8), one-way ANOVA (sigma stat 12.5) followed by Bonferroni’s post hoc test. F (4, 35) = 
31.267.
UTI, ulinastatin; SUL, sulforaphane; STZ, streptozotocin.

Furthermore, as UTI is known to inhibit neuronal apop-
tosis [21,55,62], cognitive dysfunction [16], cerebral ede-
ma [14], oxidative stress [21,55], inflammation [15,16], 
as well as cerebral expression of MMP-9, Zonula occlu-
dens-1 (ZO-1), occludin [15], and -amyloid proteins 
[16], the beneficial effects of UTI in the current study may 
have been due to its neuroprotective effect. Also, SUL is 
known to ameliorate vascular cognitive impairment [27], 
neuronal apoptosis [33], neurotoxicity [33], oxidative 
stress [30], neuroinflammation [29,31], depression like 
behavior, and promote neurogenesis [24] therefore, the 
beneficial effects of SUL in the present study may have 
been due to its neuroprotective effects. Also, On the basis 
of our data, we observed that, the combination therapy of 
UTI and SUL provide better neuroprotection against dia-
betes induced endothelial dysfunction and related de-

mentia, as compared to neuroprotection observed by the 
administration of UTI and SUL alone. Furthermore, it is 
important to mention that, this is the first study which is 
assessing the combinatorial effect of these agents. No oth-
er study has previously assessed the combinational effect 
of these agents. UTI and SUL both activates Nrf2 and in-
hibits NF-kB pathway [31,60,71]. SUL further activates 
KEAP1 independent of Nrf2 that increases the expression 
of anti-oxidant enzymes [76]. Therefore, the reduction in 
the oxidative stress and inflammation using combinatorial 
therapy could have been due to the synergistic aspect of 
the drug combination.

Donepezil, a highly selective, potent, and reversible in-
hibitor of the AChE is a well-established drug for the man-
agement of memory dysfunction in AD patients [77]. 
Clinical study has already demonstrated the benefits of 
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donepezil in inflammation, oxidative stress, and impaired 
cognition [77]. Further, its efficacy has already been dem-
onstrated in several experimental models of VaD [8-11]. 
Hence, we have selected donepezil and used it as a pos-
itive control in the present study.

Thus, we can conclude that, UTI and SUL alone as well 
as in combination, provide beneficial effects by improv-
ing learning, memory, reversal memory, executive func-
tioning, endothelial function, oxidative status, inflamma-
tion, and brain cholinergic activity in STZ induced dia-
betes induced endothelial dysfunction and related VaD. 
However, the anti-diabetic effect and dose dependent ef-
fect of the target drugs, were not studied in the present 
study. Also, the elaborative mechanistic study of the target 
drugs in neuroprotection were not assessed which, be-
comes the limitation of this study. Thus, future studies 
should be planned to assess the dose- dependent and an-
ti-diabetic effects of these agents along with, identifying 
elaborative mechanisms to elucidate the full potential of 
these agents in diabetes induced vascular endothelial dys-
function and related dementia.
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