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Abstract

Introduction: Very few systematic studies are done during the onset and progression of metabolic syndrome in suitable animal models. In
this paper we present the effect of High-Fat Simple Carbohydrate (HFSC) feed on the metabolic hormones in C57BL/6] mice to understand
the sequence of events leading to impairment of glucose homeostasis.

Material and methods: One-month-old male C57BL/6] mice were fed with control (C group) and HFSC (T group) feed (n = 30 each)
respectively for five months. The glucose tolerance was studied by Oral Glucose Tolerance Test (OGTT) whereas serum insulin and leptin
were quantified using ELISA kits, and serum cortisol was quantified using CLIA kits.

Results: Insulin resistance index and HOMA-IR levels were higher in the mice of group T as compared to age-matched mice of group C
within one month and significantly higher after and five months of feeding. The total area under the glucose tolerance test curve (AUC)
and the insulin curve (AUC ins) was found to significantly increase in the mice of T group as compared to the mice of C group as early
as two months of feeding and was elevated after 5 months post feeding. Comparison of the Matsuda index revealed that pancreatic beta
cell function was significantly lower in mice of T group as compared to mice of C group by five months of feeding. Leptin levels fluctu-
ated during the 14" month and by the 5" month significant hyperleptinaemia was detected. There was no significant change in cortisol
levels in mice of group T as compared to mice of group C after five months of feeding.

Conclusions: HFSC feed induces insulin resistance by the first month and progressively impairs glucose tolerance, resulting in hyperlep-
tinaemia by the fifth month in male C57BL/6] mice. (Endokrynol Pol 2016; 67 (6): 592-598)
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pancreatic islet function

Streszczenie

Wstep: Dostepnych jest bardzo niewiele badan systematycznych oceniajacych wystapienie i progresje zespolu metabolicznego na od-
powiednich modelach zwierzecych. W niniejszej pracy przedstawiono wplyw podawania myszom C57BL/6] karmy wysokottuszczowej
i zawierajacej cukry proste (HFSC, High Fat Simple Carbohydrate) na sekwencje zdarzen prowadzacych do zaburzen homeostazy glukozy.
Material i metody: Jednomiesiecznym samcom myszy C57BL/6] podawano przez 5miesigecy karme kontrolng (grupa C) lub HFSC (grupa T)
(n = 30 w kazdej grupie). Tolerancje glukozy oceniono na podstawie doustnego testu tolerancji glukozy (OGTT, oral glucose tolerance test),
natomiast stezenia insulin i leptyny w surowicy oznaczono, uzywajac metody ELISA, a do oznaczenia steZenia kortyzolu w surowicy
uzyto metody CLIA.

Wyniki: Wskaznik insulinoopornos$ci HOMA-IR byt wyzszy u myszy z grupy T niz u dobranej pod wzgledem wieku myszy z grupy C
juz w ciagu pierwszego miesigca, a po 3 i 5 miesigcach diety HFSC réznice byly istotne statystycznie. Catkowite pole pod krzywa (AUC,
area under the curve) w tescie tolerancji glukozy oraz pole pod krzywa insuliny (AUC ins) zwigkszylo sig istotnie u myszy z grupy T
w poréwnaniu z myszami z grupy C, co bylo widoczne juz po 2 miesigcach podawania karmy HFSC i byto podwyzszone przez 5 miesigcy
od zakonczenia podawania tej karmy. Poréwnanie wskaznika Matsudy wykazalo, Zze po 5 miesigcach czynnos¢ komoérek beta trzustki
byla istotnie uposledzono u myszy z grupy T w poréwnaniu z myszami z grupy C. Stezenia leptyny wahaly si¢ w okresie 1.—4. miesigca,
a po 5 miesigcach wykryto istotng hiperleptynemie. Po 3 miesiacach nie stwierdzono istotnych zmian stezen kortyzolu u myszy z grupy
T w poréwnaniu z grupg C.

Whioski: U samcéw myszy C57BL/6] dieta HFSC wywolala insulinoopornoé¢ juz po pierwszym miesigcu, a nastepnie powodowata
stopniowe pogarszanie tolerancji glukozy, co po pieciu miesiacach doprowadzito do hiperleptynemii. (Endokrynol Pol 2016; 67 (6): 592-598)

Stowa kluczowe: insulinoopornosc; doustny test tolerancji glukozy; kortyzol; leptyna; dieta HFSC; myszy C57BL/6); zespdt metaboliczny;
wskaznik Matsudly; czynnos¢ wysp trzustkowych
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Ethical approval

All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were
followed. All the experiments were carried out accord-
ing to the guidelines of the Committee for the Purpose
of Control and Supervision of Experiments on Animals
(CPCSEA), New Delhi, India with approval from the
Institutional Animal Ethics Committee (Sanction No.
SAC/IAEC/110/2011, 30* March 2011).

Introduction

The rampant mushrooming of fast food outlets has led
to a change in dietary patterns across the globe. Most of
the food items available are categorically rich in fat and
simple carbohydrates. Food influences hormones such
asinsulin [1,2] and leptin [3, 4]. Insulin and leptin, both
anorexic hormones, are known to suppress appetite [5].
Among the animal models used for nutritional studies,
C57BL/6] mice seem to respond better to hormonal
changes caused by diet. High-fat diet-fed C57BL/6] mice
develop obesity, hyperglycaemia, hyperinsulinaemia,
and impaired glucose-stimulated insulin secretion [6],
as well as peripheral and central leptin insensitivity [7].
Paradoxical observations exist with respect to the role
of leptin and insulin resistance. Leptin appears to act
in both insulin sensitisation and resistance phenotype
[8]. Most of the studies are based on feeding a high-fat
diet that does not mimic the present day fast foods.
Recognising the importance of simple carbohydrates
in weight gain and other associated complications
of glucose homeostasis, we specially formulated and
prepared High-Fat Simple Carbohydrate Diet (HFSC)
feed in our laboratory.

HFSC-fed C57BL/6] male mice progressively gained
body weight, developed hyperglycaemia, obesity, hy-
percholesterolaemia, and hypertriglyceridemia during
a five-month study [9]. Given the observed increase in
body weight, we wanted to study the leptin profile in
the developed animal model due to its anorectic mode
of action in body weight regulation. Also, the glucose
levels that were studied by us primarily focused on
fasting blood glucose. This did not provide us with
an insight into tolerance of the animal model to the
glucose flux that could be obtained by a glucose tol-
erance test. Along with insulin, cortisol also plays an
important role in maintaining the glucose levels of the
body by stimulating gluconeogenesis as well as in fat,
carbohydrate, and lipid metabolism [10]. To get a better

understanding of the observed disrupted biochemical
profile, in the present investigation we have tried to
assess the timeframe of disruption of glucose homeo-
stasis in C57BL/6] mice in response to the HFSC feed.
In this study we evaluated the glucose tolerance as
well as insulin, cortisol, leptin, and pancreatic insulin
function in experimental C57BL/6] mice during a five-
month period.

Material and methods

Animals used

Pathogen-free, one-month-old, male C57BL/6] mice
obtained by breeding (breeder stock procured from
the National Institute of Nutrition, Hyderabad, India)
were used for the experimental study. Male mice were
chosen for the study because the energy balance-related
pathways are affected due to hormonal variations as-
sociated with oestrous cycle [11-13]. Also, the body
composition and body fat distribution differs in males
and females wherein females have higher percentage of
body fat and less abdominal fat compared to males [14].
The mice were divided into control and test groups (n
= 30 each) and were fed with control feed and high-fat
simple carbohydrate feed respectively at the rate of 5
g/day according to Indian National Science Academy
regulations [15].

The control feed consisted of wheat flour (79% w/w),
infant milk spray (Amul, India) (16% w/w) (used as
the source of proteins and vitamins) and soya bean oil
(4.67% v/w), whereas the HFSC feed contained porcine
fat (13% w/w), sucrose (10% w/w), corn starch (7% w/w),
and infant milk spray (Amul, India) (70% w/w). Total
energy content from control feed was 3582.369 Kcal/
kg and from HFSC feed was 5064.581 Kcal/kg [16]. The
mice were provided with fresh food and water, both
ad libitum, daily. All the experiments were carried out
according to CPCSEA India guidelines with approval
from the Institutional Animal Ethics Committee (sanc-
tion No. SAC/TAEC/110/2011, 30" March 2011). These
guidelines are in accordance with the Interdisciplinary
Principles and Guidelines for the Use of Animals in
Research, Testing, and Education issued by the New
York Academy of Sciences Ad Hoc Committee on Ani-
mal Research.

Oral glucose tolerance test (OGTT)

Oral glucose tolerance test was performed every month
in accordance with Buetner et al. (2006) [17]. The mice
were starved for 16 hours prior to the procedure. A glu-
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cose load (1 g/lkg body weight) was orally administered
to each mouse. The blood was collected by tail vein
bleeding, and blood glucose levels were then measured
at 0 (before glucose administration) 30, 60, 90, and 120
minutes post glucose load using a glucometer (One
touch Horizon, India). The serum obtained was used
for insulin analysis.

Insulin analysis

The serum insulin analysis was performed using an Ul-

tra-Sensitive Mouse Insulin ELISA kit according to the

manufacturer’s instruction (Crystal Chem Inc., USA).
Homeostatic Model of Assessment-Insulin Resista-

nce (HOMA-IR) was calculated according to the given

formula [18]:

HOMA-IR = Glucose [mmol/L] * Insulin [m/U/mL]

The Matsuda index of insulin sensitivity was cal-
culated as follows, with glucose and insulin values in
mmol/L and pmol/L, respectively [18 |:

10,000/(G, X I, XG_ x I )3

where G and I are pre-meal values for insulin and
glucose, respectively, and G _and I are mean post-
meal values during the first 120 minutes of the glucose
tolerance test.

Total area under the curve of both glucose and
insulin was calculated during 0-120 minutes following
oral liquid glucose load [18].

The ratio of AUC (ins/glc) and Matsuda index pro-
vides an insight into the 3 cell function [19].

Leptin analysis

Leptin was analysed from the serum obtained by tail
vein bleeding using Mouse Leptin ELISA kit according
to the manufacturer’s instructions (RayBio®, USA).

Cortisol

Serum cortisol was analysed by Chemiluminescence
Immuno assay (CLIA) technique by Bioscan Diagnostics
and Health Care Centre (Kadri, Shivabaugh, Karnataka,
India).

Statistical analysis

The obtained data was statistically analysed using Graph
Pad InStat Version 3.1. Specifically, the OGTT data (post
Students t-test) was further subjected to Bonferroni cor-
rection in order to calculate the correct error because after
each month of OGTT the mice were sacrificed for further
analysis in the study. For example, for the fifth month,
only those values below 0.01 were considered significant
(p < 0.05/5 = 0.01). Accordingly, the corrections were
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applied for the other months as well. The statistical ap-
proach was confirmed by a statistician, Dr Mariamma
Philip (Assistant Professor, NIMHANS, Bangalore, India).

Results

HFSC feed significantly increased fasting blood glucose
in the mice of group T as compared to the mice of group
C (p < 0.05) after one month of feeding. However,
oral glucose tolerance was unaffected (i.e. the ability
of mice of group T to bring the blood glucose levels
to normal levels was not affected) at the end of one
month of feeding with HFSC diet (Table I). Glucose
tolerance was found to be significantly impaired after
two months of feeding the HFSC diet. The blood glu-
cose levels were significantly (p < 0.025) higher in the
mice of group T after 0 minutes and 30 minutes of glu-
cose load as compared to the mice of group C (Table I).
This impairment only worsened in the mice of group
T throughout the feeding regimen as compared to
the mice of group C, shown by significantly higher
levels of the blood glucose levels of mice of group T at
0 minutes (p < 0.001), 30 minutes (p < 0.01), 60 minutes
(p < 0.01), and 120 minutes (p < 0.01) post glucose load
after three months of feeding (Table I). After four and five
months of feeding, significantly (p < 0.01 and p < 0.001)
higher impaired glucose tolerance was observed until
120 minutes of feeding with the blood glucose levels
rapidly becoming very high in the mice of group T as
compared to the mice of group C (Table I). The total
area under the glucose curve (AUC glc) (Fig. 1) and
total area under the insulin curve (AUC ins) (Fig. 2)
were found to significantly increase in the mice of
group T as compared to the mice of group C as early as
within two months of feeding and was elevated until
five months of feeding. Comparison of the Matsuda
index revealed that pancreatic beta-cell function was
significantly lower in mice of group T as compared to
mice of group C from one month, and worsened by
five months of feeding (Fig. 3). The ratio of AUC (ins/
/glc) and Matsuda index (Fig. 4) further confirms that
the pancreatic beta-cell function was affected from the
first month and deteriorated by fifth month.

The HOMA-IR levels of the mice of group T
were higher than the mice of group C within one
month and significantly higher after three months
(p < 0.001) and five months (p < 0.001) of feeding
(Table II). An interesting observation was that the
HOMA-IR of mice of group T was lower after five
months of feeding as compared to HOMA-IR after
three months of feeding of the same group. Cor-
responding analysis of the insulin levels using the
serum samples obtained during OGTT showed that
the insulin levels of the mice of group T were sig-
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Figure 4. Effect of HFSC diet on pancreatic -cell function during
the five-month feeding regimen. C — Mice fed with control diet,
T — Mice fed with HFSC diet

Rycina 4. Wptyw karmy HFSC na czynnosé komorek beta trzustki
w trakcie 5-miesigcznego badania. C — myszy otrzymujgce karme
kontrolng, T — myszy otrzymujgce karmg HFSC

nificantly higher than the mice of group C (p < 0.01)
as early as within one month of feeding but only 30 min-
utes post glucose load (Table I1I). Significantly higher lev-
els of insulin were observed in the mice of group T atall
time points (0 minutes [p < 0.001], 30 minutes [p < 0.01],
and 120 minutes [p < 0.025]) after five months of feed-
ing as compared to the mice of group C (Table III).

In our study the leptin levels were lower in mice
of group T, although not significantly after a month of
feeding as compared to mice of group C (Fig. 5), indicat-
ing that the body’s sensitivity to leptin was not lost yet.
However, leptin levels in the mice of group T fluctuated
during the second to the fourth month period, reaching
significantly (p < 0.05) higher concentration than the
mice of group C after feeding for five months (Fig. 5).
Also, the cortisol levels did not show any significant
change in mice of group T as compared to mice of group
C after five months of feeding (Table IV).

Discussion

A previous study from our laboratory has shown that
HFSC feed could induce features of metabolic syn-

drome like obesity, hyperglycaemia, hypercholester-
olaemia, and hypertriglyceridaemia in male C57BL/6]
mice [9]. The increased levels of fasting blood glucose
that were noted in our study could indicate hepatic
insulin resistance because this glucose is derived from
glycogenolysis from the liver [20, 21]. Glucose toler-
ance was found to be significantly impaired after two
months of feeding with the HFSC diet because there
was a failure to clear the high blood glucose levels post
glucose load. This impairment only worsened in mice of
group T throughout the feeding regimen as compared
to mice of group C. Our results are in agreement with
a previous study [22]; however, glucose intolerance was
much more severe in the current study. This could be
due to hepatic insulin resistance, muscle insulin resist-
ance, and impaired insulin secretion [20]. High Insulin
levels observed in our study further confirms it.

The total area under the glucose tolerance test
curve (AUC) and the insulin curve (AUC ins) was
found to significantly increase in the mice of group T as
compared to the mice of group C as early as after two
months of feeding and was elevated until five months
of feeding implying impaired glucose tolerance. This
could be due to insulin resistance triggered by HFSC
feed. Several studies [23] show that insulin sensitivity is
reduced in human subjects with reduced glucose toler-
ance. HOMA-IR further confirmed insulin resistance
in our animal model. The increased levels of insulin
in the mice of group T after five months of feeding as
compared to mice of group C indicate that the mice of
group T had OGTT-stimulated hyperinsulinaemia as
compared to mice of group C. A study reported that
54% of obese children and adolescents have higher fast-
ing or OGTT-stimulated hyperinsulinaemia [24]. This
supports our study. Insulin resistance was also observed
in prediabetic patients, which increased in parallel to
waist circumference [25]. Pancreatic beta cell function
as revealed by Matsuda index was significantly lower
in mice of group T as compared to mice of group C by
one month and worsened by five months of feeding.
The ratio of AUC (ins/glc) is an insulin secretion index
whereas the Matsuda index is an OGTT-stimulated in-
dex and provides an insight into the insulin sensitivity
[19]. The product of these two indices is a measure of

Table I1. Homeostatic model of insulin resistance analysis (HOMA-IR) of male C57BL/6] mice during the five-month study
Tabela II. Analiza danych modelu homeostatycznego oceny insulinoopornosci (HOMA-IR) u samcow myszy C57BL/6]

w trakcie 5-miesigcznego badania

0 Day 1 mo 3mo 5 mo
Control 1.86 =+ 0.009 2.35 +0.37 2.61 = 0.31 3.007 = 0.46
Test 1.86 = 0.03 413 = 0.84 33.92 + 4.12%** 18.22 + 1.39***

Data is represented as mean + S.E.M. of 5-6 independent values. *** p < 0.001 Test as compared to the respective age-matched control
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Table II1. Insulin levels of male C57BL/6] mice following oral glucose load during the five-month study

Tabela III. StgZenia insulin u samcow myszy C57BL/6] po doustnym obcigzeniu glukozq w trakcie 5-miesigcznego badania

Control [u1U/mL]

Test [ulU/mL]

0 minutes 30 minutes 120 minutes 0 minutes 30 minutes 120 minutes
1 mo 10.29 + 1.72 8.58 = 0.70 11.07 = 1.60 16.95 + 3.44 17.42 + 1.85%* 16.06 + 1.95
5 mo 12.41 +£1.92 17.59 + 2.62 16.88 + 1.78 4491 + 3.32***  60.37 = 6.77** 76.01 + 18.88*

Data is represented as mean = S.E.M. of 5-6 independent values. *p < 0.05, **p < 0.01, ***p < 0.001 Test as compared to the respective time-matched control

7001
] Control
6001 [ Test

500+
400+

300+

Leptin [pg/mL]

200+

100

1 mo 2 mo

Data is represented as Mean + S.E.M. of 5-6 independent values

3mo 4 mo 5mo
Months

* p < 0.05 5 mo Test as compared 5 mo Control; ##p < 0.01 5 mo Test compared to 1 mo Test

Figure 5. Effect of HFSC diet on leptin on male C57BL/6] MICE. Control — mice fed with control diet, Test — mice fed with HFSC diet
Rycina 5. Wptyw karmy HFSC na stezenie leptyny u samcéw myszy C57BL/6]. Control — myszy otrzymujgce karme kontrolng,

Test — myszy otrzymujgce karmg HFSC

Table IV. Cortisol levels of male C57BL/6] after five months
of feeding HFSC diet

Tabela IV. Stezenia kortyzolu u samcow myszy C57BL/6] po
5 miesigcach stosowania karmy HFSC

Control Test
8.58 = 0.62 9.76 = 0.49

Cortisol [ug/dL]

pancreatic S-cell function. This combination is distinct
for different degrees of glucose tolerance. Itis found to
decrease from Normal Glucose Tolerance to Impaired
Glucose Tolerance to Diabetes. In our study, the insert
insulin of group T had reduced values as compared to
mice of group C, indicating decreased pancreatic S-cell
function. This is further supported by histopathologi-
cal observations in the pancreas of HFSC-fed C57BL/6]
mice in our previous study [16].

Leptin is associated with insulin resistance in pa-
tients with metabolic syndrome [26]. Insulin is known
to stimulate leptin release [27]. In our study, leptin levels
were found to be lower in mice of group T after one
month of feeding, but not significantly as compared to

mice of group C, indicating that sensitivity to leptin has
notbeen lost. A study reported no difference in the lep-
tin levels of pre-diabetic patients as compared to normal
patients [26]. This supports our finding. However, leptin
levels were significantly higher in mice of group T than
mice of group C after feeding for five months. A con-
trasting report was found in a human study wherein no
difference was observed in the leptin levels of metabolic
syndrome and non-metabolic syndrome patients [28].
This could also be due to differences in diets consumed.
Diets were found to have varied effects on leptin, as
discussed subsequently. Long-term intake of a high-fat
diet was found to positively correlate with plasma leptin
levels in male rats [6] whereas a short-term, moderately
high-fat diet was found to reduce circulating leptin
levels [7]. Also, the type of dietary fats seems to affect
plasma leptin levels [29]. In our study, insulin secretion
was not found to be modulated by hyperleptinaemia
even though leptin is known to inhibit insulin secretion
in the pancreas via leptin receptors on the pancreatic
B-cells [30]. This could be due to polymorphisms in the
leptin receptors or leptin resistance in the pancreas,
which needs to be evaluated.
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There was no significant change in cortisol levels in
mice of group T than mice of group C after five months
of feeding. Higher cortisol levels were reported to reduce
insulin secretion [31]. However, in our study insulin
secretion, as stated earlier, was higher in mice of group
T than mice of group C, indicating loss of regulation.

Conclusions

High incidence of metabolic syndrome worldwide
warrants more focussed research for elucidating the
causative factors. Among other factors, fast foods, which
are energy dense, could also play a role in the aetiology
of the syndrome. In the present investigation we have
tried to systematically evaluate the time frame of dis-
ruption of glucose homeostasis by feeding HFSC feed
(which mimics calorie-rich fast foods) to male C57BL/6]
mice. Our study shows that HFSC feed induces glucose
intolerance within two months of feeding probably
by inducing insulin resistance and pancreatic beta
cell dysfunction. Hyperleptinaemia was also noted in
HFSC-fed C57BL/6] mice, which further shows that our
animal model displays essential features of metabolic
syndrome. Further studies on the hypothalamus adre-
nal axis in this model might shed more light onto the cell
signalling mechanisms contributing to this syndrome.
These observations may have clinical significance,
especially with changing nutritional patterns globally.
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