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ABSTRACT

Background: Diabetes mellitus is known to cause cognitive impairment that can be possibly attributed to deficient
levels of leptin in diabetic animals. This study was undertaken to study the effect of administration of leptin on spatial
learning, memory and blood glucose levels in diabetic rats.

Methods: Rats were divided into three groups. The first group was the control group. Diabetes was induced in groups
2 and 3 by streptozotocin (STZ) injection (60 mg/kg) intraperitoneally. Group 2 received saline while group 3
received leptin (0.1 mg/kg) subcutaneously for 10 days from 4" day of STZ administration. Behavioural assessment
was done in T maze after 21 days of the last injection of leptin. Blood glucose levels were also analysed.

Results: The number of correct arm entries decreased while time spent being immobile and time spent to reach the
correct arm increased in the diabetic group when compared to the control group and correct arm entries increased
while time spent immobile and time spent to reach the correct arm decreased with leptin treatment when compared to
the diabetic control rats. Blood glucose levels increased in the diabetic rats while leptin administration reduced blood
glucose levels in the group 3.

Conclusions: Our study suggests that leptin can improve learning and memory while also producing a slight
reduction in the blood glucose levels in diabetic rats.
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INTRODUCTION

Diabetes mellitus (DM) is fast gaining the status of
potential epidemic in India with more than 62 million
diabetic individuals currently diagnosed with the disease.’
About 422 million people are diabetics worldwide. In
2012, diabetes was the direct cause of 1.5 million deaths.?
It is associated with reduced life expectancy, significant
morbidity due to microvascular  complications,
macgrovascular complications and diminished quality of
life.

DM is associated with cognitive deficits and an increased
risk of dementia, particularly in the elderly. These deficits

are paralleled by neurophysiological and structural
changes in the brain. In animal models of diabetes,
impairments of spatial learning occur in association with
distinct changes in hippocampal synaptic plasticity. At
the molecular level these impairments might involve
changes in glutamate-receptor subtypes, in second-
messenger systems and in protein Kkinases. The
multifactorial pathogenesis of diabetic encephalopathy is
not yet completely understood, but clearly shares features
with brain ageing and the pathogenesis of diabetic
neuropathy. It involves both metabolic and vascular
changes, related to chronic hyperglycaemia but probably
also defects in insulin action in the brain.*
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Recently, the association of diabetes with dementia and
cognitive dysfunction has gained attention.® Patients with
DM are 1.5 times more likely to develop Alzheimer‘s
disease and 2.5 times more likely to develop vascular
dementia than those without diabetes.® In patients with
type 1 diabetes, changes are seen in the first five to seven
years of life when the brain is developing. Studies in
adults showed that a specific set of cognitive functions is
affected by type 1 DM, including mental processing
speed and flexibility and attention. Other important
functions, such as memory and learning, planning and
inhibition seem to be unaffected in these patients.” The
profile of cognitive decrements in type 2 DM is generally
similar to that found in type 1 DM.® The most striking
difference is that type 2 DM is associated with decreased
memory and learning performance and vascular brain
lesions are more prominent. °

It is well documented that leptin plays a pivotal role in
the regulation of food intake and body weight via
signalling information about the status of fat stores to
leptin receptors expressed on specific hypothalamic
nuclei. Studies have shown that leptin plays an important
role in modulating higher cognitive functions such as
learning and memory and that leptin is a potential
cognitive enhancer as it rapidly alters glutamate receptor
trafficking processes and in turn the efficacy of
hippocampal excitatory synaptic transmission.

It is well documented that cognitive deficits are prevalent
in diabetics. As obesity and obesity-linked disorders such
as type |l diabetes are associated with resistance to leptin,
it is feasible that leptin dysfunction plays a role in
cognitive impairments in these individuals.’® However it
was found that when type 1 diabetic children are insulin
deficient, which is classically the case at initial
presentation, their leptin levels are subnormal to a control
population. Furthermore, their leptin levels do not
correlate with BMI, indicating that factors besides
adiposity are operational. Soon after the institution of
insulin therapy (within 24 hr), leptin levels increase
significantly before any appreciable weight gain. These
levels become comparable to non-diabetic levels after 3-5
days of insulinization. At that point, leptin levels
correlate with insulin dose. These results suggest a
stimulatory role of insulin on leptin production.* Due to
the lack of adequate evidence on the relationship between
leptin and its beneficial effects (if any) on impaired
learning and memory in type ldiabetes, we decided to
conduct this experiment to study the effects of leptin on
spatial learning, memory and blood glucose levels in
streptozotocin induced diabetes mellitus in male albino
wistar rats.

METHODS
Experimental animals

All experiments were performed after prior permission
from the Institutional Animal Ethics Committee (IAEC),

Government Medical College, Surat, Gujarat, India.
Committee is constituted in accordance with Committee
for the Purpose of Control and Supervision on
Experiments on Animals (CPCSEA) guidelines, Ministry
of Environment and Forests (Animal Welfare Division),
Government of India, New Delhi, India during 1 year
period (November 2015 to October 2016). Male wistar
albino rats (150-250 gms) were procured from the Central
Animal House of Government Medical College, Surat.

Rats were housed in standard transparent polypropylene
cages and kept under controlled room temperature and
humidity (26+30 °C; 40£5%) in a 12 hr light-dark cycle.
Animals were acclimatized for one week to laboratory
conditions before starting the experiment. The rats were
given standard laboratory diet and water ad libitum.

Prior to the day of initiation of the experiment, the rats
were fasted for 12 hours with free access to water. Day 1
is taken as the day of beginning of the study.

Drugs

Streptozotocin: Streptozotocin was purchased in powder
form from Venus Chemicals Centre, Vapi. It was
dissolved in normal saline (100 mg/5 ml) and
administered in a dose of 60 mg/kg of body weight
intraperitoneally (1.P.).

Leptin: Leptin (recombinant rat leptin) was purchased in
powder form from Labdhee Laboratories, Ahmedabad. It
was dissolved in distilled water to get the concentration
of 1 mg/ml and was given to the rats in a dose of 0.1
mg/kg of body weight subcutaneously (S.C.).*?

Induction of diabetes

Diabetes was induced in the rats by injecting
streptozotocin in the dose of 60 mg/kg body weight, I.P.,
in all the 3 groups. It was injected once, on day 1.

To assess if diabetes had been successfully induced,
blood glucose analysis was done by a glucometer, 72
hours after the injection.

Experimental design

There were a total of 3 groups in the study with each
group containing 5 animals. 15 rats were allocated
randomly into each group.

Group 1 (control group): This group consisted of healthy
rats which received no treatment.

Group 2 (diabetic rats receiving normal saline): The rats
in this group were given streptozotocin 60 mg/kg 1.P. on
the first day of conduction of the experiment. After
checking for successful induction of diabetes, normal
saline in the dose of 0.1 mg/kg was administered S.C.
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from the 4" day (of streptozotocin injection) onwards, for
10 consecutive days. The injection sites were

alternatively changed (interchanging between the right
and left hip).

Table 1: Experimental design.

Treatment received (day 1

Group1l No treatment No treatment
Group 2 g;réeé)tozotocm 60 mg/kg I.P. Normal saline 0.1 mg/kg S.C.
Group 3 grt]fg)tozotocm By gy [P Leptin 0.1 mg/kg S.C.

Group 3 (diabetic rats receiving leptin): The rats in this
group were given streptozotocin 60 mg/kg 1.P. on the first
day of conduction of the experiment. After checking for
successful induction of diabetes, leptin in the dose of 0.1
mg/kg was administered S.C. from the 4" day (of
streptozotocin injection) onwards, for 10 consecutive
days. The injection sites were alternatively changed
(interchanging between the right and left hip) (Table 1).

Behavioural assessment

Four weeks after the streptozotocin injection, behavioural
assessment in terms of spatial learning and memory was
done by using the T maze.

Procedure

Rats after the successful induction of diabetes were
subjected to behavioural assessment in the T maze test
after completing the required treatment lengths.*

Habituation

Initially the rats were made to run in the T maze for a
period of 4 days so that they adapt to the T maze and can
differentiate between the right and left sides. This
habituation made them well versed with the maze and
provided them with the orientation required for the future
trials. Visual cues in the form of different shapes of a
triangle and a cylinder were placed alongside both the
arms to allow the rats to distinguish between the left and
the right sides. White paper was placed in the floor of the
maze which was removed after every trial so that the
fecal matter and urine left behind by the rat during the
trial doesn’t guide their choice in the next trial.

Main task

After the habituation was complete, the main test
procedure was carried out. Each rat had to undergo 20
trials spaced out on a total of 5 days. Every day, 2
sessions were conducted divided to take place in the
morning and afternoon with each session comprising of 2
trials. Hence each day, a total of 4 trials occurred. Each
trial comprised of 2 phases, phase | and phase 1l. Phase |
was the phase assigned to learning. The rat was placed at
the base of the T. It was allowed to make a choice by

Treatment received ( day 4

Behavioral assessment (day 14

Behavioural assessment was done on the T
maze after 4 weeks of streptozotocin
injection.

selecting either the left or the right arm of the T maze.
Whichever arm the rat chose, it was confined in it by
placing the block at the end of the arm for a period of 30
seconds to help retain the information regarding the
choice of side. After 30 seconds, the rats were removed
from the blocked arms and placed in a cage outside the
maze for 1 minute. The block was removed and the rat
was again placed in the base of the T and allowed to run
and make a choice.

A correct alternation was said to have been made when
the rat chose the arm which was not previously chosen.
The distance was measured from the base of the T to the
entry point of the arm chosen and the task was said to be
complete when the whole body along with the tail was
inside of the arm chosen. The time taken to reach the
arm, the time spent immobile and the speed of the rats
were noted for each run.

Results were analysed by one way ANOVA followed by
Tukey’s post hoc test.

Ethical approval

All experiments were performed after prior permission
from the Institutional Animal Ethics Committee (IAEC),
Government Medical College, Surat, Gujarat, India.
Committee is constituted in accordance with CPCSEA
guidelines, Ministry of Environment and Forests (Animal
Welfare Division), Government of India, New Delhi,
India.

RESULTS

The purpose of this study was to determine if the
administration of leptin to the group 3 rats caused a
reduction in the blood glucose levels and an improvement
in the cognitive functions when compared to the group 1
and group 2 rats. The behavioural assessment was done
using the T maze and the rats were tested on the following
parameters:

e Time taken to reach arm in both phases, phase | and
phase II.

e Time spent immobile in both phases, phase | and
phase Il.

e  Speed of the rat in both phases, phase | and phase 1.

e Whether the rat alternated correctly or not.
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Apart from the parameters tested on the T maze, blood
glucose analysis was also done to determine the effect of
leptin on blood glucose. The results obtained are
described below.

Result of blood glucose analysis

Streptozotocin administration to the group 2 and group 3
rats led to an increase in the blood glucose levels when
compared to the group 1 rats. Leptin administration to the
group 3 rats however brought about a decrease in the
blood glucose levels when compared to the group 2 rats
which received normal saline.

Leptin administration did not bring down the blood
glucose levels to the levels of the control rats (group-1)
however they were significantly lowered when compared
to the levels of group 2 rats (Table 2).

Table 2: Blood glucose levels in mg/dl.

Group Day 1 Day 4 Day 14

I (control) 74277 726287 74.2+1.68
Il (diabetic- 235064 076.8+4.42 284.8+6.61
normal saline)

1 (diabetic- 255,595 270.8+5.18 236+9.06
leptin)

Results are expressed as Mean+SEM (N=5 for each group). The
readings are then analysed to assess a difference between the
three groups. ANOVA followed by Tukey’s post hoc test
revealed a significant difference between the three groups
(p<0.01).

Results of the behavioural assessment

The analysis done on the T maze was done to assess the
cognition of the diabetic rats and compare it with the
controls as well as with those rats that had received leptin.
The assessment was done on the basis of the following
parameters:

Results were analysed by one way ANOVA followed by
Tukey’s post hoc test. There was a statistically significant
difference observed between the group 1 and group 2, as
well as group 1 and group 3 (p<0.01). Statistically
significant difference was also observed between the
group 2 and group 3 (p<0.01) (Table 3).

Table 3: Forced alternation rate.

Group Meantsem

Group 1 84+2.915
Group 2 57+4.062*
Group 3 65+1.581*#

*P<0.01 as compared to control; #p<0.01 as compared to group
2.

There is a statistically significant difference between the
three groups with reference to the P1 using one way

ANOVA followed by Tukey’s post hoc test. While the
difference was statistically significant between group 1
versus group 2 and group 2 versus group 3 (p<0.01),
difference was also observed between group 2 and group
3 (p<0.05) (Figure 1).

45
40
35 =
30

# #
timein 25
Seconds 20 |
pl  p2

Figure 1: Time taken to reach the target arm.
*P<0.01 as compared to group 1; #p<0.05 as compared to group
2; "p<0.05 compared to group 1.

Egroup 1

* group 2
= group 3

pl stands for time of phase 1
p2 stands for time of phase 2.

In P2, statistically significant difference has been
observed between the 3 groups using one way ANOVA
followed by Tukey’s post hoc test. Group 2 and group 3
were significantly different from the control rats at the
p<0.01 and 0.05 respectively. Group 2 differed from
group 3 and the difference was significant (p<0.05).

There is a statistically significant difference between the
three groups with reference to the il using one way
ANOVA followed by Tukey’s post hoc test. While the
difference was statistically significant between group 1
versus group 2 and group 2 versus group 3 (p<0.01),
difference was also observed between group 2 and group
3 at (p<0.01) (Figure 2).

¥ group 1
¥ group 2
®group 3

*
*
* *
# #
time in
seconds
: I
il i2

i1 indicates the time of phase 1
i2 indicates time of phase 2

Figure 2: Time spent immobile while performing the
task.
*P<0.01 as compared to group 1; #p<0.01 as compared to
group 2.

In i2, statistically significant difference has been observed
between the 3 groups using one way ANOVA followed
by Tukey’s post hoc test. Group 2 and group 3 were
significantly different from the control rats (p<0.01).
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Group 2 differed from group 3 and the difference was
significant (p<0.01).

There is a statistically significant difference between the
three groups with reference to the sl using one way
ANOVA followed by Tukey’s post hoc test. While the
difference was statistically significant between group 1
versus group 2 and group 1 versus group 3 (p<0.05), no
statistically significant difference was also observed
between group 2 and group 3 (Figure 3).

“.groupl
¥group 2
@ group 3

speed in

m/sec

s2
s1 indicates data for phase 1
s2 indicates data for phase 2

Figure 3: Speed of the rats while performing the task.
*P<0.05 with respect to the group 1; #p<0.01 with respect to
group 1.

In s2, statistically significant difference has been observed
between the 3 groups using one way ANOVA followed
by Tukey’s post hoc test. Group 1 and group 3 were
significantly different from the control rats (p<0.05).
Group 1 differed from group 2 (p<0.01) and no
statistically significant difference was observed between
the group 2 and group 3 in s2 as well.

DISCUSSION

Cognitive dysfunction with its wide range, from mild
cognitive impairment through dementia, is one of the
chronic complications of diabetes mellitus.® About 80%
of people with Alzheimer’s disease may have diabetes or
impaired fasting glucose.™ There is a faster deterioration
of cognition in diabetic patients rather than non-diabetic
elderly ones.”

Studies have shown that in patients with type 1 diabetes,
cognitive dysfunction is characterized by a slowing of
mental speed and a diminished mental flexibility. In some
studies, sparing of learning and memory functions was
reported, while some studies showed deficits in
psychomotor efficiency and learning and memory.'**’
This heterogeneity is probably caused by differences in
patient characteristics and the psychometric paradigms
used. Consequently, the exact pattern and magnitude of
cognitive dysfunction is still unclear.'®

Leptin has multiple, complex actions on insulin-sensitive
tissues and the hormones of the endocrine pancreas, all of
which likely contribute to glucose homeostasis. Both
leptin deficiency and leptin resistance have a profound
impact on metabolism in rodents and humans. Leptin
replacement can dramatically improve metabolism in
cases of leptin deficiency, and now even shows promise
as a therapy for insulin deficient type 1 diabetes.™®

As a result of the profound ability of leptin to modulate
glucose homeostasis, leptin holds therapeutic potential for
the treatment of metabolic disorders.® Clinical trials
showed that leptin had modest weight-reducing effects in
some obese individuals.”® One such metabolic disorder
that is accompanied by inappropriately low leptin levels is
type 1 diabetes.

Although insulin therapy restores circulating leptin levels
in typel diabetes, studies in rodents show that higher
doses of leptin might have additional therapeutic effects
on glycemia. Leptin is now being tested clinically as an
adjunct to insulin therapy for type 1 diabetic patients.?’

In our study, the main focus was on the fasting blood
sugar and the behavioural assessment done on the T maze
which tested the animals on the time taken to reach the
arms, the time spent immobile and the speed with which
they reached their targets.

The assessment of blood glucose showed that there was a
statistically significant increase in the blood glucose
levels in the group 2 and group 3 after the administration
of streptozotocin as checked on the 4™ day since the
beginning of the experiment. The administration of leptin
to the group 3 rats caused a decrease in the levels of
glucose (levels measured on day 14) when compared to
glucose levels of the same rats as seen on day 4 (post
diabetes induction) as well as when compared to the
glucose levels of the group 2 rats as seen on day 14.

These results are in line with the findings of the study
conducted by Ghasemi et al."? Ghasemi and his colleagues
in their study showed that leptin administration in the
same dose as the one used in our study brought about a
decrease in the levels of blood glucose in the rats. This
decline in the blood glucose paralleled the improvement
in cognition seen in their study.

This decrease in blood glucose levels by leptin may be
explained by the fact there is a hypothesised crosstalk
between the leptin and the insulin intracellular signalling
pathways at the level of phosphatidylinositol-3 kinase
(P13-kinase).?* In skeletal muscle, the insulin effect on
glucose uptake is mainly mediated by GLUT4
translocation. A central role of PI3-kinase, both in the
signalling to GLUT4 translocation and glycogen
synthesis, has been demonstrated.?*® It is also in
accordance with preliminary studies of skeletal muscle
that demonstrated increased (up to 2-fold) GLUT4
expression in leptin-treated mice, which suggests that
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glucose uptake (and insulin sensitivity) may be enhanced
by leptin in the presence of normal levels of insulin and
glucagon.?*

Contrasting results have also been observed in some
studies in which administration of leptin decreased insulin
levels. In our study, the administration of leptin caused a
reduction in the blood glucose levels which might be
attributed to the above mentioned ability of leptin to
enhance glucose uptake by the skeletal muscles as well as
the insulin sensitising action of leptin.

When the alternation rates (Table 3) were compared
between the 3 groups it was found that the alternation rate
of the control group (group 1) was the highest at 84%.
The alternation rate of the group 3 (diabetic rats that had
received leptin) was 65%, which was more than that of
the group 2 rats, i.e. 57% but less than the control rats.
This can be explained by the findings of studies done
previously that showed that moderate cognition
impairment of learning and memory, particularly
impairment of spatial learning and memory occurs in
diabetic rats.”

Alternation reflects the rats’ motivation to explore new
environments and look out for food shelter etc. This
alternation is based on their working memory which in
turn is comprised of their short term learning and
information gathering tendencies and ability to remember
events.

Diabetes causes a dysglycemic picture in which episodes
of hyperglycemia alter with episodes of hypoglycaemia.
This causes damage to the brain seen as changes in the
white matter in various studies. This damage is evident as
deficit in the working memory of the rats and can be seen
as a reduction in the exploratory tendencies as evident in
the T maze alternation test.

The other parameters that were tested were the time taken
to reach the target arms, the time spent immobile by the
rodents and the speed of the animal while performing the
task. Time taken to complete the task indicated the ability
of the animal to take a decision to choose one particular
side, its exploratory tendency and motivation to complete
the task. Time spent immobile was an indicator of
sluggish nature of reflexes and the inability to carry
forward with the task of moving around in the maze.
Speed is an important parameter to check for the
development of cognitive impairment in type 1 diabetes.
Cognitive impairment commonly manifests as a reduction
in speed of the animal performing the task.

In our study, group 2 rats, i.e. the rats that had received
normal saline after becoming diabetic, showed a marked
reduction in their performance when compared to the
control rats measured by an increase in the time taken to
reach the target arms in both the phases of the experiment
(Figure 1). This showed a decrease in both the learning
ability (as seen in the phase 1) and the memory (as seen in

phase 2). The time spent immobile in both the phase 1 and
phase 2 increased when compared to the control rats and
the speed with which the rats performed the task
decreased. All of these findings indicated that cognitive
impairment had developed in the diabetic rats.

This impairment can be attributed to the occurrence of
hyperglycaemic episodes that might have alternated with
hypoglycaemic episodes as well as the direct toxic effects
of streptozotocin. Hyperglycemia is not known to cause
such dramatic changes in the cognition in such a short
duration of 1 month. It might be a contributing reason but
not the major cause of the deficits seen in cognition.

On the other hand, the episodic occurrence of
hypoglycaemia might be a major contributor to the
damage caused to the central nervous system (CNS) in
diabetes. Hypoglycaemia causes localised hyperaemia and
neurovascular changes which are dependent on neuronal
oxygen consumption.®® Hypoglycaemia causes glutamate
release and activation of neuronal glutamate receptors,
production of reactive oxygen species, neuronal zinc
release, activation of poly (ADP-ribose) polymerase, and
mitochondrial permeability transition all of which cause
damage to the CNS.

In a study done by Ghasemi et al results were obtained on
similar lines and streptozotocin administration caused an
increase in the time taken to find the platform and
increase in the escape latency indicating cognitive
impairment.*?

Leptin administration to the group 3 rats in our study
brought about a decrease in the time taken to reach the
target arm in both the phases (1 and 2), decreased the time
spent immobile (Figure 2) and increased the speed of the
rodent when compared to the group 2 rats, however the
changes were not statistically significant (Figure 3). When
compared to the control rats (group 1), the time taken to
reach the target and the time spent immobile were more.
The speed with which the animals performed the task was
also less when compared to the group 1 control rats.

The inference that can be drawn from these results is that
while leptin administration produced an improvement in
the cognitive assessment parameters in the diabetic rats
when compared to the diabetic controls, the improvement
was not so pronounced as to be comparable with the
group 1 non diabetic rats indicating a modest
improvement in cognition.

In the experiment performed by Ghasemi et al,
administration of leptin produced improvement in
learning and memory functions.'? Leptin in their study
also produced a reduction in the glucose levels which was
parallel to the cognitive improvement seen in the diabetic
rats. Our study findings seemed to be consistent with this
study.
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Leptin is known to increase the sensitivity to insulin
however its effects on increasing or decreasing insulin
levels have not been clearly known with some studies
revealing an increase in insulin production post leptin
administration as some demonstrating a decrease in
insulin levels. Leptin by its effect on glucose homeostasis
wherein it increases the glucose uptake by the peripheral
tissues, reduces glucose production by the liver, reduces
food intake by acting on the satiety centre, and normalises
glucagon levels.?” The mechanism by which leptin does
this is complex and is multifactorial.

The action of leptin on JAK-STAT pathway, on the
Phosphatidylinositol-4,5-bisphosphate  3-kinasepathway
in the hypothalamus, on the arcuate nucleus and the
proopiomelanocortin cells which bring about the actions
of leptin are all responsible for the glucose homeostasis.
Leptin acts on the NMDA receptors, the ATP-sensitive
K* channels in the hypothalamus and Ca®*-activated K*
channels in the hippocampus bringing about the
regulation of neuronal excitability.?

Leptin is known to have neurogenetic potential by causing
synaptic modulation and dendritic growth and facilitates
the conversion of short term potentiation into long term
potentiation.” Leptin also puts a brake on AMPK
overactivity which is essential in its cognition improving
effect.®

Leptin administration in congenital leptin deficiency has
proven to be beneficial in clinical studies. It has decreased
insulin levels, increased insulin sensitivity, lowered levels
of triglycerides while improving HDL levels. Effects on
thyroid hormone levels, immune function have also been
reported.®® Its use as a magic bullet for weight loss has
been sparked after multiple clinical trials showing benefit
in obesity. However this weight loss isn’t sustained for a
long period of time and hence brings about the idea that
the weight loss brought about by leptin can have multiple
factors playing role in synergism. All these roles of leptin
can be considered to be contributory to its memory
improving action. Leptin in human studies has also shown
benefits in cases of mild cognitive impairment wherein it
was associated with other metabolic alterations and its
circulating serum levels were low.

There is a bridge between the clinical and the
experimental studies done to assess the role of leptin in
cognition with both the study types pointing out towards
the fact that leptin’s effect on cognition is an
indispensible and yet a less explored arena.

CONCLUSION

It is concluded that the glucose lowering effect of leptin
along with all the above mentioned actions contributed to
the benefit observed in the rats. Our study thus showed
that leptin administration caused a reduction in the blood
glucose levels in the rodents and proved to be beneficial
in improving the learning and memory of the rats. The

mechanism of action by which leptin brought these
improvements is multifactorial and needs to be elucidated
in further studies.
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