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Abstract

Purpose Derangements of liver transcriptional factors and enzymes have important implications in diabetes-induced related
complications. Hence, this study which consists of two experimental phases was aimed at evaluating the possible underlying
molecular mechanisms of intermittent fasting (IF), exercise starvation and honey in streptozotocin (STZ)-mediated liver
damage in diabetic rats.

Methods The diabetic rats were treated orally with distilled water (0.5 ml/kg), IF, starvation and honey at 1 g/kg body weight
in the non-diabetic phase for four (4) weeks. After STZ injections, four (4) weeks of IF, exercise, starvation, and honey
therapy were used as interventions prior to a biochemical evaluation of the liver.

Results IF and exercise greatly decreased liver transcription factor (resistin, SREBP-1c), inflammatory cytokines/enzyme
(TNF-a, IL-6, IL-18, MPO) as well as oxidative and nitrergic stress with correspondence increased liver PPAR-y, IL-10,
SOD, CAT and GSH in diabetic rats unlike starvation and honey regimen relative to diabetic controls. Furthermore, IF and
exercise significantly improved hepatic glycogen synthase and decreased glycogen phosphorylase in diabetic rats compared to
the diabetic control group, but starvation and honey therapy had no such influence. IF and exercise strategically reduces STZ-
induced liver metabolic disorder via through modulation of liver transcriptional factors and inhibition of pro-inflammatory
cytokines, oxido-nitrergic and adipokine signaling pathway.
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Abbreviations SOD Superoxide dismutase

STZ Streptozotocin, CAT Catalase

IF Intermittent fasting MDA Malonaldehyde

TNF-« Tumor necrotic factor-alpha, LPO Lipid peroxidation

IL-6: Interleukin-6 NO Nitric oxide,

IL-1B Interleukin-1 beta MPO Myeloperoxidase

IL-10 Interleukin-10 SREBPIc Sterol regulatory element binding protein 1c
GSH Glutathione reductase PPAR-y  Peroxisome proliferator-activated receptor-y

< Benneth Ben-Azu

pharmbendever @yahoo.com; bbenazu@pums.edu.ng 4 Department of Physiology, University of Medical Sciences,

Ondo, Ondo State, Nigeria
Department of Physiology, Faculty of Basic Medical ) ) ] )
Science, College of Health Sciences, Delta State University, Department of Medical Biochemistry, Faculty of Basic
Abraka, Delta State, Nigeria Medical Science, College of Health Sciences, Delta State

University, Abraka, Delta State, Nigeria
Department of Hunan Physiology, Achievers University,
Owo, Ondo State, Nigeria Department of Physiology, Faculty of Basic Medical Science,

) ) Babcock University, [llisan-Romo, Ogun State, Nigeria
Department of Pharmacology, Faculty of Basic Medical

Science, College of Health Sciences, Delta State University,
Abraka, Delta State, Nigeria

@ Springer


http://orcid.org/0000-0003-3569-3575
http://crossmark.crossref.org/dialog/?doi=10.1007/s40200-022-01173-2&domain=pdf

516

Journal of Diabetes & Metabolic Disorders (2023) 22:515-527

Introduction

Diabetes is a type of metabolic syndrome marked by a sus-
tained rise in blood glucose levels caused by insulin insuf-
ficiency or an inappropriate insulin response [1]. There
are two types of diabetes: type I diabetes, which result
from depleted levels of insulin, while the type II diabetes
is associated with low sensitive to insulin [1]. In 2021, it
was estimated that the cases of diabetes would increase up
to 537 million cases particularly in adults (20-79 years)
according to the IDF Diabetes Atlas 10" Edition 2021.
Moreover, diabetes has been adjudged among the top 10
causes of organ complication and death globally. As a
result, investigations are therefore imperative to develop
an optimum diabetes treatment with particular focus on
natural strategies [2].

Preclinical and clinical evidence have shown that pro-
longed sedentary lifestyle plays important role in aging-
related metabolic disorders, and it is one of the important
key players involved in the diabetes pathogenesis and asso-
ciated complications. Of note, oxidative and inflammatory-
related mechanisms have been increasingly postulated to
be implicated in the pathogenesis of sedentary lifestyle-
induced diabetes [3]. Free radical production from ele-
vated blood sugar levels is thought to enhance the release
of pro-inflammatory cytokines and contribute to the dete-
rioration of metabolic systems that control glucose homeo-
stasis and liver function. Notably, insulin desensitization
or hypofunction, obesity, and hunger have all been linked
in clinical settings with pro-inflammatory cytokines such
tumor necrosis factor alpha (TNF-a), interleukin (IL)-6,
IL-12, and IL-18 as well as diminished antioxidant armo-
ries [3, 4].

Investigations have shown that increased sedentary life
with reduce exercise have been postulated as possible fac-
tors promoting obesity and T2DM which are character-
ized of low-grade inflammatory activity [5, 6]. Intermit-
tent fasting and exercise have been hypothesized as viable
strategies to improve the quality of metabolic activity in
persons who are vulnerable to T2DM [7, 8]. Indeed, inter-
mittent fasting, which is a low-grade metabolic dietary
strategy consisting of consumption of low-grade calories
over a long period of time has been suggested as a pos-
sible health approach to mitigate the negative impacts of
diabetes in vulnerable individuals [8].

Honey which is organically synthesized by Apis mel-
lifera bees, is a natural sweetener with diverse nutritional
and health promoting functions. Studies showed that the
multipronged activities of honey include but not limited
to antioxidant, anti-inflammatory [9], central nervous sys-
tem adaptogenic effect [10], immune booster, promotes
weight loss and therefore, it is used as an apitherapeutic
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agent [9, 10]. Honey has also been previously reported
to demonstrate neuropharmacological properties such as
anxiolytic, antidepressant and memory enhancing activity
[10]. Although previous studies have shown that honey
possesses hepatoprotective property specifically examin-
ing some liver enzymes and lipid profiles [2, 10, 11], how-
ever its effects on liver transcriptional factors, inhibition of
proinflammatory cytokines, oxido-nitrergic and adipokine
signaling pathways on streptozotocin-induced diabetes-
mediated liver damage remain obscured. Additionally, it
is uncertain how exercise, famine, and intermittent fasting
affect these pathways to cause liver damage after strepto-
zotocin-induced diabetes. This study is aimed to investi-
gate the effects of intermittent fasting, starvation, exercise,
and honey on streptozotocin-induced liver damage in rats
through modulation of liver transcriptional factors, inhi-
bition of proinflammatory cytokines, oxido-nitrergic, and
adipokine signaling pathway given the variety of beneficial
effects of these practices in neurological and metabolic
disease conditions [9, 10].

Materials and methods
Animals

The Delta State University Ethical Use of Animals
Research Committee (RC) prepared protocols that were
followed for using adult male Wistar rats in this work. The
reference number for these protocols was given as REC/
FBMS/DELSU/21/121. Sixty-six (66) adult Sprague—Daw-
ley rats were used in the investigation, all of which were
similar in age (10-12 weeks) and weight (180-250 g).
After two-week acclimatization period, the rats were
housed in a normal environment with uniform housing,
photoperiod conditions (12 h of light and 12 h of dark-
ness), and a room temperature of 280-300 °C. All the rats
used in the study were housed in hygienic wooden cages
with free access to water and a regular diet of rat chow.

Chemicals

In Abraka, Delta State, honey was acquired from a neigh-
borhood market (Golden Glory, Australia). The honey was
mixed with distilled water and administered to the rats as
a gavage (1 g/kg/day). Sigma-Aldrich provided the strep-
tozotocin (STZ, 99 percent purity) (Germany). All addi-
tional compounds were also bought from Sigma-Aldrich
and were of analytical quality (Germany).
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Induction of diabetes

To induce diabetes, streptozotocin (STZ, 50 mg/kg) was
mixed with a newly prepared 0.1 M citrate buffer (pH 4.5).
The night following STZ injections in a sucrose solution
(10 g/100 mL), rats were allowed unlimited access to con-
ventional rat chow to prevent hypoglycemia, as determined
by a glucometer. An intraperitoneal injection of freshly made
0.1 M citrate buffer (pH 4.5) without STZ was given to the
non-diabetic normal control group. Treatments began four
weeks after STZ or citrate buffer injections.

Drugs and their preparations

The doses of honey [2, 11], STZ [11] and distilled water [11]
were selected on the ground of historical dose and response
effects and preliminary studies.

Animal grouping after diabetogenic induction

Sixty-six (66) rats in total were split into the experimental
diabetic and non-diabetic groups. Unlike the diabetic tests,
which are separated into six cohorts (n = 6), the non-diabetic
phase was shared to five cohorts (n=5). The groups in this
phase include the non-diabetic control group, the starving
group, the intermittent fasting group, and the honey (1 g/
kg body weight) group. Diabetics and honey (1 g/kg body
weight) are both considered to be in the diabetic phase.

Physiological intervention approach
Intermittent fasting (IF) intervention

The IF intervention group underwent a 16-h period of com-
plete food restriction, followed by an additional 8 h of unlim-
ited access to rat chow, but only between 12 p.m. and 8 p.m.
The experiment was conducted according to previous meth-
odology for 28 days. The IF group had unlimited access
to water throughout the experiment. The study monitored
changes in body weight and food intake.

Starvation intervention

To assess the effects of starvation, rat chow was withheld for
two weeks. Rats were only given food every 48 h for 12 h
after fasting for 36 h. The rats were thus denied food for 36
consecutive hours. Rats were then only provided for 12 h.
It is important to note that none of the rats died during the
prolonged starvation.

Exercise intervention

According to the Szalai et al. [12] technique, the trained ani-
mals were housed in individual wheeled cages (Accelerator
Ltd., Budapest, Hungery) to which they had free access 24 h
a day. The exercise strategy was designed to differentiate
between the health benefits of exercise and the added burden
of forced exercise programs, a paradigm of voluntary bal-
ance cycling. For consistency, each animal was allowed to
jog a maximum of 4 km per day.

Collection and preparation of Blood/tissue sample

The rats were put to sleep under diethyl ether anesthesia fol-
lowing an overnight fast at the end of the fourth (4™) week.
Heparinized tubes were used to take blood from the retroor-
bital venous plexus. The acquired blood samples were cen-
trifuged to obtain plasma samples. The adipokine (resistin)
was assayed by ELISA reader. The dissected liver tissues
were then rinsed in cold physiological saline after being
freed from any attached tissue.

The rat tissues were homogenized in a Heidolph Silent
Crusher M Teflon homogenizer before being centrifuged at
10,000 g for 15 min. at 4C. A spectrophotometer was used to
detect the levels of neutrophils, pro-inflammatory cytokines
(TNF-, IL-6, IL-1, and IL-10), liver glycogen, glycogen
synthase, glycogen phosphorylase, liver transcription fac-
tor (SREBP1c and PPAR-), and oxido-nitrogen stress (LPO,
nitrite, SOD, CAT, and GSH) (Shimadzu UV 1700, Kyoto,
Japan).

Biochemical assay

The homogenate of rat liver tissues was used to evaluate gly-
cogen, glycogen synthase, glycogen phosphorylase, and liver
transcription factors (SREBP1c and PPAR-). The amounts
were determined and quantified using ELISA (R&D Sys-
tems, USA and Thermo Fisher Scientific, respectively).

Determination of proinflammatory cytokines levels
in rat liver tissue homogenate

Using the ELISA technique (pg/mg protein), the pro-inflam-
matory enzymes and cytokines C-reactive protein (CRP),
TNF-a, and IL-1 were assessed in testicular cells (R&D
Systems, USA or Thermo Fisher Scientific).

Estimation of neutrophil content in rat liver tissue
homogenate

The myeloperoxidase (MPO) assay was used to count the

neutrophils in the testes. The amount of polymorphonuclear
neutrophils assessed correlates with the concentration of
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MPO, a biomarker mainly used as a tissue neutrophil accu-
mulation [13]. Testicular tissue was centrifuged at 400 g for
10 min while being treated with 50 mM potassium PB at
pH 6.0 to detect MPO activity in testes treated with a solu-
tion of 20 mM H202 and o-dianisidine [14]. After reading
at 460 nm, the tissue MPO activity was calculated in units
per gram.

Assessment of oxido-nitrergic marker
and antioxidant enzymes concentration

The van Doorn et al. [15] method was used to calculate the
amount of reduced glutathione (GSH) based on the develop-
ment of a long-lasting yellow color when DTNB was added
to sulthydryl compounds. Nandi and Chatterjee method, a
suppression of auto-oxidation of pyrogallol at pH 8.5 was
used to measure the superoxide dismutase (SOD) activ-
ity [13]. The activity of catalase (CAT) was determined
by assessing the tissue capacity to break down H,0,, the
amount of which can be measured at 240 nm. To infer the
nitrogen oxide (NO) content as a nitrite concentration,
Miranda et al. [12] assay method was used to assay for nitrite
level based on vanadium chloride (VC13).

Statistical analysis

Biostatistical analysis software was used to analyse the data
(Graph pad prism 8 Software, Inc., Lajolla, USA, version
8.0). The data were presented using the mean and standard
error of the mean (SEM). One-way ANOVA is used for mul-
tiple comparisons, followed by a post hoc test with Benfer-
roni. For each test, the significance level was set at P less
than 0.05.

Results

Impacts of IF, starvation, exercise and honey

on liver glycogen, glycogen synthase

and glycogen phosphorylase in naive

and streptozotocin-mediated diabetes in male rats

In untreated and STZ-induced diabetic male rats, the effects
of fasting, exercise, IF, and honey on hepatic glycogen, gly-
cogen synthase, and glycogen phosphorylase are depicted in
Fig. la—c. laf. Both IF and exercise significantly (p > 0.05)
decreased liver glycogen (Fig. 1a), glycogen phosphorylase
(Fig. 1c), but did not affect glycogen synthase (Fig. 1b),
however decreased hepatic glycogen (Fig. 1a), increased
glycogen phosphorylase (Fig. 1¢) and decreased glycogen
synthase (Fig. 1b).

As shown in Fig. 1d-f, glycogen amount, glycogen syn-
thase activity and glycogen phosphorylase activity were
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determined in the livers of diabetic rats. The amount of liver
glycogen (Fig. 1d) and glycogen synthase activity (Fig. le)
were reduced dramatically (p <0.05) in the livers of diabetic
rats, but glycogen phosphorylase (Fig. 1f) was significantly
(»<0.001) elevated. These alterations were nearly restored
to normal levels by IF and exercise. However, fasting and
honey therapies in diabetic rats did not significantly alter
glycogen phosphorylase and glycogen synthase activities
other from a large increase in glycogen quantity (Fig. 1d-f).

Effects of IF, starvation, exercise and honey on liver
transcriptional factors (SREBP1c and PPAR-y)

in naive and streptozotocin-induced diabetes

in male rats

The pictures show how STZ-induced diabetes in male rats
and naive rats affected the hepatic sterol regulatory element-
binding protein 1c (SREBPI1c) and peroxisome proliferator-
activated receptor-y (PPAR-y). These variables were used to
calculate the regulatory component of insulin signaling, glu-
cose homeostasis, and the adiponectin promoter-mediated
TNF suppressor. Exercise and IF together produced a sig-
nificant (p <0.05) reduction in SREBP1c and an increase in
PPAR- v as seen in (Fig. 2b). Liver PPAR-y levels were also
increased by starvation, although not to the same level as IF
and exercise, while SREBP1c levels remained unchanged
compared to non-diabetic controls. Liver PPAR decreased
but SREBPIc increased significantly. Compared to starva-
tion and honey, intermittent fasting and exercise showed
more pronounced significant differences in liver PPAR- y
and SREBPIc.

The livers of diabetic rats with SREBP1c and PPAR
were examined, as seen in Fig. 2c-d. When compared to
non-diabetic rats, diabetic rats' liver PPAR-y concentration
(Fig. 2c) was significantly lower, although SREBPIc activity
(Fig. 2d) was dramatically (p 0.05) increased. Exercise and
IF treatments effectively reversed STZ-induced alterations in
PPAR-y and SREBPIc levels as compared to diabetic con-
trols. However, PPAR- and SREBPIc activity of diabetic
rats did not show significant change in response to fasting
or honey administration (Fig. 2¢c-d).

Effects of IF, starvation, exercise and honey

on inflammatory enzyme and pro-inflammatory
cytokines in naive and STZ-induced diabetes in male
rats

Figures 3a—e and f—j illustrate the impacts of starvation, IF,
exercise, and honey on pro-inflammatory cytokines and liver
enzymes in untreated and STZ—-induced diabetic male rats,
respectively. TNF-a (Fig. 3a), IL-6 (Fig. 3b), IL-1p (Fig. 3c)
and MPO (Fig. 3e) levels were all considerably (p <0.05)
decreased by IF and exercise, however IL-10 levels were not
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Fig. 1 Effects of IF, starva- (a)
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significantly affected (Fig. 3d) in contrasts to starvation with
IF, exercise, and honey. Figure 3d demonstrates that starva-
tion markedly elevated TNF-a, IL-6, IL-1, and decreased
IL-10. Rats given honey did not differ statistically signifi-
cantly from non-diabetic controls in terms of TNF-a, IL-10,
or MPO levels (Fig. 3a, d, e). We also found that IL-1f and
IL-6 levels did not change significantly. However, the IF and
exercise intervention showed a clearly significant decrease
in TNF-a, IL-6, IL-1p, and MPO levels and an increase in
IL-10 levels compared to starvation and honey.
Additionally, STZ exposure led to significantly increased
levels of TNF-a, IL-6, IL-1, and MPO (Fig. 3f, g, h, and
J) and significantly lower levels of the anti-inflammatory
cytokine IL-10 (Fig. 3i). In diabetic rats, daily IF and exer-
cise intervention significantly reduced TNF-a, IL-6, IL-1,

(b)
1000+ N

] 3 Non-diabetic control
g T 800 Non-Diabetic +
€9 Intermitent fasting

° 600
by g 600 E Non-Diabetic + Starvation
q:, D 400 Ea Non-Diabetic + Exercise
o E .
03 3 Non-Diabetic + Honey
=)
> 2001
V]

o

Treatment Groups

Non-diabetic control

Non-Diabetic +
Intermitent fasting

Non-Diabetic + Starvation
Non-Diabetic + Exercise

BER OO

Non-Diabetic + Honey

Treatment Groups

(e)

1000
% 3 Non-diabetic control
8 ‘8001 ad a = diabetic control
t % Diabetic + Intermitent
y 5 600 fasting
§, g) 4004 B3 Diabetic + Starvation
8 5 3 Diabetic + Exercise
6>’V 200 I Diabetic + Honey

Treatment Groups

Non-diabetic control
diabetic control

Diabetic + Intermitent
fasting

Diabetic + Starvation
Diabetic + Exercise

BEE B OO

Diabetic + Honey

Treatment Groups

and MPO levels (Fig. 3f, g, h, and j) while boosting the
anti-inflammatory cytokine IL-10 (Fig. 3i). In comparison
to IF and exercise therapy, the fasting and honey intervention
groups had a less significant impact on the levels of TNF-a,
IL-6, IL-1, and MPO in the liver of diabetic rats. But IL-10
levels remained unchanged.

Effects of IF, starvation, exercise and honey
on lipid peroxidation and nitrergic stress in naive
and STZ-induced diabetes in male rats

Compared to the non-diabetic control, IF and exercise sig-
nificantly decreased MDA (Fig. 4a) and nitrite (Fig. 4b).
While there were no variations in MDA levels compared
to non-diabetic rats, fasting dramatically increased nitrite
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Fig.2 Effects of IF, starvation,
exercise and honey on liver
sterol regulatory element bind-
ing protein 1c (SREBPIc) (a,
¢) and peroxisome proliferator-
activated receptor-y (PPAR-y)
(b, d) in naive and diabetic
male Wistar rats. Bars show the
Mean and S.E.M. (n=06) data.
*P less than 0.05 in comparison
to controls. ap less than 0.05 in
relation to the diabetes group.
bp less than 0.05 in relation to
the intermittent fasting group,
and cp less than 0.05, cp less
than 0.05 in relation to the exer-
cise group. dp less than 0.05 in
relation to the honey group

Fig.3 a-e Effects of IF, starva-
tion, exercise and honey on
liver tumor necrotic factor-alpha
(TNF-a) (a), interleukin-6
(IL-6) (b), interleukin-1 beta
(IL-1B) (c), interleukin10 (IL-
10) (d) and myeloperoxidase
(e) concentrations in naive male
Wistar rats. Bars show Mean
S.E.M. (n=06). *P less than
0.05 in comparison to controls;
bp less than 0.05 in relation to
the intermittent fasting group;
cp less than 0.05 in relation to
the exercise group; dp less than
0.05 in relation to the honey
group. f-j Effects of IF, starva-
tion, exercise and honey on
TNF-a (f), IL-6 (g), IL-1p (h),
IL-10 (i) and myeloperoxidase
(j) concentrations in diabetic
Wistar rats. Bars shows Mean
and S.EM. (n=6). *p less than
0.05 relative to controls; ®p less
than 0.05 in relation to diabetic
group; °p less than 0.05 in
relation to intermittent fasting
group; °p <0.05 in relation to
exercise group; 4 less than 0.05
relative to Honey group
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Fig.3 (continued)
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levels (Fig. 4b), which is an important distinction between
IF, exercise, and honey. Exercise intervention and statisti-
cally IF were absent. Furthermore, rats treated with honey
and non-diabetic controls showed no statistically significant
variations in MDA levels (Fig. 4a-b).

However, diabetic rats revealed a substantial raised of
oxido-nitrogen stress, as seen by elevated levels of MDA
(Fig. 4c) and nitrite (Fig. 4d) in the livers of diabetic rats
compared to those of the non-diabetic control group. On
the other hand, daily intervention with IF and exercise in
diabetic rats significantly reduced MDA and nitrite concen-
trations in comparison to the starvation and honey groups
and diabetic rats (Fig. 4c-d).

Effects of IF, starvation, exercise and honey
on antioxidant status in naive and STZ-induced
diabetes in male rats

In the naive and STZ-induced diabetic rats, the effects of
fasting, exercise, IF, and honey on hepatic antioxidant status
(SOD, CAT, and GSH) are depicted in Fig. 5Sa-f. The rise
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in SOD, CAT, and glutathione following the intervention
with IF and exercise shown in Fig. 5a—c. In comparison to
non-diabetic controls, the SOD, CAT, and GSH levels in
honey-fed and fasted rats were not statistically significantly
different.

When compared to non-diabetic control groups, rats
exposed to STZ showed decreased levels of SOD (Fig. 5d),
CAT (Fig. 5e), and GSH (Fig. 5f) in the liver. But as
compared to diabetic rats, daily exposure to IF and exer-
cise dramatically enhanced the concentrations of SOD
(Fig. 5d), CAT (Fig. 5e), and GSH (Fig. 5f). Diabetes rats
who received intervention with fasting and honey similarly
experienced less pronounced increases in liver SOD, CAT,
and GSH.

Effect of IF, starvation, exercise and honey on serum
resistin in naive and streptozotocin-induced
diabetes in male rats

In male rats with naive and STZ-induced diabetes, Fig. 6a—b
depicts the effects of IF, starvation, exercise, and honey
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Fig.4 Effects of IF, starvation, exercise and honey on liver MDA and
nitrite concentration in naive (a, b) and diabetic (¢, d) male Wistar
rats. Bars reflect Mean and S.E.M. (n=06); *p less than 0.05 in rela-
tion to controls; *p less than 0.05 in relation to diabetic group; p less

on serum resistance activity. Resistance was significantly
reduced as a result of the IF and exercise intervention, as
seen in Fig. 6a. Starvation also produced a notable rise in
resistin level when compared to non-diabetic control groups,
though not to the same degree as intermittent fasting and
exercise. Honey, IF and exercise intervention shown a sig-
nificant shift in resistin levels. Figure 6a shows that rats
given STZ had higher levels of resistin than non-diabetic
controls. However, the STZ-induced rise in resistin levels
was dramatically reversed by the use of IF, starvation, exer-
cise, and honey.

Discussion

Diabetes, particularly T2DM, is one of the most com-
mon disabling diseases in the world and one of the most
frequently associated with organ complications. Despite
extensive research, the exact mechanism of diabetes patho-
physiology remains complete. As a result, we investigated
the role of different natural strategies (IF, starvation, and
exercise intervention) as well as the effect of honey in con-
trolling STZ-induced liver damage in rats by examining
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Treatment Groups

than 0.05 in relation to intermittent fasting group; “p less than 0.05
in relation to exercise group. ¢ p less than 0.05 in relation to honey

group

oxidative stress and inflammatory-mediated changes via
hepatic transcription factors, glycogen content, and immu-
nological factors Reaction. In this study, STZ, a popular
prodiabetic agent, caused a significant decrease in liver
glycogen, glycogen synthase, PPAR-y, with a correspond-
ing increase in SREBP1c and glycogen phosphorylase lev-
els in the diabetic rats. However, interventions involving
IF and exercise significantly reversed these changes. Also,
there was an increase in LPO, nitrite, TNF-a, IL-6, IL-18
levels but with decreased IL-10 levels after induction of
diabetes by STZ. Notably, the daily intervention with IF
and exercise also significantly attenuated the disturbed
oxido-nitrogen status, the release of pro-inflammatory
cytokine concentrations, and the increase in anti-inflam-
matory cytokine levels, particularly the IL-10 cytokine.
Furthermore, in STZ rats, daily exposures to IF and exer-
cise, but not honey, significantly increased the concen-
trations of the antioxidants, as evidenced by increased
SOD, CAT, and GSH compared to STZ rats. Interest-
ingly, starvation significantly normalized living homeo-
stasis by decreasing liver glycogen, glycogen synthase,
and increased glycogen phosphorylase, pro-inflammatory
cytokines, compared to non-STZ controls.
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Fig.5 Effects of IF, starva-
tion, exercise and honey on
STZ-induced liver oxidative
stress: SOD, CAT and GSH
activities in naive (a, b, ¢) and
diabetic (d, e, f) male Wistar
rats. Bars rillustrate Mean and
S.EM. (n=6). “p less than 0.05
in relation to controls; ?p less
than 0.05 in relation to diabetic
group; °p less than 0.05 in
relation to intermittent fasting
group; °p less than 0.05 in rela-
tion to exercise group; 4p less
than 0.05 in relation to honey
group
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The pathogenesis of insulin resistance, the progression of
the development of T2DM, and the associated organ toxic-
ity are all known to be significantly influenced by oxida-
tive stress, inflammation, and other conditions collectively
known as oxido-inflammation. Chronic oxido-inflammation
is a cellular mechanism that is known to disrupt metabolic
homeostasis and is associated with the pathophysiology of
numerous metabolic diseases [16, 17]. It is characterized
by increased oxidative stress and increased production of
pro-inflammatory cytokines. In response to free radical
overload and inflammatory reactions, there is a particular
promotion of cellular and tissue dysfunction by increased
migration and infiltration of macrophages into peripheral
tissues such pancreatic islets, liver, and adipose tissue.
As a result, insulin resistance and insulin sensitivity both
decrease [18, 19]. According to the results of this study,
STZ decreased the amount of hepatic glycogen and glyco-
gen synthase while increasing glycogen phosphorylase in
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comparison to the non-diabetic group, indicating a deregu-
lated hepatic metabolism. This outcome is further reinforced
by other studies that demonstrate how STZ causes a decrease
in the amount of glycogen synthase and hepatic glycogen in
mice [20, 21]. However, IF and exercise have been found to
increase hepatic glycogen content, glycogen synthase, and
decreased glycogen phosphorylase in rats with STZ diabe-
tes. The amount of glycogen in the liver is a good indicator
to elucidate whether treatment with hypoglycemic agent or
strategy are effective. Insulin secretion and activity increases
glycogen synthase while inhibiting glycogen phosphorylase.
Thus, resulting in tissue glycogen accumulation [22].

In male rats with naive and STZ-induced diabetes, the
effects of IF, starvation, exercise, and honey on serum resist-
ance activity are differentially expressed. Resistance was
significantly lowered by the IF and exercise intervention.
Starvation also caused a sharp rise in resistin level when
compared to non-diabetic control groups, however not to
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Fig. 6 Effects of IF, starva-
tion, exercise and honey on

resistin activities in naive (a) 154 . .
and diabetic (b) male Wistar . 3 Non-diabetic control
rats. Bars depicts Mean and —E| * = Non-Diabetic +
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the same extent as IF and exercise intervention. Rats given
STZ exhibit higher levels of resistin than non-diabetic
controls. This is consistent with research conducted in a
clinical setting [22]. Changes in glycogen levels, glycogen
phosphorylase, and glycogen synthase are associated with a
loss of insulin sensitivity and responses, as IF and exercise
restored glycogen content, glycogen phosphorylase, and gly-
cogen synthase activity in diabetic rats. Previous research
has shown that the length and intensity of exercise controls
muscle glycogenolysis and glucose metabolism [23]. A
global increase in enzymes and transport proteins involved
in glucose uptake and metabolism, including hormonal glu-
cose utilization and allosteric control, has been observed
post-exercise. The possibility of glucose being converted to
adenosine triphosphate (ATP) formation, which improves
muscle blood flow and survival, is a likely reason for the
positive benefits of IF and exercise in this study. It is unlikely
that the GLUT4 overexpression plays a role in the beneficial
use of glucose during exercise. However, phosphofructoki-
nase-derived processes has been identified as responsible
mechanism for exercise-mediated glycolysis may mediate
glycolysis during exercise [23].

It is believed that reactive oxygen species contribute to
the development of diabetic complications by promoting
oxidative processes. They are produced in the mitochondria
of cells that have been overactive, and exposed to excess
glucose [24]. The citric acid cycle in the mitochondria and
the enzyme nicotinamide adenine dinucleotide phosphate

@ Springer

oxidase (NADPH) are said to become more active when
people consume large amounts of calories more than what
their bodies require to function. This has been linked to the
production of reactive oxygen species (ROS) [25]. However,
one of the known effective methods of reducing insulin-
mediated nutrient absorption through a food restriction strat-
egy involves inhibition of mitochondrial NADPH, preven-
tion of single electron transport to oxygen, and formation of
superoxide anions. This prevents the build-up of chemicals
known to increase oxidation and stress, such as pyruvates
and fatty acids [26]. The sustained production of ROS has
been linked to increased oxidative stress during diabetes or
diabetes-related organ damage [27]. This allows aberrant
glucose autoxidation and hyperglycemia-induced liver dam-
age. Also known to be significantly affected by hypergly-
cemia-induced oxidative stress are glucose and fatty acid
metabolism, insulin signaling, and insulin resistance CAT
antioxidants than nondiabetic control rats, indicating oxida-
tive stress. This result lends further credence to other studies
that showed that elevated levels of oxidative stress are also
associated with STZ-induced hyperglycemia [28]. [26]. This
suggests that fluctuations in antioxidant levels affect how
severely pro-oxidant-mediated organ damage is manifested.
Mahmoud et al. [28] found increased lipid peroxidation and
decreased antioxidant levels in the liver of type 2 diabetic
rats, are consistent with our results. Additionally, the results
of Ju et al. [29], who showed that IF and exercise modifies
the endogenous antioxidant machinery in diabetic mice,
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support these results. CAT and GSH) while reducing MDA
levels. As previously studied in rat brains, diabetic rats fed
honey showed a small significant decrease in oxidative stress
and improved antioxidant activity. Previous studies had ear-
lier shown that honey contain numerous adaptogens such as
apigenin, hesperitin, naringenin, quercetin and kaempferol
known to possess antioxidant properties [24]. Honey has
been shown to demonstrate potent antioxidant property in
rodents and human subjects [24].

Inflammation is a key pathogenic characteristic, which
is connected to hyperglycemia and malnutrition [30]. As
demonstrated herein, the persistent inflammatory flux as
well as the involvements of chemokine and acute phase pro-
teins such as C-reactive protein, have been well established
to cause development of insulin resistance in tissues [31].
Reduced liver TNF-a, IL-6, and IL-1, as well as elevated
IL-10, have been connected to the anti-inflammatory effects
of intermittent fasting and exercise on oxidative stress, indi-
cating an hepta-protective anti-inflammatory mechanism.
These findings are supported by previous studies investiga-
tions showing that diabetes-induced liver damage include
promotion of release of pro-inflammatory cytokines [32].
As previously stated, STZ diabetic rats had higher levels of
serum proinflammatory cytokines [3]. Consequently, insulin
signaling and sensitivity are proposed to be disrupted by
these cytokines. Insulin resistance, low glucose tolerance,
and type 2 diabetes have all been linked to upregulation of
TNF-a, IL-6, and IL-1p [33]. Notably, over-consumption of
nutrients beyond the levels needed by the body have been
postulated to regularly activate immune system thereby
causing abnormal release of these cytokines in the systemic
circulation. Proinflammatory cytokines that influence pro-
tein kinase B (PKB/AKT) and insulin receptor substrate
1 (IRS-1) phosphorylation have been shown to decrease
insulin signaling [33] and overt levels of these cytokines
and chemokines have been reported in the serum of dia-
betic patients in clinical settings. Of note, excessive pro-
duction of IL-1p from pancreatic p-cells and induction of
IL-1pB expression in the pancreatic p-cells due to high con-
centration of glucose have been strongly linked to pancre-
atic p-cell dysfunction [34]. Furthermore, accumulation of
cytokines and macrophages in adipose tissues due to tissue
hypoxia have also been associated with the development of
systemic inflammation, via mechanisms related to induction
of endoplasmic reticulum redox stress, decreased adenosine
triphosphate (ATP) concentration and induction of apop-
totic induction factors, thereby resulting in 3-cell apopto-
sis. However, it has been proposed that excessive influx of
glucose and hypoxia can be attenuated by reducing feeding
tendency and by conditions that stimulates oxygenation [35].
TNF-a, IL-1p and IL-6 levels were decreased in the STZ-
exposed rats treated with intermittent fasting and exercise,
while levels of the anti-inflammatory cytokine IL-10 were

increased. The anti-inflammatory mechanisms of intermit-
tent fasting and exercise influence their antihyperglycemic
and insulin sensitizing effects. It's interesting to note that
recent research has shown that exercise and intermittent fast-
ing can both reduce low-grade inflammation and improve
insulin sensitivity.

It is known that the metabolic regulation of glucose
homeostasis is strongly influenced by a number of tissue
transcription factors [36]. PPAR-y, a key transcription fac-
tor involved in the growth and operation of adipose tissue,
is also known to have an impact on inflammation, insulin
sensitivity and adipocyte differentiation [35]. During differ-
entiation, PPAR-y promotes the expression of genes exclu-
sive to adipose tissue and involved in glucose metabolism
and phenotype. Furthermore, active PPAR-y suppresses pro-
inflammatory transcription factors, lowering pro-inflamma-
tory cytokine expression and reducing adipose tissue inflam-
mation and hypoxia [35]. Likewise, SREBPIc is a major
transcription factor involved in adipogenesis, insulin sensi-
tivity, and lipid metabolism, as well as an insulin mediator
[36]. Findings indicate that SREBP-1c is highly expressed
in the pancreatic f-cells and hepatocytes of animal’s expo-
sure to different models of diabetes. While SREBP-1 gene
is involved in the regulation fatty acid synthesis, SREBP-2
is specifically implicated in the synthesis of cholesterol [35].
Importantly, SREBP-1c is involved in modulating the effects
of insulin on adipose and hepatocyte tissues by regulating
lipogenic genes. However, altered SREBP-1c activity has
been suggested in the pathogenesis of T2DM via p-cell
dysfunction.

Although obesity-dependent induction of SREBP-1c is
reliant on hepatic insulin signaling, the increased SREBP-1c
levels in the STZ rats could be attributed to the high insu-
lin level and resistance in T2DM. Mechanistically, TNF-3
is one of the potential molecules for insulin resistance, as
previously established [37-39]. By deactivating PPAR-y
activity and activating SREBP-1c, TNF-a lowered insulin
sensitivity and glycogen synthase levels in diabetic rats
[36]. IF has been implicated as a PPAR-y activator in ear-
lier investigations, which confirms our current findings. Our
findings support prior study that showed that STZ causes
increased SREBP-1c expression, which promotes T2DM
[37-39]. However, when compared to the non-diabetic
group, SREBP-1c was observed to be reduced with a cor-
responding rise in PPAR-y in IF and exercise interventions
in the STZ-model of induced diabetic rats. STZ-induced
increase of SREBP-1c expression was decreased by IF and
exercise, with enhanced PPAR-y-mediated signaling.

The adipokine resistin, which is connected to adipose tissue
dysfunction, is regulated by PPAR-y. Resistin has been linked
to inflammation, insulin resistance, eating behavior [40], and
energy metabolism. Herein, STZ-induced diabetic rats had
greater levels of resistin. This increase could be attributed to

@ Springer



526

Journal of Diabetes & Metabolic Disorders (2023) 22:515-527

STZ-induced hyperglycemia, which results in PPAR-y deac-
tivation and an increase in SREBP, as well as a decline in gly-
cogen content and synthase [44]. In this study, however, IF and
exercise therapy were found to reduce the effects of STZ on the
adipokine signaling system, as seen by lower hepatic resistin
levels. These results are comparable to those of a recent study,
which indicated that following fasting and exercise, hepatic
resistin mRNA expression was lowered. However, some limi-
tations of this present study include lack of evidence of liver
morphological changes following intervention of diabetic
rats to IF, starvation, exercise and honey, lack of liver enzyme
determination as well as immunohistochemical expressions of
some of the transcription factor assayed.

Conclusions

Conclusively, our findings clearly show that intermittent fast-
ing and exercise strategies reduce streptozotocin-induced liver
metabolic impairment via modulation of liver transcriptional
factors, sterol biosynthesis and inhibition of pro-inflammatory
cytokines, oxido-nitrergic and adipokine signaling pathway.
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