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Swimming training and Plantago 
psyllium ameliorate cognitive impairment 
and glucose tolerance in streptozotocin–
nicotinamide‑induced type 2 diabetic rats
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Abstract 

Brain malfunction is common in diabetic patients. On the other hand, a growing body of research points to the bene‑
ficial effect of medicinal plants and exercise training on insulin sensitivity and brain function. Therefore, the aim of the 
present study was to investigate the effect of co-administration of swimming training and Plantago psyllium (mixed 
with standard pelleted food at a weight ratio of 5%) on learning and memory impairment and glucose tolerance in 
type 2 diabetic rats. For this purpose, 10 healthy and 40 rats with type 2 diabetes were randomly allocated to five 
groups: healthy sedentary control group (Con), sedentary diabetic group (D), diabetic group subjected to swimming 
training (D + Tr), diabetic group receiving P. psyllium (D + Ps), and diabetic group subjected to swimming training and 
receiving P. psyllium (D + Ps + Tr). Diabetes was induced by a single intraperitoneal injection of nicotinamide (120 mg/
kg) and streptozotocin (65 mg/kg) separately with 15 min intervals. Experimental groups were treated with swimming 
training and P. psyllium independently and simultaneously for 12 weeks. Lipid profile and food intake were measured 
and also, glucose tolerance was evaluated by glucose area under the curve (AUCg) using an oral glucose tolerance 
test. Passive avoidance learning (PAL) and memory were evaluated by shuttle box test and cognitive memory was 
assessed by novel object recognition (NOR) and elevated plus-maze (EPM) tests. Diabetic rats exhibited a significant 
increase in food intake, lipid profile, and AUCg compared to healthy rats. Step-through latency in the PAL acquisition 
trial (STL-a) and retention test (STL-r) were significantly lower in diabetic rats than in the control group. In the diabetic 
group without treatment, time spent in the dark compartment increased compared to the control group in the 
shuttle box test. Discrimination index and distance traveled reduced in diabetic rats. On the other hand, swimming 
training and P. psyllium alleviated food intake, lipid profile, and glucose tolerance in diabetic rats. Also, the STL-a, STL-r, 
discrimination index, and distance travelled in the D + Ps + Tr group were significantly more than the diabetic group. 
Results showed that 12 weeks of swimming training and receiving P. psyllium improved memory deficit in streptozo‑
tocin–nicotinamide-induced type 2 diabetic rats possibly through hypolipidemic and hypoglycemic effects. These 
results suggest that the administration of swimming training and P. psyllium simultaneously might be an effective 
intervention for the treatment of diabetes-induced behavioral deficits.
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Introduction
Diabetes mellitus is the most common group of hetero-
geneous metabolic and inflammatory disorders that its 
prevalence has risen dramatically in the twenty-first cen-
tury in developed and developing countries. According 
to the World Health Organization (WHO) [1], the total 
number of patients with diabetes is projected to rise from 
171 million in 2000 (2.8%) to 366 million in 2030 (4.4%), 
and also the prevalence of diabetes in adults is predicted 
to rise to 10.4% (642 million) in 2040 [2, 3].

Dyslipidemia and dysfunctional glucose are the com-
mon complications of patients with type 2 diabetes that 
is characterized by elevated levels of cholesterol, low-
density lipoprotein (LDL), and triglyceride (TG), and 
decreased levels of high-density lipoprotein (HDL) that 
result from insufficient and defective insulin secretion, 
insulin resistance, or both [4]. Dyslipidemia and abnor-
malities in carbohydrate and lipid metabolism and also 
insulin resistance lead to cognitive impairments and are 
risk factors for the development of Alzheimer’s disease 
(AD) and dementia in diabetic patients. Metabolic dis-
orders affect the morphology and plasticity of the hip-
pocampus and result in cognitive deficits [5, 6].

The origin of cognitive deficits in diabetes is not yet 
clear [7]. It has been reported that memory deficits are 
related to the functional and structural deficit in the cen-
tral neuron system [8]. In this regard, reduced cerebral 
blood flow and amplitude of low-frequency fluctuations 
in brain infarcts and the amygdala increased volume of 
the ventricular and white matter, impaired network integ-
rity, abnormal microstructure and atrophy of the whole 
brain, particularly the grey matter and hippocampus, as 
well as alterations in glutamate neurotransmission were 
observed in diabetic patients with cognitive dysfunction 
[9, 10]. Also, hyperglycemia induces the overproduction 
of pro-inflammatory and inflammatory cytokines (neuro-
inflammation) and toxic accumulation of amyloid-beta 
(Aβ) [6], and eventually, these changes cause cell death 
[11].

Exercise training regimens are the main non-pharma-
cological strategy to reduce various difficulties related 
to mood disorders and metabolic diseases. Exercise 
training has been suggested to prohibit cognitive defi-
cits caused by different chronic disorders affecting 
neurological function [12, 13]. In this regard, previous 
studies have confirmed that exercise training, espe-
cially aerobic training raises cell proliferation in the 
dentate gyrus [14] and hippocampal plasticity [15], 

up-regulates brain-derived neurotrophic factor (BDNF) 
and neuron growth factor (NGF) and down-regulates 
the genes associated with oxidative stress [12, 16]. Most 
studies have used running training [17–19] to assess 
the effect of exercise training on diabetes-induced neu-
rodegenerative diseases, and the protective or offensive 
role of swimming training in memory performance is 
not yet clear.

On the other hand, recently, the focus has shifted to 
the use of herbs for the treatment of diabetic compli-
cations due to their lower side effects [20]. Plantago 
major L. is one of these medical plants with anti-hyper-
glycemic, lipid-lowering, and hypolipidemic effects. 
It is a member of the Plantaginaceae family with two 
medicinal species of Isabgol (Plantago ovata) and psyl-
lium (Plantago psyllium) [21]. Psyllium is native to the 
Mediterranean area and is high in both fiber and muci-
lage (10%–15%) [22]. A meta-analysis published in 2015 
reported that consuming psyllium before meals reduced 
fasting blood glucose (FBS) concentration (−37.0  mg/
dL) and glycated hemoglobin (HbA1c) [−0.97% 
(−10.6  mmol/mol)] in subjects under treatment for 
type 2 diabetes [23]. Also, psyllium fiber decreased LDL 
and TG in type 2 diabetic patients [24]. The beneficial 
effect of dietary P. psyllium on memory deficit in dia-
betic patients has not yet been demonstrated.

Therefore, for the first time, the present study was 
designed to evaluate the possible ameliorative effects 
of swimming training and P. psyllium on the cognitive 
malfunction, insulin sensitivity, and lipid profile in type 
2 diabetic rats.

Methods
Animals
Fifty male albino Wistar rats (200–250  g, 6–8  weeks 
old) were prepared from the animal house of the 
Hamedan University of Medical Science. They were 
adapted to the environment for 1  week prior to the 
initiation of the experiments. All rats were caged in 
conventional conditions (12:12 h light:dark cycle, tem-
perature: 22 ± 2 ℃, and humidity: 50 ± 5%) with ad libi-
tum access to purified water and standard chow.

Experimental design
Ten healthy and 40 diabetic rats were randomly allocated 
to five groups: healthy sedentary control group (Con, 
n = 10), sedentary diabetic group (D, N = 10), diabetic 
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group subjected to swimming training (D + Tr, n = 10), 
diabetic group receiving P. psyllium (D + Ps, n = 10), 
and diabetic group subjected to swimming training and 
receiving P. psyllium (D + Ps + Tr, n = 10) (Fig. 1). Animal 
Care Committee for Laboratory Animal Research of the 
Hamedan University of medical science reviewed and 
approved all animal experiments in this study.

Diabetic induction and blood glucose monitoring
After the adaptation period, all experimental rats were 
deprived of food for 12  h before each injection for dia-
betes induction. A single dose of streptozotocin (STZ; 
65  mg/kg) (Sigma-Aldrich, Saint Louis, MO) dissolved 
in 0.1  mol citrate buffer (pH 4.5) was intraperitoneally 
injected into the rats. Then, before STZ injection, nico-
tinamide (120  mg/kg, soluble in normal saline) was 
injected intraperitoneally to the rats after the fasting 
period. STZ was injected after 15  min of nicotinamide 
administration. Healthy rats were injected with the same 
dose of buffer solution. After 72 h, blood was taken from 
the tail area, and fasting blood sugar levels were ascer-
tained by a glucometer (Arkray Glucocard 01 mini). Ani-
mals with fasting blood sugar levels above 250  mg/dL 
were considered diabetic rats.

Swimming training protocol
The exercise training protocol was carried out as men-
tioned in other papers [25, 26] with slight modifica-
tions. Animals in the training groups were subjected 
to progressive freestyle swimming in temperature-
controlled (32 ± 2  °C) swimming pools for 12  weeks. 
The swimming exercise was performed in plastic bar-
rels (45 cm in diameter) filled with water to a depth of 
50  cm. For alleviating stress and adaptation to swim-
ming, animals were adapted to water prior to initiating 
the experiment for 1  week (5 sessions per week, each 
session 10 min) with no addition of a weight to the tail. 
Rats were swimming in the pool alone during the light 

cycle. The initial exercise sessions during the first week 
were performed for 15 min and 5 days per week. In the 
second to the seventh week, in the overload phase, the 
length of the swimming exercise training gradually was 
increased to 30 min per day, and from the eighth to the 
twelfth week, the exercise duration was kept constant 
(40  min/day, 5  days/week) with 2  days of rest. During 
swimming, a weight corresponding to 2% of the body 
weight was attached to the rats’ tails.

Plantago psyllium preparation and food intake evaluation
Plantago psyllium was collected from the local market of 
Hamedan and approved by the Department of Pharmacy 
of the Hamedan University of Medical Science. In Iran, 
most research centers provide normal animal food from 
Pars Animal Feed Company, which contains (100  g of 
the food) carbohydrates (57 g), protein (17.5 g), fat (2 g), 
fiber (6.6  g), vitamins and mineral s(4.9  g), and energy 
(316 kcal). Five grams of P. psyllium was mixed with 1 l of 
water to obtain a homogeneous mixture, and then 95 g of 
normal food was added to the mixture, followed by mixing 
with a mixer to obtain a homogeneous dough. P. psyllium 
was mixed with standard pelleted food at a weight ratio of 
5%. The dough was then poured into a meat grinder for 
making rat food pellets and the rat pellets were obtained. 
The pellets were placed in a covered environment and 
after drying, and the rats were fed with them. To ensure 
the consumption of P. psyllium by rats, the weight of the 
remained rat’s food was recorded. For food intake meas-
urement, food weight was subtracted from its amount in 
the previous day at a specific time each day. Also, the rats’ 
weights were also measured on a specific day each week.

Open field test
In order to assess the general locomotor activity and 
exploratory behavior of rats, an open field test was 
applied [27]. Briefly, the apparatus is a 100 × 100 × 40 cm 

Fig. 1  The experimental timeline. The type 2 diabetes model was induced by a single intraperitoneal injection of nicotinamide (120 mg/kg) and 
streptozotocin (60 mg/kg), and confirmed by a fasting glucose level of ≥ 250 mg/dL three days later. Swimming training began one day after 
confirmation of diabetes and the rats underwent 12 weeks of progressive swimming training. During swimming training, Plantago psyllium-treated 
groups received P. psyllium mixed with standard pelleted food at a weight ratio of 5% for 12 weeks. For the measurement of locomotion, an open 
field test was employed, for the assessment of cognitive memory, the novel object recognition (NOR) and elevated plus-maze (EPM) tests were 
used, and for the measurement of aversive (acquisition and retention) learning and memory after the training programs, the shuttle box test was 
used
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hypethral box with the bottom divided into four identi-
cal squares on the floor of the arena. Each rat was posi-
tioned in the center of the cage and the distance travelled 
as locomotor activity and exploratory behavior [28] were 
observed over 5 min using the EthoVision video tracking 
system (Noldus, Leesburg, VA, USA).

Novel objects recognition (NOR) test
Novel object recognition (NOR) test was used for assess-
ing non-spatial and the hippocampal-dependent recog-
nition memory of treated and non-treated rats [29–31]. 
This test is used to measure cognitive memory in rodents 
and is based on the integrity of the hippocampus. The 
test was done within 3 days: habituation day, training 
day, and testing day as previously described [32, 33] with 
some minor modifications. During training, conditions 
were provided for the rat to explore two identical objects. 
On the test day, one of the training objects was replaced 
by another object that was different in appearance (shape 
and color). Exploration time of each object (time spent 
sniffing or touching the object but not leaning against 
or sitting or standing on the object) was recorded. The 
discrimination index was also calculated as follows: 
DI = (TNO–TFO)/(TNO + TFO) × 100), where TNO is 
the exploration time of the novel object and TFO is the 
exploration time of the familiar object [33, 34]. It should 
be noted that all sessions were video recorded and ana-
lyzed blindly.

Elevated plus‑maze (EPM) test
The anxiolytic activity was evaluated by the ele-
vated plus-maze (EPM) test. As previously described 
[35], the EPM apparatus consists of two oppos-
ing closed arms (10 × 50  cm) and two opposing open 
arms (50 × 10 × 50  cm) connected by a central square 
(10 × 10  cm), and the maze is elevated 80  cm from the 
floor. Each rat was placed in the center of the appara-
tus facing one of the closed arms and allowed to search 
inside the apparatus for 600 s. Video recording of each rat 
was later analyzed for time spent in closed arms. After 
each trial, the apparatus was cleaned with 10% ethyl alco-
hol. It should be noted that all behavioral assessments 
were performed during the light cycle.

Passive avoidance learning (PAL) test: shuttle box
Passive avoidance memory was evaluated by the shuttle 
box test according to our previous papers [12, 13, 36–38]. 
The device had lighted and dark compartments similar in 
dimension (20 × 20 × 30  cm), with a grid stainless-steel 
rod floor connected to a shock generator and a guillotine 
door separating two compartments. At first, in order to 
acclimatize in the acquisition trial, the rat was placed in a 

lighted section and then, the guillotine door was opened. 
Thirty seconds after the rat entered the dark section, it 
was returned to its home cage. After 30 min, this test was 
repeated. When the animal had the whole body in the 
dark section, the entrance latency to the dark section in 
the acquisition trial (step-through latency, STL-a) was 
measured. The guillotine door between two sections was 
closed and then, an electrical shock was applied (0.8 mA) 
to the rat for 2 s. Thirty seconds after receiving the elec-
trical shock, the rat was returned to its home cage. The 
test was carried out again after 2 min. Each time the rat 
re-entered the dark section, it received an electric shock. 
When the rat stayed in the light section for 120 s, the test 
was finalized and the number of trials was recorded [12, 
13, 39].

The retention test was executed 24 h following the PAL 
acquisition trial. In this phase, the rat was placed in the 
light section and the guillotine door was opened for 5 s, 
and then, the step-through latency in retention test (STL-
r) and the time spent in the dark section (TDC) were 
measured for 600 s [13, 40].

The oral glucose tolerance test (OGTT)
One of the most common methods for assessing glu-
cose homeostasis and insulin sensitivity in rodents is the 
OGTT. Briefly, 24  h after the shuttle box test, the rats 
were administered with glucose solution (2 g/kg b.w.) by 
oral gavage following overnight fasting. At 0, 30, 60, 90, 
and 120 min after the glucose load, plasma glucose was 
measured. The glucose area under curve (AUCg) during 
the OGTT was calculated [41].

Measurement of biochemical parameters
One day after OGTT, blood was collected from the por-
tal vein and centrifuged at 3000 rpm for 10 min at 4 ℃. 
Serum levels of TG, cholesterol, LDL, HDL, and very low-
density lipoproteins (VLDL) were measured by an enzy-
matic photometric test using Pars Azmoon test kits (Pars 
Azmoon Co., Iran). Also, the atherogenic index (AI = log 
(TG/HDL)) was measured. Serum blood glucose con-
centration was measured by the glucose oxidase method 
(Pars Azmoon kits, Iran) based on the manufacturer’s 
instructions. The experimental timeline is shown in Fig. 1.

Statistical analyses
The data were analyzed using the SPSS version 20.0 (IBM 
SPSS Statistics). Shapiro–Wilk test was used to deter-
mine the normal distribution of data. The statistical dif-
ference between the groups was estimated using one-way 
ANOVA and Tukey’s post hoc test. A 5 × 4 mixed-plot 
factorial repeated measures ANOVA was performed 
to analyze for differences in 0, 30, 60 and 120 min after 
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the glucose load, plasma glucose between the groups. 
The data were expressed as mean ± standard error of 
the mean. A p-value of 0.05 was considered statistically 
significant.

Results
Open field test
The distance traveled was different between experimental 
groups (F = 2.96, p = 0.03). The results showed that there 
was a significant decrease in distance travelled in the dia-
betic group compared to the control group (p = 0.02). 
However, distance travelled was significantly lower in the 
D + Ps and D + Tr groups compared to the control group 
(p = 0.01 and p = 0.01, respectively, Fig. 2). Furthermore, 
the diabetic rats subjected to swimming and receiving 
the herb had higher activity scores compared to the dia-
betic group (p = 0.01). There was no significant difference 
between the control and D + Tr + Ps groups in this regard 
(p = 0.89).

Novel object recognition test
Statistical analyses showed that DI was different between 
experimental groups (F = 45.3, p = 0.0001). As shown 
in Fig.  3, untreated diabetic rats showed a significant 
decrease in DI (p = 0.0001) compared to the control 
group. Treatment with P. psyllium significantly increased 
DI similar to the rats treated with P. psyllium that were 
subjected to swimming training compared to the diabetic 
control rats (p = 0.0001 and p = 0.0001, respectively). DI 
in the D + Tr + Ps group was more than that of the D + Ps 
group, but this difference was not statistically significant 
(p = 0.08). Furthermore, swimming exercise insignifi-
cantly promoted DI in diabetic rats (p = 0.06).

Elevated plus‑maze test
As shown in Fig. 4, statistical analyses showed that time 
spent in closed arms was not significantly different 
between the experimental groups (F = 0.54, p = 0.9).

Passive avoidance learning test
As demonstrated in Fig.  5, statistical analyses showed 
that STL-a was different between groups (F = 6.01, 
p = 0.0001). STL-a was significantly lower in diabetic 
rats than in the control group (0.003). Swimming train-
ing and treatment with P. psyllium caused a significant 
increase in the STL-a compared to the diabetic rats 
(p = 0.003). Furthermore, there were no significant differ-
ences between the D + Ps and D + Tr groups compared to 
the control (respectively, p = 0.18, p = 0.16) and diabetic 

Fig. 2  Comparison of the experimental groups regarding the 
distance travelled as locomotor activity and exploratory behavior in 
the open field test. P. psyllium and swimming training synergistically 
increased locomotor activity and exploratory behavior compared to 
the control diabetic group. Values are presented as mean ± SEM. # 
Significant difference compared to the diabetic rats (p ≤ 0.05) and * 
the significant difference compared to the control group (p ≤ 0.05)

Fig. 3  Comparison of the groups regarding the discrimination 
index in the novel object recognition test. Plantago psyllium intake 
for 12 weeks with and without swimming training promoted the 
discrimination index, but swimming training alone had no effect 
on the discrimination index in this test. Values are presented as 
mean ± SEM. # Significant difference compared to the diabetic group 
(p ≤ 0.05) and * significant difference compared to the control group 
(p ≤ 0.05)

Fig. 4  Anxiolytic activity using the elevated plus-maze (EPM) test 
evaluated by the time spent in closed arms in diabetic rats subjected 
to swimming training and receiving Plantago psyllium. There was no 
significant difference between the experimental groups. Values are 
presented as mean ± SEM
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(respectively, p = 0.34, p = 0.52) rats in the acquisition 
trial.

As shown in Fig. 6, the number of trials to acquisition 
was not significantly different between the experimental 
groups (F = 0.35, p = 0.83). Although the number of trials 
to acquisition was more in the diabetic rats (p = 0.96) and 
slightly decreased in the D + Tr + Ps group, these differ-
ences were not significant (p = 0.87).

STZ-induced diabetes affected memory retention 
as shown in Fig.  7. Statistical analyses showed dif-
ferences in STL-r between the experimental groups 
(F = 61.17, p = 0.0001). The results indicated that STL-r 
of diabetic animals significantly reduced compared to 
the control group (p = 0.0001). Regarding the effect of 

swimming training and P. psyllium on the learning ability 
of the diabetic animals, STL-r was found with a signifi-
cant increase, which was significant (0.0001) in the group 
subjected to swimming training and receiving P. psyllium 
simultaneously.

Comparison of TDC in the shuttle box test between 
diabetic and control rats revealed significant differences 
between the groups (F = 117.4, p = 0.0001, Fig.  8). In 
the diabetic group without treatment, TDC significantly 
increased compared to the control group (P = 0.0001). 
Swimming training and P. psyllium treatment indepen-
dently had no effect on TDC in diabetic rats (p = 0.44 
and p = 0.1, respectively). Treatment of diabetic rats 

Fig. 5  Comparison of the groups regarding step-through latency 
in the acquisition trial (STL-a) in the shuttle box test. Diabetic rats 
had a lower STL-a compared to the healthy rats. Swimming training 
and consumption of Plantago psyllium elevated STL-a compared to 
the diabetic rats. Values are presented as mean ± SEM. # Significant 
difference compared to the diabetic rats (p ≤ 0.05) and * significant 
difference compared to the control group (p ≤ 0.05)

Fig. 6  The number of trials to acquisition between the experimental 
groups. There was no significant difference between the 
experimental groups; which means that swimming training and P. 
psyllium had no effect on the number of trials to acquisition in the 
PAL test. Values are presented as mean ± SEM

Fig. 7  Step-through latency in the retention phase (STL-r) of the 
passive avoidance learning test. Swimming training and Plantago 
psyllium synergistically ameliorated STL-r, but the treatments alone 
had no effect on STL-r in diabetic rats. Values are presented as 
mean ± SEM. # Significant difference compared to the diabetic rats 
(p ≤ 0.05) and * significant difference compared to the control group 
(p ≤ 0.05)

Fig. 8  Comparison of the groups regarding the time spent in 
the dark compartment (TDC). Diabetic rats stayed in the dark 
compartment longer than healthy rats and swimming training 
and Plantago psyllium synergistically mitigated TDC compared to 
the other diabetic groups. Values are presented as mean ± SEM. # 
significant difference compared to the diabetic rats (p ≤ 0.05) and * 
significant difference compared to the control group (p ≤ 0.05)
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subjected to swimming training with P. psyllium simulta-
neously reduced the TDC (p = 0.0001).

Food intake and AUCg in type 2 diabetic rats
Statistical analyses showed that daily food intake was 
significantly different between the groups (F = 78.8, 
p = 0.0001). Diabetic rats showed significantly 
(p = 0.0001) higher intake of food compared to the con-
trol group. The food intake in diabetic rats was almost 
twice compared to the healthy control rats. In this regard, 
food intake in the training groups was more than healthy 
control rats (p = 0.0001). It was noteworthy that food 
intake in the training groups with and without P. psyl-
lium supplementation significantly decreased compared 
to the control diabetic rats (p = 0.03 and p = 0.01, respec-
tively). Daily food intake between the D + Ps, D + Tr, and 
D + Ps + Tr was not different (Fig. 9).

Fig. 9  Daily food intake in the control and diabetic rats. Analysis of 
variance revealed a significant difference between the experimental 
groups. The food intake in diabetic rats was almost twice compared 
to the healthy control rats. Values are presented as mean + SEM. # 
Significant difference compared to the diabetic rats (p ≤ 0.05) and * 
significant difference compared to the control group (p ≤ 0.05)

Fig. 10  A Plasma glucose levels in 0, 30, 60 and 120 min after glucose load in experimental groups and B glucose area under the curve in oral 
glucose tolerance test (OGTT). Analyses showed insulin resistance in diabetic rats was 5 times higher than in healthy rats. Exercise training and 
P. psyllium independently and simultaneously significantly decreased AUCg in diabetic rats. Values are expressed as mean + SEM. # Significant 
difference compared to the diabetic rats (p ≤ 0.05), * significant difference compared to the control group (p ≤ 0.05), and † significant difference 
compared to the diabetic group subjected to swimming training and receiving P. psyllium (D + Ps + Tr group) (p ≤ 0.05)
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As shown in Fig.  10, AUCg was different between 
the groups (F = 1267.7, p = 0.0001). Type 2 diabetic 
rats had the largest AUCg, and diabetes caused a sig-
nificant increase in AUCg compared to the healthy rats 
(p = 0.0001). Importantly, consumption of P. psyllium by 
diabetic rats caused a significant reduction (p = 0.0001) 
in the AUCg compared to the diabetic group, and this 
effect was almost as large as that of diabetic rats that 
performed only swimming training. Swimming training 
also significantly reduced (p = 0.0001) the AUCg com-
pared to the control diabetic group. Swimming training 
and P. psyllium showed the greatest significant reduction 
(p = 0.0001) in the AUCg so that the amount of AUCg 
was almost equal to the healthy control rats. AUCg in 
response to treatments decreased, but it was still more 
than (p = 0.0001) healthy rats. In general, the results 
showed that between the study groups, the lipid profile in 
the D + Ps + Tr group was the closest to the lipid profile 
in healthy rats.

Serum biochemical parameters
Diabetic rats exhibited a significant (p ≤ 0.05) increase 
in TG, cholesterol, LDL, VLDL, and AI compared to 
the normal rats. On the other hand, HDL and weight 
in diabetic rats were less than healthy rats. Swimming 
training with and without P. psyllium consumption ame-
liorated biochemical parameters in diabetic rats. Swim-
ming training and P. psyllium consumption for 12 weeks 
simultaneously increased HDL (p = 0.001) and weight 
and decreased LDL (p = 0.0001), VLDL (p = 0.0001), TG 
(p = 0.0001), cholesterol (p = 0.0001), and AI in diabetic 
rats. The changes in the lipid profile and AI of healthy 
and diabetic rats in different experimental groups are 
illustrated in Table 1.

Fasting glucose (F = 43.73, p = 0.0001) was significantly 
different between the experimental groups. As shown in 
Table 1, fasting glucose significantly increased in diabetic 

rats compared to the healthy rats (p = 0.0001). Swimming 
training and P. psyllium consumption independently and 
simultaneously ameliorated fasting serum glucose in dia-
betic rats (0.0001).

Discussion
Cognitive decline in diabetes
The results showed an increase in daily food intake, 
serum glucose levels, TG, cholesterol, LDL, and VLDL 
in streptozotocin–nicotinamide-induced type 2 diabetic 
rats compared to the healthy rats. In contrast, HDL and 
insulin sensitivity in diabetic rats were less than healthy 
rats. Elevated levels of TG and cholesterol in diabetes are 
related to hippocampal lipid metabolism [42]. It has been 
reported that diabetes reduces brain abilities. The asso-
ciation between lipid profile elevation and brain function 
dysfunction has not yet been elucidated, but recently, 
it has been shown that an increase in lipid profile can 
partially reduce the integrity of the hippocampus, the 
primary brain structure for encoding and recalling mem-
ories. Hippocampus viscoelasticity is negatively associ-
ated with serum TG levels and the TG/HDL-C ratio [43]. 
In this regard, the results of this study showed that diabe-
tes decreases the general locomotor activity and passive 
avoidance, and cognitive memory, but anxiolytic activ-
ity, despite an insignificant increase, was not affected by 
diabetes induction. These findings are similar to previous 
studies, in which diabetes-induced behavioral deficits 
in rodents have been reported [44, 45]. Also, an over-
view of prospective observational studies showed that 
diabetes caused a 1.2- to 1.7-fold increase in the odds of 
cognitive decline [46]. Patients with diabetes are more 
susceptible to AD compared to non-diabetic patients 
[47]. Glucose deregulation and decreased action of insu-
lin are central to the development and progression of 
dementia in diabetic patients. An elevation in blood glu-
cose levels is associated with cognitive impairment and 

Table 1  Biochemical parameters in different experimental groups

Values are presented as mean ± SEM. aSignificant difference compared to the diabetic rats (p ≤ 0.05), bsignificant difference compared to the control group (p ≤ 0.05), 
and csignificant difference compared to the diabetic group subjected to swimming training and receiving P. psyllium (D + Ps + Tr group) (p ≤ 0.05)

Variables Con D D + Ps D + Tr D + Ps + Tr

Weight (g) 420 ± 14 348 ± 23b 401 ± 34a,b 352 ± 25b 358 ± 15b

Fasting glucose 
(mg/dl)

105.2 ± 9.7 290 ± 18.7b 222 ± 12.6a,b,c 189.3 ± 13.3a,b 180.4 ± 19.2a,b

TG (mg/dl) 101.2 ± 13.7 206.8 ± 29.3b 185.2 ± 16.3a,b,c 136.3 ± 16.3a,b 134.4 ± 18.2a,b

Cholesterol (mg/dl) 154.2 ± 11.6 241.8 ± 29.3b 198.6 ± 12.3a,b,c 177.3 ± 12.4a,b,c 163.3 ± 13.7a

HDL (mg/dl) 37.5 ± 5.8 22.4 ± 4.3b 23.3 ± 4.6b,c 27.3 ± 3.3b 30.6 ± 4.1a,b

LDL (mg/dl) 33.6 ± 3.6 53.2 ± 4.1b 49.3 ± 3.7b,c 45.6 ± 4.2a,b,c 37.9 ± 5.6a

VLDL (mg/dl) 30.1 ± 4.3 48.4 ± 3.1b 45.2 ± 2.9b 40.3 ± 5.2a,b 33.8 ± 5.6a

Atherogenic index 0.43 ± 0.08 0.96 ± 0.08b 90 ± 0.05b 70 ± 0.03a,b 65 ± 0.07a,b
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brain grey matter volume depression [48]. The molecu-
lar mechanism of diabetic encephalopathy (pathologi-
cal brain damages) in diabetic patients is complex and 
poorly understood. Several mechanisms have been pro-
posed to play a critical role in diabetic encephalopathy 
and cognitive deficits in STZ-induced diabetic rats. Insu-
lin resistance leads to the formation of neurofibrillary 
tangles and the deposition of extracellular Aβ plaques. 
Both pathways facilitated neurodegeneration in diabetic 
and AD patients. On the other hand, chronic hypergly-
cemia promotes inflammation and oxidative stress in the 
hippocampus [49]. Chronic inflammation and oxidative 
stress can result in neurogenesis reduction, disruption 
of neuronal functioning, loss of synapses, a decline in 
neurotransmitter release, and increased neuronal death 
in the dentate gyrus of the hippocampus and the sub-
ventricular zone through damage to the cell membranes, 
DNA, and protein structure [46]. The decreased num-
ber and function of neurons in the hippocampus causes 
memory loss [50]. Different pathways are involved in the 
development of dementia in diabetic patients. Malfunc-
tion of NMDA and AMPA glutamate receptors, which 
are involved in cognitive processes, occurs in diabetic 
patients [51]. Recently, Aleksandra (2020) in a review 
paper, introduced C-reactive protein (CRP), microRNAs 
(miRNAs), paraoxonase 1 (PON-1), glycogen synthase 
kinase 3β (GSK-3β), phosphoinositide 3-kinases (PI3K), 
amylin, dopamine, gamma-glutamyl transferase (GGT), 
various growth factors (NGF, TGF, and BDNF), and 
homocysteine, as the main actors in neurodegeneration 
in AD, mild cognitive impairment, and dementia [52]. 
Also, the consequences of elevated lipid levels, such as 
inflammation, can cause memory deficits in diabetic rats.

Effect of exercise training on cognitive deficit
Strategies used for the treatment of diabetes can prevent 
or delay cognitive impairment. Physical activity is one of 
the most effective strategies. It has become known that 
exercise training decreased inflammation and stress oxi-
dative, which are the main causes of memory deficit in 
diabetic patients [53, 54]. The result of this paper showed 
that 12  weeks of swimming training insignificantly pro-
moted passive avoidance memory (↑26% STL-a, ↑23% 
STL-r, and ↓9% TDC), locomotor activity, and explora-
tory behavior (↑7% distance traveled), and non-spatial 
cognitive memory (↑ 7% DI) compared to the seden-
tary diabetic rats. Also, exercise training significantly 
decreased LDL, VLDL, TG, and cholesterol and pro-
moted HDL and insulin sensitivity in streptozotocin–nic-
otinamide-induced type 2 diabetic rats. Training-induced 
lipid levels and insulin sensitivity amelioration may 
improve memory impairment in diabetic rats. In agree-
ment with our study, Mehta et  al. [54] showed that 

exposure to running wheel for 6  weeks reversed dia-
betes-associated cognitive decline by reduced levels of 
neuroinflammatory markers (IL-1β, TNF-α, and MCP-
1) and hippocampus neuronal density. They concluded 
that aerobic exercise could partially reverse memory 
deficit by reducing oxidative stress and inflammation in 
the brain of animals with type 2 diabetes [54]. Also, our 
laboratory reported that resistance training for 10 weeks 
ameliorated cognitive deficit in type 1 diabetic rats. 
Type, intensity, and duration of training program may 
be effective interfering factors to determine the success 
rate of training to reverse memory deficit. In this regard, 
Zarrinkalam et  al. demonstrated that different types of 
exercise (endurance, resistance, and concurrent) exert 
similar effects on spatial memory, but they have distinct 
effects on aversive memory in morphine-dependent rats 
[13]. Therefore, the type of exercise can be one of the rea-
sons for the discrepancy between the results of this study 
and other studies.

Different mechanisms have been proposed for the ame-
liorative effect of exercise training to reverse hyperglyce-
mia-associated neurological complications, such as the 
management of energy metabolism and synaptic plas-
ticity [55]. A significant increase in hippocampal acetyl-
choline levels (the primary neurotransmitter responsible 
for learning and memory) was observed in response to 
aerobic training [54]. New evidence indicates that hip-
pocampal neurogenesis and neuronal density elevation, 
blood–brain barrier (BBB) permeability reduction, and 
gene expression modulation (an elevation in the expres-
sion of genes that belong to the synaptic modulation and 
signal transduction categories, such as BDNF, Orexin-1, 
and claudin-5) are likely involved in the promotion of 
brain abilities in response to exercise training in type 2 
diabetic patients [55–58].

Effect of P. psyllium on cognitive deficit
The results of this paper showed that long-term P. psyl-
lium consumption promoted passive avoidance memory 
(↑29.6% STL-a, ↑11% STL-r, and ↓13% TDC), locomotor 
activity, exploratory behavior (↑16.6% distance traveled), 
and non-spatial cognitive memory (↑145% DI) compared 
to the sedentary diabetic rats. Also, P. psyllium decreased 
TG, LDL, VLDL, and cholesterol levels and increased 
HDL levels and glucose homeostasis. This is the first 
study that evaluated the protective effect of P. psyllium on 
behavioral deficit under hyperglycemic condition; how-
ever, the molecular mechanism of this protective effect 
is not clear and needs more studies in the future. The 
main focus of diabetes management is glycemic control 
and some herbs, such as P. psyllium, are very effective in 
this regard. P. psyllium has been used for the treatment 
of inflammatory diseases and its anti-hyperglycemic and 
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lipid-lowering effects have been reported in animal stud-
ies. Moran et al. and Ziai et al. demonstrated that treat-
ment with P. psyllium for 6–8 weeks through decreased 
intestine glucose uptake reduced plasma lipid and glu-
cose levels in patients with type 2 diabetes [59, 60]. Nev-
ertheless, the exact ingredients in the plant responsible 
for the protection have not yet been identified and more 
studies are needed.

Protective effect of swimming training and P. psyllium
The main finding of this study was that co-adminis-
tration of swimming training and P. psyllium reversed 
memory impairment in streptozotocin–nicotinamide-
induced type 2 diabetic rats. Swimming training and P. 
psyllium increased passive avoidance memory (↑69.5% 
STL-a, ↑74% STL-r, and ↓29% TDC), locomotor activ-
ity, exploratory behavior (↑30% distance traveled), and 
non-spatial cognitive memory (↑172% DI) compared to 
the sedentary diabetic rats. The important point is that 
co-administration of swimming training and P. psyllium 
for 12  weeks completely reversed locomotor activity 
and non-spatial cognitive memory in streptozotocin–
nicotinamide-induced type 2 diabetic rats. The values of 
STL-a, DI, and distance traveled, which were impaired in 
response to metabolic disease, were not significantly dif-
ferent between the D + Ps + Tr and healthy rats. Swim-
ming training and P. psyllium simultaneously ameliorated 
lipid profile and insulin sensitivity. The concomitant use 
of the extract and swimming training was more effective 
than the extract or swimming training alone.

Hypolipidemic and hypoglycemic effects of swimming 
training and P. psyllium are probably due to the activation 
of PPAR-Y, triggering glucokinase activity in the liver, and 
inducing glucose transporter-4 expression. Co-admin-
istration of swimming training and P. psyllium is prob-
ably more effective on inflammation and oxidative stress 
suppression in diabetic rats. As a result, the simultane-
ous use of these two factors possibly causes more neuro-
genic effects in the brain of diabetic rats. Lipids inhibit 
the intracellular signaling pathway of insulin to open glu-
cose channels. It is possible that exercise training and P. 
psyllium simultaneously promoted insulin sensitivity and 
memory deficit in diabetic rats via decreased lipid levels, 
consequences such as inflammation, oxidative stress, and 
viscoelasticity of the hippocampus, and these changes 
promote brain function.

Conclusion
According to the obtained results, we concluded that 
long-term swimming training and receiving P. psyllium 
simultaneously improved memory deficit and insulin 
sensitivity in streptozotocin–nicotinamide-induced type 

2 diabetic rats through the amelioration of lipid profile. 
These results suggest that swimming training and P. psyl-
lium simultaneously might be an effective intervention 
for the treatment of diabetes-induced behavioral deficit.
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