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Abstract

Background: Metformin is the common first-line medication for treating type 2 diabetes. Besides its
anti-hyperglycemic property, various studies have isolatedly shown its effectiveness in reducing body
weight and ameliorated components of metabolic syndrome. However, it has not been evidently shown
weather metformin is effective as a dual treatment in cases of diet induced obesity and diabetes. We
optimized a mouse model for diet induced obesity and diabetes for evaluating dual effectiveness of
metformin in treating obesity and diabetes and simultaneously demonstrated histological changes in
obese and diabetic kidney and heart tissues and the cellular-protective effects of metformin on these
tissues.

Methods: BULB/c mice were fed with normal, high fat or high sucrose diets for 26 w. All groups were
treated with metformin from w 16 to 26. Blood samples were collected and body weights recorded on d 1
and forth nightly till w 26 when all animals were sacrificed. Hearts and kidneys were dissected and
prepared for historical observation. Blood samples were processed accordingly for quantitating blood
glucose, ROS and ROS defense (d 1 and d 182).

Results: HFD and HSS feeds successfully created diet induced by obesity and diabetes by w 15.
Metformin significantly lowered the average body weight of obese group (p<0.05) as well as the average
blood glucose levels of the diabetes group (p<0.005) relative to the respective control groups. Histological
studies showed no morphological cellular changes in heart and kidney tissues of obese and diabetic mice
relative to respective controls (untreated). Cell shrinkage/‘sick cells” were seen in the untreated obese
and diabetic mice. ROS levels in the metformin treated mice remained normal relative to the untreated
control groups (p<0.05).

Conclusions: We have optimized a reliable mouse model for obesity and diabetes. Metformin is effective
for controlling diet induced obesity and diabetes. Metformin also showed protection against obesity and
hyperglycemia related cell morphological changes.
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Abbreviations

ROS: Reactive Oxygen Species; HFD: High Fat Diet; HSS:
High Sucrose Solution.

Introduction

Socio-economic growth has served as an advent for
commercialization of fast foods and fancy beverages while
advancement in technologies have contributed to the switch
from active to sedentary lifestyles. Unhealthy diet and
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sedentary lifestyle are among the main risk factors for
metabolic diseases including obesity and type 2 diabetes
(T2DM) [1].

Obesity continues to be an epidemic worldwide [2] and
contributes to the risks for cardio-metabolic diseases [3]. Both
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insulin resistance and impaired insulin secretion develops in
obesity and may progress to the development of T2DM [4].
Nevertheless, clinical interventions for diabetes aim to prevent
the catastrophic complications and rocketing health budget. An
intervention which can simultaneously address obesity and
diabetes would be ideal.

Metformin is a first line anti-hyperglycemic agent commonly
used to manage patients with type 2 diabetes mellitus (T2DM)
[5-7]. Other studies have demonstrated the effectiveness of
metformin in lowering body weight [8,9]. However, to date no
studies have demonstrated the dual effectiveness of metformin
for the treatment of diet induced obesity and T2DM in a single
model or study.

Although the pathogenesis of obesity is complex, prolonged
consumption of high fat diet is capable of inducing obesity
[10,11] because excess fats from dietary intake will be stored
as triglycerides in adipocytes and subsequently contributes to
increase in body weight. Subsequently, in overweight and
obesity adipocytes are the sources of various adipokines which
play crucial roles in the pathogenesis insulin resistance and
progression towards type II diabetes mellitus [12].

On the other hand, consumption of high sugar diet is likely to
induce type 2 diabetes mellitus by initiating [13] insulin
resistance even in the absence of overweight or obesity.
Prolonged consumption of high sugar diet increases the degree
of insulin resistance and when pancreatic beta cells fail to
compensate in order to maintain blood glucose hemostasis type
2 diabetes develops. Therefore, by optimizing an experimental
model to mimic diet-induced obesity and type 2 diabetes in
mice we will be able to assess the dual effectiveness of
metformin for the treatment of diet induced obesity and T2DM
simultaneously.

The objectives of this study are: 1. To optimize a mouse model
for diet induced obesity and T2DM. 2. To demonstrate dual
effectiveness of metformin in treating diet induced obesity and
T2DM. 3. To observe changes in basic metabolic parameters
associated with metabolic disorders such as blood glucose,
reactive oxygen species (ROS) and ROS defense. 4. To
observe the histological changes in kidneys and cardiac tissues
associated with obesity, T2DM and after treatment with
metformin.

Materials and Methods

Animals

Forty-eight (N=48), 5-week-old healthy male BALB/c mice,
weighing between 20~23 g were purchased from the Animal
House in Monash University Malaysia. Mice were housed in
individually ventilated poly-carbonate cages (Optimice®
caging system) lined with corn cob bedding (BioCOB,
Malaysia) and were maintained in a temperature (22°C £ 1°C)
and humidity (55% = 10%) controlled environment with 12:12
h light-dark cycle (lights on at 0800 h and turned off at 2000
h). All cages were maintained on a ventilated cage rack system.
The food intake and the general health status of the animals
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were monitored on daily basis. Food and water were replaced
every day, beddings were changed twice a week and cages
were autoclaved once a week. Prior to the commencement of
the experiment, mice were provided with a standard rodent
chow (Glen Forrest, Australia) and water ad libitum for one
week to allow them to adapt to the new housing environment.
The study was approved by the Monash University Animal
Ethics Committee (MUAEC) and animals were handled in
compliance with the guide for the care and use of laboratory
animals (MARP/2014/109).

Experimental study groups

After the acclimatization period, mice were randomly divided
into four groups of 12 animals (n=12): normal-diet control
(NDC), high-fat diet (HFD) induced obesity, high-sucrose diet
(HSD) induced diabetes, and high-fat diet and high-sucrose
(HFD+HSD) induced obesity and diabetes. Baseline body
weight, non-fasting blood glucose, lipid profile, ROS and ROS
defense levels were measured and recorded.

Dietary induction of obesity and diabetes

Mice were fed ad libitum with HFD, HSD or HFD+HSD
accordingly for a period of 15 w to induce the development of
obesity or diabetes or obesity+diabetes respectively. HFD
group were fed ad libitum with high-fat rodent pellet (45% kcal
fat) [10,14] and water. NC group were given ad libitum supply
of standard rodent chow [14,15] and water. HSD group were
given free access to standard rodent chow and 40% sucrose-
sweetened water. HFD+HSD were provided a combination of
high-fat rodent pellet and 40% sucrose-sweetened water. HFD
and standard rodent diet were manufactured by Specialty
Feeds, Glen Forest Stock feeders, and Glen Forest, Western
Australia.

Confirmation of the induction of obesity and diabetes

Induction of obesity was confirmed at the end of 15 w (dietary
induction period) when the average body weights of animals in
the HFD and HFD+HSD groups were significantly higher than
the NDC group. Induction of diabetes was confirmed if the
non-fasting blood glucose level was greater than 11.0 mmol/L
in any experimental groups.

Redistribution of mice into metformin treated and
non-treated groups

Obese and diabetic mice in each dietary group were randomly
subdivided into control (n=6) and treatment groups (n=6):
Normal-diet control (NC) versus Normal-diet treated with
metformin (NC+M); Obese (O) versus obese treated with
metformin (O+M); diabetes (D) versus diabetes treated with
metformin (D+M); obese and diabetes (OD) versus obesity and
diabetes treated with metformin (OD+M). Mice in both control
and treatment groups were continuously fed with the
previously designated diet until the end of the experimental
period (w 26).
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Metformin administration

Metformin (CCM Pharmaceutical, Malaysia) treatment was
administered orally to the obese and diabetic mice (groups NC
+M, O+M, D+M and OD+M) for a period of 10 w (w 16-26).
The metformin dose was 250 mg/kg body weight [16], once
daily. Metformin treatment was administered using an oral
gavage needle.

Periodic body weight measurement and plasma
biochemistry analysis

During the 25 w experimental period, the body weight (g) of
the mice were measured at an interval of 3 w while the plasma
parameters including the lipid profile and blood glucose were
measured every 5 w from the start of the experiment. Mice
were weighed individually on a weighing boat using a
precision weighing balance (Mettler-Toledo, Switzerland).
Approximately 1 ml of blood was collected from the retro-
orbital plexus of the mice (nonfasting state) using a
heparinized microhematocrit capillary tube (Vitrex, Denmark).
The blood samples were then centrifuged at 1500X g for 10
min (Beckman Coulter) to separate the plasma from the whole
blood. Plasma was transferred into labeled eppendorf tubes
using a micropipette (Eppendorf Research) and was stored at
-20°C until further analysis was performed. The plasma levels
of total cholesterol, triglycerides, LDL-c, HDL-c and blood
glucose were assessed using cobas ®-c111 analyzer (Roche
Diagnostics).

Blood sampling

Blood was collected from the retro-orbital plexus. Mice were
first anaesthetized by placing them into a confined jar lined
with cotton wool dampened with diethyl ether (~2 ml), for
approximately 5 s. Once unconscious, it was removed
immediately from the jar and gently but firmly held by the
loose skin behind its neck. In the later manner the eyelids will
be automatically pulled back to expose the eye. The tip of the
heparinized micro-hematocrit capillary tube (Vitrex, Denmark)
was placed on the medial canthus of the eye at 21 an angle of
45 degree to the side of the head. With a gentle thrust and a
turning motion, the micro hematocrit tube was gently inserted
into the orbital plexus. When blood began to flow, the tube was
pulled back a little to allow the blood to flow along the tube by
the capillary action. Approximately 1 mL of blood was
collected into the labelled Eppendorf tubes. After the blood
sampling procedure, the eye was wiped clean with a sterile
saline-dampened cotton wool and another clean cotton wool
was pressed gently against the puncture site of the eye to stop
further bleeding. The mice were then transited into a recovery
cage until they recovered fully from the effects of anesthesia.
During the recovery phase, their respiratory rate and the
movement were carefully monitored. The mice were
transferred back into their cages once fully recovered.
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Histological examination

All animals were humanely sacrificed using CO, asphyxiation
at the end of w 25. Kidneys and hearts were isolated by
dissection and immediately placed into labelled specimen jars
containing 10% formalin (200 ml formaldehyde, Hamburg
Germany+1800 ml distilled water). All specimens were taken
through a tissue preparation process [16] and stained with
Harris Haematoxylin and Eosin (H&E) [17] for light
microscopy histology.

Statistical analysis

Data are presented as mean =+ standard error mean (S.E.M.).
Statistical analysis was performed using the Sigma Plot 11.2
software (San Jose, CA, USA). Data for each experimental
group were compared and tested against the respective control
groups for significant changes. To confirm the onset of obesity
and diabetes we compared the weight and plasma biochemistry
parameters of HFD, HSS and HFD+HSS groups against the
normal diet group (NC). For the evaluation of dual
effectiveness of metformin treatment for obesity and diabetes
we compared plasma biochemistry parameters of each
treatment group (NM; OM; DM; ODM) against the respective
control groups (NC; O; D; OD). All tests were performed using
the one-way ANOVA followed by Bonferroni’s multiple
comparison post-hoc-test. Differences were considered
statistically significant when p value<0.05.

Results

Changes in body weight during 15 w dietary
induction period

HFD (high fat diet: 45% kcal fat) (Open source diets,
Australia) or a combination of both HFD+HSD (high sucrose
diet; 40% sucrose solution; w/v; equivalent to 160% kcal) were
essential in significantly (p<0.005) inducing obesity in
comparison to normal diet (11% kcal fat) (Open source diets,
Australia) (Figure 1A). Initial mean baseline body weight at
the start of this study for all animals was 20.85 = 0.13 g. There
was no significant difference in body weight between all study
groups (p>0.005) at the start of the study. Body weight
measurements were recorded once every 3 w. Animals in
groups HFD and HFD+HSD began to show significant
increase (p<0.05) in mean body weight at the end of w 3 with
reference to the ND group (Figure 1A). Mean body weights of
HFD and HFD+HSD groups continued to increase throughout
the 15 w. At the end of 15 w mean body weight of HFD (31.68
+0.39 g) and HFD+HSD groups (32.33 £ 0.27 g) was = 17 and
20% higher respectively with reference to ND group (27.08 +
0.4 g). Significant increase (p<<0.05) of mean body weight was
observed in HFD and HFD+HSD groups at the end of the 15 w
dietary induction period. No significant increase in body
weight was observed in the HSD group. Therefore, obesity has
been induced by dietary intake in animals of groups HFD and
HFD-+HSD.
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Changes in non-fasting blood gliucose levels during 15
w dietary induction period

Initial mean baseline non-fasting blood glucose (N-FBG) at the
start of this study for all animals were 5.15 = 0.0096 mmol/L
There was no significant difference in mean N-FBG between
all study groups (p>0.05). N-FBG levels were recorded once
every 5 w. Animals in groups HFD, HSD and HFD+HSD
began to show significant increase (p<0.05) in mean N-FBG at
the end of w 5 with reference to the ND group (Figure 1B).
Mean N-FBG of HFD, HSD and HFD+HSD groups continued
to increase throughout the 15 w. At the end of 15 w mean N-
FBG of HFD (8.138 + 0.013 mmol/L), HSD (12.15 + 0.018
mmol/L) and HFD+HSD (12.64 + 0.01 mmol/L) groups were
significantly higher (p<0.05) with reference to ND group (5.65
+ 0.047). Significant increase (p<0.05) in mean N-FBG was
observed in HFD, HSD and HFD+HSD groups at the end of
the 15 w dietary induction period. The normal reference limits
for N-FBG is 4.0-7.8 mmol/L. N-FBG between 7.9-11.1
mmol/L are defined as pre-diabetes because these values are
higher than the normal limits but not high enough to be
classified as diabetes. Type 2 diabetes is when N-FBG is >11.1
mmol/L (https://doi.org/10.21769/BioProtoc.159). At the end
of the 15 w dietary induction period N-FBG of animals in HSD
(12.15 + 0.018 mmol/L) and HSD+HFD (12.64 + 0.01
mmol/L) groups exceeded 11.0 mmol/L and therefore have
developed type 2 diabetes. N-FBG level in animals of HFD
group (8.14 £ 0.044 mmol/L) was significantly higher (p<0.05)
with reference to ND group (5.65 £ 0.047 mmol/L). Since N-
FBS for HFD group is >7.9 mmol/L but <11.1 mmol/L,
animals in HFD group has developed pre-diabetes.

nnnnnnnnnnn

Figure 1. Development of diet induced obesity and diabetes. Diet
induced increment in body weight (g) following consumption of
normal diet (ND), high fat diet (HFD), high sucrose diet (HSD) or
combination of HFD and HSD (HFD+HSD) showed mean body
weight increment for animals fed with HFD and HFD+HSD were
significantly higher at d 105 relative to d 1 (p<0.05) (A); Diet
induced increment in blood glucose levels (mmol/L) following
consumption of normal diet (ND), high fat diet (HFD), high sucrose
diet (HSD) or combination of HFD and HSD (HFD+HSD) showed
mean blood glucose increment for animals fed with HFD+HSD, HSD
and HFD (HFD+HSD>HSD>HSD) were significantly higher at d
105 relative to d 1 (p<0.05) (B).

Dual effects of 10 w metformin treatment for diet
induced diabetes and obesity

After the dietary induction period of 15 w all animals were
redistributed treatment and control groups as explained in
2.1.5. All animals were continually fed with the previously
designated diet and treated with 250 g/kg body weight
metformin for 10 w. Statistically significant reduction (p<0.05)
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in blood glucose and body weight was seen at the end of w 10
(Figure 2).
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Figure 2. Changes in body weight and blood glucose after treatment
with metformin. All data were collected on the last day of w 1 and w
10 respectively. Data plotted represents mean + SD of respective
groups. 'p<0.05, “'p<0.001. P-values refer to parametric
comparison between metformin treated and non-treated groups (using
Student’s t-test). Metformin treated groups generally showed
significantly lower body weight and blood glucose.

FEffect of metformin on body weight

Metformin treated obese as well as diabetic (OD+M) and obese
(O+M) groups showed significant reduction in body weight
(p=0.003 and p=0.001 respectively) after 10 weeks. Mean body
weight of OD+M and O+M groups were 12% and 11% lower
at the end of 10 w metformin treatment period respectively,
relative to mean body weights of (OD+M) and (O+M) groups
at the beginning of w 1. Other study groups (NC, NC+M, D, D
+M) did not show any significant reduction in body weight.
Nevertheless, these observations suggest that diet induced
obesity can be controlled oral metformin treatment.

FEffect of metformin on blood glucose levels

Statistically significant reduction in blood glucose level was
evidently observed in the metformin treated obese as well as
diabetic (OD+M), obesity (O+M) and diabetic (D+M) groups
relative to their respective controls (OD, O and D groups) at
the end of 10 w oral metformin treatment (Figure 2). Mean
non-fasting blood glucose for (O+M) group (6.25 + 0.02
mmol/L) was 52% lower (p<0.05) compared to the non-treated
group (0) (9.528 + 0.04 mmol/L). (OD+M) group (9.65 £ 0.02
mmol/L) was 62% lower (p<0.05) compared to the untreated
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group (OD) (15.63 + 0.04 mmol/L). (D+M) group (9.15 £ 0.01
mmol/L) was approximately 59% lower (p<0.05) than the non-
treated diabetic group (D) (14.55 = 0.04 mmol/L). These
observations showed evidence that metformin is effective in
preventing elevation of blood glucose level due to high fat
(HFD) and high sucrose diets (HSD). 10 w oral metformin
treatment evidently showed blood glucose lowering effects in
high fat (HFD) and high sucrose (HSD) induced diabetes and
obesity.
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Figure 3. Obesity and diabetes induced histological changes in heart
tissues. Histology of heart tissue stained with H&E and captured
under light microscope at 40X magnification. NC: Normal Control;
NC+M: Normal Control treated with Metformin, D: Diabetes; D+M;
Diabetes treated with Metformin; O: Obese; O+M: Obese treated
with Metformin;, OD: Obese and Diabetes;, OD+M: Obese and
Diabetes treated with Metformin. Arrow marked in NC showing
normal cells. Arrows in D, O, OD showing cell shrinkage and small
spherical nuclei. NCM, DM, OM and ODM the cells are quite similar
to NC with elongated nuclei.
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10 w metformin treatment prevented cellular changes
in heart and kidney

Histological study showed high fat and high sucrose diet-
induced diabetes and obesity (D, O, DO) also resulted in
morphological cellular changes in heart (Figure 3) and kidney
(Figure 4) tissues in comparison to the normal diet (NC) group.
Moderate cell shrinkage/‘sick cells” and irregular structural
boundaries seen in heart (Figure 3) and kidney (Figure 4)
tissues from untreated diabetic and obese mice (D, O, DO). On
the other hand, 10 w oral metformin treated diabetic and obese
mice (D+M), (O+M), (OD+M)) showed normal histology in
heart (Figure 3) and kidney (Figure 4) tissues similar to the
normal diet group (NC).
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Figure 4. Obesity and diabetes induced histological changes in renal
cortex tissue. Histology of renal cortex tissue stained with H&E and
captured under light microscope at 40X magnification. NC: Normal
Control; NC+M: Normal Control treated with arrow Marked in NC
showing normal cells. Arrows in D, O, OD showing cell shrinkage.
NCM, DM, OM and ODM the cells are quite similar to NC.

ROS and ROS defense levels in consumption of HFD

We observed that HFD effectively induced diabetes and
obesity. Since ROS plays a role in the pathogenesis of diabetes
and its complications [19] we investigated ROS and ROS
defense levels in the animals which were fed with HFD only.
No significant difference (p>0.05) in ROS levels in HFD group
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relative to control (ND group) at the start of the start of the
study (d 0) and after 182 d of HFD feeding (d 182), (Figure
5A). The later observation may suggest that the in situ ROS
defense system was effective in maintaining ROS at
homeostatic levels (<2.36 mmol/L H,0, equivalents).

On the other hand, ROS defense levels measured in HFD
group was not significantly different (p>0.05) from control
group at the start of the study (d 0). Atd 0, ROS defense levels
in both control and HFD groups were within normal reference
limits (1.07-1.53 mmol/L Trolox equivalent). However, after
182 d (d 182) HFD feeding, significant decrease in ROS
defense level (p<0.05) was observed in the HFD group relative
to d 0 (Figure 5B). The decrease in ROS defense levels in HFD
group at d 182 evidently suggest that the antioxidant capacity
of in situ ROS defense system had been challenged. With
reference to the later an imbalance of oxidants (ROS) and
antioxidants (in situ ROS defense system) has occurred during
the 182 d HFD feeding. Hence this study evidently showed that
HFD fed to oxidative stress due to increasing levels of ROS
occurred during the 182 d HFD feeding. There were no
significant difference in ROS defense levels in the control
group at d 182 relative to d 0 (p>0.05).

@ ROS ROS Defence
0Days m182Days 0 Days B182Days
25 25 p<0.05
Q2 £
H H =
g 15 215 1 1
91 g 1
g g
2 05 k= 05
0 L | 0
Control HFD Control HFD

Figure 5. ROS and ROS defense levels in diet induced obesity and
diabetes. ROS (A) and ROS defense (B) levels quantitated before (0
d) and after 182 d of HFD consumption. There was no increase in
ROS after HFD consumption for 30 d relative to the control group.
ROS defense levels increased in both control and HFD groups but the
level in HFD group was significantly lower than control group
(p>0.05). This observation suggests that high amounts of ROS was
generated due to HFD metabolism relative to normal diet (Control)
and the in-vivo ROS defense system shows depletion due to its
excessive function to maintain ROS homeostasis (4).

FEffects of HFD and HSD feeding on plasma lipid
profile and subsequent metformin treatment

Total cholesterol: Average baseline for total cholesterol (TC)
for all study groups were 4.1 mmol/L and initially there were
no significant difference (p>0.05) between all study groups.
Significant increase (p<0.05) in TC level was seen in HFD and
HFD+HSD groups on the 7" week and HSD group after 10 w
of specified diet feeding with reference to ND (control) group.
At the end of 15 w mice fed with HFD+HSD (TC=5.58 £ 0.03
mmol/L), HFD alone (TC=5.45 = 0.02 mmol/L) and HSD
alone (4.77 = 0.02 mmol/L) were 22%, 19% and 4% higher
respectively compared to the ND group (TC= 4.57 + 0.02
mmol/L) (Figure 6).
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15 weeks obesity and diabetes induction period
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Figure 6. Changes in lipid profile during the development of type 2
diabetes and obesity. Significant increase in total cholesterol, and
LDL was observed with the HFD, HSD and HFD+HSD consumption.
Significant increase in triglycerides and HDL was observed only with
the HFD and HFD+HSD feeding.

10 weeks metformin treatment period
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Figure 7. 10 w metformin treatment on diet induced dyslipidemia in
mice. Metformin treated groups showed significantly lowered total
cholesterol and triglyceride in diabetic (D+M), obese (O+M) and
diabetictobese (OD+M) mice relative to the respective controls (D,
O, OD).Data plotted represents mean £ SD of respective groups.
0>0.05, “p<0.05, *p>0.001. P-values refer to parametric
comparison between metformin treated and non-treated groups (using
Student s t-test).

Triglycerides: Average baseline triglycerides (TG) level was
2.1 mmol/L in all study groups with no significant difference
between study groups (Figure 6). After 7 w of feeding,
significantly (p<0.05) higher TG levels were seen in HFD and
HFD+HSD groups with reference to the ND (normal diet/
control) group. At the end of 15 w feeding period, mean TG for
HFD+HSD (3.87 + 0.017) and HFD (3.75 + 0.02 mmol/L)
group had increased by 17% and 13% respectively relative to
ND group (3.31 + 0.02 mmol/L) (Figure 6). Mean TG level for
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HSD group did not differ significantly (p>0.05) from the ND
group at the end of 15 w feeding period (Figure 6).

HDL-cholesterol: Initial mean HDL-cholesterol baseline
levels in all study groups were 2.5 mmol/L. Significant
increase in HDL-cholesterol levels (p<0.05) were seen in HFD
+HSD and HFD with reference to the ND group after 7 w of
feeding. At the end of 15 w feeding with respective diet type,
HDL- cholesterol levels increased by 14% in HFD+HSD (3.55
+ 0.02 mmo/L), 12% in HFD (3.48 £ 0.04 mmol/L) groups
respectively with reference to ND (3.101 = 0.02 mmol/L)
group. HSD group (3.11 = 0.09 mmol/L) did not show
significant increase in HDL cholesterol level (p>0.05) in
comparison to the ND group at the end of 15 week feeding
period (Figure 6).

LDL-cholesterol: Similarly, there were no significant
differences in the baseline levels for LDL-cholesterol in all
groups and the mean initial level was 0.5 mmol/L. After 7 w of
feeding the HFD-+HSD group began to show significant
increase in LDL cholesterol with reference to the ND group. At
the end of 15 w feeding period the HFD+HSD (0.97 + 0.01
mmol/L), HFD (0.86 £ 0.01 mmol/L) and HSD (0.70 + 0.01

mmol/) groups showed significantly increased means (p<0.05)
for LDL-cholesterol levels by 47%, 31% and 7% respectively
in comparison to the ND (0.66 = 0.01 mmol/L) group (Figure
6).

FEffects of 10 w metformin treatment on diet induced
dyslipidemia in mice

Findings from this study clearly showed that 15 w of feeding
with HFD+HSD (OD group; obese + diabetes), HFD alone (O
group; obese) or HSD alone (D group; diabetes) induced
dyslipidemia in mice. However, parallel experimental groups
which were fed with their respective designated diet type and
at the same time treated with metformin: OD+M, O+M and D
+M. All treated groups showed much milder elevations in lipid
profile indices (Figure 7 and Table 1). We observed that 10 w
oral metformin treatment lowered diet-induced body weight by
3-4% (p<0.05), blood glucose by = 20% (p<0.05) and
controlled dyslipidemia. Our observations suggest that
continuous treatment with metformin will prevent diet induced
risks of developing metabolic syndrome disorders and
complications.

Table 1. Effects of 10 w oral metformin treatment on metabolic indices. Metabolic indices quantitated in plasma to compare metformin treated and
non-treated groups for various diet-induced obesity and/or diabetes. P-values refer to parametric comparison between metformin treated and non-
treated groups (using Student’s t-test). Metformin treated groups generally showed significantly lower body weight and metabolic indices relative
to the non-treated groups. Visualization of the significant differences in metabolic indices between metformin treated and non-treated groups are

demonstrated in Figures 2 and 5.

Diet type Induced metabolic Metabolic indices Metformin (2 mg/10 g body weight) P value % reduction after metformin
status treatment
Non-treated Treated
ND (Control) No+non-diabetic Body weight (g) 27.29+1.45 28.26 £ 1.95 >0.05 No significant reduction
Blood glucose (mmol/L) 6.05 +4.27 6.06 £ 4.25 >0.05 No significant reduction
T-chol (m mol/L) 4.83 +£4.063 4.81+4.58 >0.05 No significant reduction
TG (m mol/L) 4.46 £4.03 4.36 £4.09 >0.05 No significant reduction
HDL-chol (mmol/L) 3.57 £ 4.06 3.60 + 4.08 >0.05 No significant reduction
LDL-chol (mmol/L) 0.86 £ 0.02 0.86 + 4.04 >0.05 No significant reduction
HFD+HSD Obese+diabetes Body weight (g) 34.9+1.33 33.43+2.21 <0.005 4.3%}
Blood glucose (mmol/L) 14.33 £ 0.239 11.3+54.3 <0.001 20.8%!
T-chol (mmol/L) 6.97 +4.11 6.40 £4.10 <0.001 8.2%!
TG (mmol/L) 6.20 + 4.07 5.67 £ 4.06 <0.001 8.5%!
HDL-chol (mmol/L) 4.76 + 4.05 4.67 £4.11 >0.05 No significant reduction
LDL-chol ( mmol/L) 1.46 +4.03 1.28 +4.03 <0.001 12.3%*
RFD Obese Body weight (g) 32.5+1.91 31.66 + 1.56 <0.001 2.7%}
Blood glucose (mmol/IL) 9.13+4.25 7.35+4.23 <0.001 19.5%*
T-chol (mmol/l) 6.69+4.08 5.30+4.05 <0.005 20.8%
TG (mmol/l) 5.54 +4.03 4.91+4.04 <0.001 11.4%*
HDL-chol (mmol/L) 4.56 +0.21 4.67+4.13 >0.05 No significant reduction
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LDL-chol (mmol/l) 1.26 £ 0.05 1.07 £ 4.02 <0.001 15.1%*
HSD Diabetes Body weight (g) 28.87 +2.65 28.39+1.75 >0.05 No significant reduction
Blood glucose (mmol/L) 13.5+54.23 10.8 £ 54.23 <0.001 19.9%*
T-chol (mmol/L) 545+4.11 4.96 £ 4.07 <0.001 9.0%}!
TG (mmol/L) 4.8+4.09 4.52+4.08 <0.001 5.9%!
HDL-chol (mmol/L) 3.33+0.05 3.49+4.09 <0.05 4.6%*
LDL-chol (mmol/l) 1.02 £ 4.04 0.89 £ 4.02 <0.001 12.7%*
Discussion approximately 8% therefore, sufficient number of animals

Metformin is the common first-line treatment for type 2
diabetes [20] with negligible side effects [21]. Besides its
glucose-lowering effect, it has also been shown to assist
modest weight reduction and improve plasma lipid levels
[22,23]. The revolution of intelligent technology has positively
impacted on the prevalence of “diabesity”, a term describing
the coexistence of obesity and diabetes, has been increasing
over the past few decades [24,25]. Treating and managing both
obesity and diabetes at the same time can be a challenge
because some of the hypoglycemic drugs such as
sulphonylureas and insulin are frequently associated with
weight gain [24]. GLP-1 analogues have been shown to be able
to treat both obesity and diabetes but are not cost effective to a
proportion of the society [25]. Metformin is relatively
affordable and has a good safety profile [23] but has not been
evidently proven to effectively address both obesity and
diabetes simultaneously.

The liver plays a crucial role in dietary lipid (fat) handling
ensuring regulation of storage, assortment, outflow and
synthesis of lipids in-situ [26]. The regulation of all lipid
anabolic and catabolic processes are very complex and an
imbalance between the amount on lipids intake and the rates of
lipid metabolism homeostasis may lead to metabolic disorders
including obesity, dyslipidemia, insulin resistance, and
cardiovascular diseases. An ideal healthy diet should contain
20-35% fat, 10-35% protein, and 45-65% carbohydrate [27].
The current study evidently demonstrated that continuous
consumption of 45% kcal diet (HFD) for 15 d significantly
increased body weight in mice, while the increment in body
weight was enhanced with a combination diet containing 45%
kcal (HFD) and 160% kcal (HSD; 40% sucrose solution; 1 g
sucrose=4 kcal). However, consistent with other studies [28]
HSD alone did not result in significant weight gain but
aggressive behavior among group mates was observed as
scares, bleeding scratches and bites. Currently scarce scientific
evidence are available to explain the correlation between HSD
and the development of aggressive behavior. Also, in the
current study did not quantitate total caloric intake of the mice
therefore we are not able to describe whether the lack of body
weight gain seen with the mice fed HSD was due to a reduction
in the total caloric intake. At this point it is surface to note that
the mortality rate for animals in the HFD group is
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should be planned at the start of this study.

This current study compared four varieties of diets: HFD,
HSD, HFD+HSD, ND (control) significantly (p<0.05)
demonstrated elevated blood glucose in the HFD, HSD and
HFD+HSD at the end of 15 w (Figure 1B). HFD induced
impaired glucose tolerance (IGT) (N-FBG=7.9-11.1 mmol/L),
which is a stage in the spectrum of hyperglycemia the natural
history of diabetes preceding “true” clinical diabetes (N-
FBG>11.1 mmol/L). HSD induced diabetes, while combination
of HFD+HSD induced diabetes with potentiated
hyperglycemic effect. Nevertheless, this mice model protocol
is optimal for use in studies which require experimental
induction of obesity and diabetes using HFD (45% kcal fat),
HSD (40% sucrose solution; w/v; equivalent to 160% kcal) and
a combination of HFD+HSD.

10 w (w 16-25) oral metformin treatment evidently
demonstrated 4.3% (p<0.005) and 2.7% (p<0.001) lower body
weight in HFD and HFD+HSD groups comparison to the
respective non-treated groups (Figure 2). Metformin is an
insulin sensitizer that lowers blood glucose without increasing
the plasma concentration of insulin. Thus, metformin does not
cause hypoglycemia or weight gain associated with high
plasma concentration of insulin. Instead, metformin therapy is
frequently associated with weight loss, which is a welcoming
side-effect for diabetic patients who are obese [29,30]. The
results in Figure 2 suggest that metformin is a competent anti-
obesity agent. Nevertheless, future studies are needed to assess
its long term anti-obesity effect. The mechanism of action of
metformin in weight reduction is currently not fully
understood. Some studies stated that metformin induced weight
reduction by reducing the food consumption [22]. Other
studies suggested that metformin reduces appetite by
increasing the plasma level of glucagon-like peptide 1 (GLP-1)
GLP-1 is an incretin released from the intestinal L cells upon
increase in the postprandial blood glucose [31]. GLP-1 is
known to promote satiety and inhibit food intake [31]. Thus,
the lack of weight gain observed in the mice treated with
metformin could be due to reduced food intake caused by a
loss of appetite. However, as the precise food intake of the
mice was not measured, we are unable to determine whether
the lack of body weight gain was a result of a reduction in the
food intake. Matsui et al. [32] documented that a single oral
administration of 300 mg/kg metformin markedly reduced the
food consumption in mice for 2 h. The latter study also noted a
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concurrent increase in the plasma level of GLP-1 alluding that
metformin facilitates weight reduction by reducing the appetite
[32]. Various other rodent studies, long-term feeding of high
fat or high-sucrose diet results in metabolic abnormalities such
as obesity, hyperglycemia, dyslipidemia and insulin resistance
[33-37]. Some studies suggest that metformin aids weight loss
by improving insulin resistance. It is thought an improvement
in the insulin sensitivity reduces the frequency of postprandial
hypoglycemia and consequently reduces the hunger after a
meal and unnecessary food consumption [38,39]. Metformin is
also known to decrease glucose absorption in the gut. Thus less
glucose will be available to be converted into fat in the liver
and stored in the adipose tissue [40].

Metformin is a well-established oral anti-hyperglycemic agent
used for the treatment of type-2 diabetes [22]. Our study is
consistent with other studies demonstrating that metformin
therapy significantly reduced blood glucose level of the mice
fed HFD and HSD. Metformin therapy restored
normoglycemia in mice fed HSD+metformin. However, blood
glucose level of the mice in ODM and DM group was still
higher than that of the mice in ND group presuming that longer
period of treatment is required to restore normal blood glucose
level in these groups. Metformin lowers blood glucose level by
primarily suppressing glucose production in the liver and
secondarily by improving insulin sensitivity of the peripheral
tissues [41].

Metformin treatment is very efficient in preventing the
histological changes of high fat diet induced organs [42]. In the
present study, high sucrose, high fat and combination of both
diets fed rats resulted in moderate histological changes in the
cardiac muscle and kidney and metformin markedly prevented
the cell damage in treated groups. Photomicrographs of the
representative sections stained with H&E of the cardiac muscle
and kidney of NC (mice fed with normal diet) and NC+M
(mice fed normal diet and treated with metformin) showed
visible population of clear cortex with renal corpuscles, renal
tubules (kidney), nuclei and normal architecture of cardiac
muscle fibers (branching). Diabetic (HSD) and obese (HFD)
and combination of both the mice showed a moderate
glomerular basement membrane thickening with splitting of
Bowman’s capsule, but no mesangial alteration. Treatment
with metformin effectively prevented the mesangial and
glomerular basement membrane alterations (kidney) and
maintained the normal architecture and visible distribution of
the cardiac muscle fibers and nuclei.

Various rodent studies have shown that long-term feeding with
HFD or HSD essentially led to dyslipidemia [43-46].
Consistent with past animal studies, we observed a significant
increase (p<0.005) in the plasma levels of triglycerides, total
cholesterol, HDL-cholesterol and LDL-cholesterol in the HFD
and HFD+HSD groups. The HSD group showed significant
increase in triglycerides, total cholesterol, LDL-cholesterol and
decrease in HDL cholesterol. Obesity and diabetes are
commonly associated dyslipidemia [47]. Diets high in fat,
especially saturated fat, are known to elevate plasma levels of
triglycerides, total cholesterol and LDL-cholesterol [48].
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Consumption of diets high in sucrose is also known to induce
dyslipidemia. Sucrose, upon ingestion, is broken down into
glucose and fructose by enzyme sucrase in intestine. Unlike
glucose, fructose which bypasses two major steps (glucokinase
and phosphofructokinase) in glycolysis and preferentially enter
lipogenesis pathway [43]. As a result, large proportion of
carbon deriving from the fructose fraction of the sucrose is
converted into fatty acids in the liver and the rate of lipid
synthesis in the liver is accelerated. This consequently leads to
increase in the plasma lipid and cholesterol levels [43-45]. It is
well documented that diet high in fat ironically increases the
level of HDL, which is known as the good cholesterol. As can
be seen in Figure 6, HDL levels in mice fed with HFD and a
combination of HFD and HSD were significantly greater in
comparison to mice fed mice fed normal diet (NC). It is well
documented that consuming diet high in saturated fat and
cholesterol ironically elevates the level of HDL, the good
cholesterol [49]. It is thought that the paradoxical increase in
the level of HDL seen with high dietary fat intake is a way of
our body to counter the increased atherogenic risk associated
with high saturated fat intake [50]. The latter demonstrated that
consumption of diet high in saturated fat and cholesterol
elevates HDL-cholesterol levels by decreasing the catabolic
rates of HDL via decreasing HDL cholesterol ester and
apolipoprotein A-I. Thus it is normal to observe an increase in
the HDL level with high dietary fat intake. As for mice fed
HSD, HDL-cholesterol level, in a contrary to other groups,
were lower than mice fed with normal diet at the end of the
experimental period. Typically, type 2 diabetes is often
accompanied by low HDL levels and elevated plasma
triglycerides and LDL-cholesterol levels [51]. The precise
mechanism underlying the cause of low HDL-cholesterol level
in type 2 diabetes is still unclear but it is thought that the
increase in the activities of cholesteryl ester transfer protein
and endothelial lipase in the state of hypertriglyceridemia
accelerates the rate of HDL catabolism [52]. Thus the low level
of HDL we observed in mice fed with HSD is consistent with
findings from various previous studies.

Nevertheless, treatment with metformin for 10 w while
consuming HFD, HSD or HFD+HSD demonstrated significant
prevention of increased levels of Total cholesterol,
Triglycerides, HDL-cholesterol and LDL-cholesterol in
comparison to the respective non-treated groups (Figure 7).
Various rodent and human studies have also documented the
beneficial effects of metformin on blood lipid profile
[48,53-56]. Geerling et al. [57] observed reduction in plasma
Total cholesterol (36% lower compared to control) and
triglyceride (38% lower compared to control) levels after 4 w
metformin treatment in the mice fed cholesterol rich diet.
Similarly, Kim et al. [48] have shown that metformin treatment
significantly lowered TC, TG and LDL-cholesterol plasma
levels in obese mice. Consistent with past findings, our study
design demonstrated the ability of metformin to significantly
improve lipid profiles of the mice with diet-induced obesity
and diabetes. Overall, our results evidently showed metformin
is effective in alleviating dyslipidemia which co-existed in
obesity and diabetes. Metformin improves lipid profile by
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inhibiting the hepatic synthesis of cholesterol and triglycerides
via activation of AMP-activated protein kinase (AMPK) in the
liver [58].

Reactive oxygen species production has been commonly
documented to play a crucial role in the pathogenesis of type-2
diabetes [59] and diabetic nephropathy [59-61]. Our previous
study evidently demonstrated the concordance of increasing
ROS levels in peripheral blood as HbAlc (Glycated
hemoglobin) levels in peripheral blood increased. ROS levels
also demonstrated a positive correlation with ACR (Albumin to
Creatinine Ratio) in urine samples [62]. HbAlc [63] and ACR
[64] are the current gold standard markers for diagnosis and
management of diabetes (both types 1 and 2) and nephropathy
respectively.  Nonetheless, various studies have also
documented that high fat and high sucrose diets increased
mitochondrial ROS [65,66], therefore, contributes inevitably to
the pathogenesis of obesity and diabetes. In the current study
we quantitated ROS and in-situ ROS defense system in plasma
of mice fed with high fat diet (HFD) and normal diet (Control)
at d 0 (before consuming HFD) and after 182 d of HFD
consumption. We observed that ROS levels in group of mice
fed with HFD was maintained at normal physiological limits
(normal limit: <2.36 mmol/L) [67,68] with reference to the
control group (Figure 5A). In-situ ROS defense system level in
the control group demonstrated slightly higher level (p>0.05)
after consumption of normal diet for 30 d (Figure 5B). The
latter slight increase in in-situ ROS defense system level could
probably be due to restrained stress instead of diet induced
oxidative stress. HFD group on the other hand demonstrated
significant increase in ROS defense level after 182 d of
consuming HFD. The latter finding suggests that ROS was
significantly generated from the metabolism of HFD and the
in-situ antioxidant defense system had efficiently functioned to
neutralize the increased ROS to homeostasis level (Figure 5A).
Subsequently, the significant (p<0.05) increase in in-situ
antioxidant system (normal limits: 1.07-1.53 Trolox units)
[67,68] in HFD group confirms that the in-situ antioxidant
system was up regulated due to the presence of high ROS
levels produced during HFD metabolism (Figure 5B).

Conclusions

45% kcal fat along with other essential proportion of nutrients
and 40% sucrose solution effectively induced obesity in mice.
The outcomes of this study cohesively demonstrated oral
metformin therapy was effective in lowering body weight and
blood glucose at the same time in a mouse model. 10 d oral
metformin therapy led to significant weight reduction,
glycemic control as well as improved lipid profiles in
experimental diet-induced obesity and diabetes. Since
metformin is commonly used in as a pharmacological
intervention to manage hyperglycemia in patients, the findings
of this study suggests that metformin will be an effective
intervention for weight lost in obese or overweight type II
diabetic patients as well as addressing the co-existing obesity
and type 2 diabetes related dyslipidemia. Further large scale
translational studies in human will be beneficial in confirming
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the pleiotropic effects of metformin as a cost effective
intervention for obesity and type 2 diabetes along with
coexisting cardio-metabolic risk factors.
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