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A B S T R A C T

Obesity is one of the primary causes of type 2 diabetes mellitus (T2DM). To better understand how obesity impairs
glucose-insulin homeostasis, we tracked fasting blood glucose and insulin levels and the key components of
glucose-insulin homeostasis for 7 months in high fat diet (HFD; 45% fat) fed mice (n ¼ 8). Every 2 weeks we
measured body weight, fasting blood glucose and insulin levels, and estimated 5 key rate constants of glucose-
insulin homeostasis using the methods established previously (Heliyon 3: e00310, 2017). Mice gained weight
steadily, more than doubling their weights after 7 months (23.6 � 0.5 to 52.3 � 1.4 g). Fasting (basal) insulin
levels were elevated (221.3 � 16.7 to 1043.1 � 90.5 pmol l-1) but fasting blood glucose levels unexpectedly
returned to the baseline levels (152.8 � 7.0 to 152.0 � 7.2 mg/dl) despite significantly elevated levels (216.8 �
44.9 mg/dl, average of 3 highest values for 8 mice) during the experimental period. After 7 months of HFD
feeding, the rate constants for insulin secretion (k1), insulin-independent glucose uptake (k3), and insulin con-
centration where liver switches from glucose uptake to release (Ipi) were significantly elevated. Insulin-dependent
glucose uptake (k2) and rate constant of liver glucose transfer (k4) were lowered but no statistical significance was
reached. The novel and key finding of this study is the wide range of fluctuations of the rate constants during the
course of obesity, reflecting the body's compensatory responses against metabolic alterations caused by obesity.
1. Introduction

Type 2 diabetes mellitus (T2DM), the most prevalent form of dia-
betes, affects ~380 million people around the world (2014 statistics,
World Health Organization). The causes of T2DM include a mixture of
genetic predisposition and environmental factors. Among these, obesity
is one of the primary risk factors that cause T2DM. Obesity, especially
visceral fat accumulation, is known to cause systemic insulin resistance,
elevating blood glucose levels in the body [1, 2, 3]. Adequate compen-
satory responses of pancreatic β-cells through hypersecretion of insulin,
however, is thought to protect an obese individual from developing
T2DM [4, 5]. Genetic predisposition may affect an individual to be more
susceptible to insulin resistance and/or β-cell failure in the setting of
obesity [6]. Thus, not all obese individuals develop T2DM.

Extensive research has elucidated the link between obesity and
T2DM, which involves proinflammatory cytokines (tumor necrosis factor
and interleukin-6), insulin resistance, glucolipotoxicity associated with
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nutrient overload, and alterations in cellular processes such as mito-
chondrial dysfunction and endoplasmic reticulum stress in β-cells and
other tissues [7, 8, 9, 10]. However, comprehensive understanding of
how the physiology of the body changes during the course of obesity is
lacking. For example, it is well documented that insulin secretion from
pancreatic β-cells increases initially to compensate insulin resistance in
the peripheral tissues but decreases over time due to β-cell dysfunction
and destruction [11, 12]. It is not known, however, how the process of
the changes occurs whether it is a gradual and linear, stepwise, or any
other pattern. It is also not known if other parameters of glucose-insulin
homeostasis that affect muscle, liver, and adipocytes also fluctuate
similar to insulin secretion.

Despite theoretical and technical limitations, several models
including homeostatic model assessment (HOMA), intravenous and oral
glucose tolerance tests (IVGTT and OGTT), calculation of insulin/C-
peptide ratio, and hyperglycemic clamp have been developed to assess
in vivo β-cell function for clinical and research purposes. Among these
nuary 2020
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Figure 1. (A) Body weights of mice (n ¼ 8) fed with lean diet or HFD over 28 weeks. (B) and (C) Fasting blood glucose levels of lean diet- and HFD-fed mice,
respectively. Mice were fasted for 5 h and blood glucose levels were determined using Contour glucose meter collecting blood from the tip of the tail.
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methods, hyperglycemic clamp [13] is considered as ‘gold standard’with
highly reproducible and reliable assessment of β-cell responsivity to
glucose. However, technical difficulties requiring highly specialized
expertise limit its wide usage in regular laboratories. Moreover, methods
for in vivo assessment of various other parameters that determine
glucose-insulin homeostasis in tissues such as muscle, liver, and other
tissues are difficult and usage of radioactive materials is necessary [14].
In animals, termination of life is often required to perform biochemical,
biophysical, and molecular biology experiments on specific tissues to
assess these. To track the alterations in the parameters of glucose-insulin
homeostasis non-invasively in live animals, we have previously estab-
lished methodologies for estimating insulin secretion, glucose uptake by
tissues, and liver handling of glucose using a modified mathematical
model of Lombarte et al. [15].

The primary objective of this study was to see if there exists a
threshold, a distinct time point when a path to diabetes is committed
during the course of obesity due to significant pathophysiologic alter-
ations in various organs. Display of continuously sustained high fasting
blood glucose levels with severe systemic insulin resistance beyond a
time point would have been confirmatory to existence of such a
threshold. To this end, we tracked the changes of fasting blood glucose,
basal insulin, and various parameters of glucose-insulin homeostasis for 7
months in HFD-fed mice. Contrary to our hypothesis, we have not
observed such a threshold that displays concerted changes of the pa-
rameters to a path to diabetes. Despite doubling of the body weight,
fasting blood glucose levels returned to the baseline levels after 7 months
of HFD feeding. Unexpectedly, we have also found that virtually all the
2

parameters showed a wide range of fluctuations during the course of
obesity. Especially, insulin-independent glucose uptake (k3) and blood
insulin concentrations that regulate liver switch of glucose uptake and
release (Ipi) showed the most significant and dynamic changes. It is
noteworthy that similar to insulin secretion (k1) insulin sensitivity of the
tissues (k2) and the hepatic sensitivity to insulin (k4) were also elevated
during the course of obesity, suggesting that compensatory responses
may occur not only in pancreatic β-cells but also in insulin-sensitive tis-
sues. This is a novel and new concept that has not been explored previ-
ously. Establishing a methodology that provides comprehensive
understanding of the physiology at different stages of the pathogenesis of
obesity-mediated T2DM would provide valuable insights for designing
strategies to prevent and/or delay the progression of the disease.

2. Materials and methods

2.1. Animals

Male B6D2F1 mice (the F1 hybrids of C57BL/6 and DBA/2, 4–6
weeks) were purchased from Harlan Sprague-Dawley Inc. (Indianapolis,
IN) and were maintained in the animal facility at the School of pharmacy
at Southern Illinois University Edwardsville (SIUE) under controlled
conditions (temperature 68–73 �F and 12 h light-dark cycle). We chose to
use male B62DF1 mice because these mice fed a high fat diet have been
shown to develop diabetic symptoms characterized by hyperglycemia,
glucosuria, and elevated hemoglobin A1C levels [16], whereas female
mice were resistant to weight gain and showed no metabolic alterations
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Figure 2. (A) and (B) Changes of fasting blood glucose levels of two representative mice over 28 weeks. (C) Mean fasting blood glucose levels (n ¼ 8) at start (wk 0),
during (average of 3 highest values), and end (wk 28) are shown.

Table 1. Summary of the data showing metabolic changes due to HFD feeding.
Changes of body weights, fasting blood glucose and insulin levels as well as 5 rate
constants that determine glucose-insulin homeostasis at start (wk 0), during
(average of 3 highest values), and end (wk 28) are shown. Values are presented as
mean � SEM (n ¼ 8). ‘a’ and ‘b’ denote significant differences between start vs.
during and during vs. end, respectively. ‘c’ denotes significant differences be-
tween start (wk 0) and end (wk 28). NS denotes no significant difference between
the groups.

Start (wk 0) Avg of 3 highest End (wk 28)

Body weight (g) 23.6 � 0.5 52.3 � 1.4c

Fasting BG (mg dl�1) 152.8 � 7.0 2l6.8 � 4.9a,b 152.0 � 7.2NS

Basal insulin (pmol�1) 221.3 � 16.7 1365.9 � 110.6a,b 1043.1 � 90.5c

Ipi (pmol�1) 491.0 � 111.8 2118.5 � l29.4a,b 963.3 � 164.2c

K1 (pmol dl min�1 mg�1/�1) 0.23 � 0.03 1.92 � 0.16a,NS 1.47 � 0.22c

K2 (mg/dl�1 min pmol�1) 0.19 � 0.04 0.47 � 0.06a,b 0.07 � 0.03NS

K3 (mg dl�1 min�1) 1.82 � 0.67 9.35 � 0.19a,NS 5.47 � 1.46c

K4 (mg/dl�1 min pmol�1) 0.11 � 0.06 0.44 � 0.08a,b 0.0810.01NS
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when they were fed a HFD (unpublished observations). After a 2 week
acclimation period, the mice (4 per cage) were fed a lean diet (El-Mel, St.
Louis, MO) or a high fat diet (HFD, 45% kcal fat, Harlan laboratories,
3

Madison, WI) and water ad libitum. Gross energy for lean diet (protein;
29.8%, carbohydrate; 56.7%, Fat; 13.4% by weight) and HFD (protein;
17.3%, carbohydrate; 47.6%, Fat; 23.2% by weight) are 4.09 kcal/g and
4.7 kcal/g, respectively. Every 2 weeks for 7 months body weights and
fasting blood glucose levels were determined, followed by intraperito-
neal glucose tolerance test (IPGTT) of which data were used to estimate 5
rate constants that determine glucose-insulin homeostasis. All animal
maintenance and treatment protocols complied with the Guide for Care
and Use of Laboratory Animals as adopted by the National Institute of
Health and approved by the SIUE Institutional Animal Care and Use
Committee (IACUC).

2.2. Determination of fasting blood glucose and insulin levels and
intraperitoneal glucose tolerance test

To reduce the impact of the circadian rhythm and hormones such as
cortisol and growth factors, experiments were performed on every other
Tuesday afternoon at the same time. Mice were fasted for 5 h and blood
(70 μl) was collected from the tip of the tail of each mouse using a Fisher
brand heparinized capillary tube to measure basal insulin level. The mice
were fasted for 5 h instead of overnight to minimize discomfort and
because 1) overnight fasting provokes a catabolic state in mice and alters
metabolic state [17,18], 2) hepatic glucose production was not
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Figure 3. (A) and (B) Changes of fasting insulin levels of two representative mice over 28 weeks. (C) Mean fasting insulin levels (n ¼ 8) at start (wk 0), during
(average of 3 highest values), and end (wk 28) are shown.
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significantly different from 4 to 16 h of fasting [17], and 3) there was no
significant differences in the gastric content weight between 6 and 18 h
fasted mice [19]. A 1:10 dilution of plasma was assayed for insulin
content by radioimmunoassay (RIA) kit (Millipore) following the man-
ufacturer's instructions. Basal insulin levels of the mice were determined
every 2 weeks for 28 weeks. Mice were administered with 1 g/kg glucose
by intraperitoneal injection using sterile 27G disposable needles. Blood
glucose levels were determined using Contour glucose meter collecting
blood from the tip of the tail at 0 (prior to glucose injection) and every
minute for the first 16 min, every 2 min for the next 14 min, every 5
min until 1 h, and then every 15 min until 2 h. The frequency of blood
glucose measurement was determined based on our previous studies that
showed the peak occurs between ~15–30 min after glucose injection,
followed by steady declining to basal or above basal levels. Frequent
glucose measurement every 1 or 2 min during the first 30 min allowed us
to capture the deflection of the blood glucose peak accurately.
2.3. Quantitation of β-cell area

Freshly isolated pancreases were placed in microfuge tubes, snap-
frozen in liquid nitrogen, and stored at �70 �C until use. Every 10th

section of 10 μm thickness was collected and fixed in 4% para-
formaldehyde and 1% Triton-X 100 in PBS. Pancreas sections were
4

washed, blocked for 20 min in 2% BSA in PBS, and incubated for 30 min
each with primary and secondary antibodies, insulin rabbit mAb and
biotinylated secondary antibody, respectively. Following the manu-
facturer's instructions, tissues were stained with AB enzyme reagent,
followed by peroxidase substrate containing DAB chromagen. Tissues
were counterstained with Gill's formulation #2 hematoxylin and moun-
ted on microscope slides. Images of pancreas sections were captured
using a 2.5X objective in a Leica DMI inverted fluorescent microscope.
The ratio of β-cell area to exocrine tissue area per section was calculated
using the ImageJ image processing and analysis program.

2.4. Mathematical model

We used the mathematical model of glucose-insulin homeostasis
proposed by Lombarte et al. [15] to study the extent to which the pa-
rameters of glucose-insulin homeostasis alter during the 7 months of HFD
feeding. The proposed model consists of three differential equations that
describe the changes of blood glucose (G), blood insulin (I), and the
amount of glucose (D) in the peritoneal cavity over time.

dG/dt ¼ �k4(I – Ipi) – k2I – k3 þ k0D (1)

dI/dt ¼ k1G – k6I (2)
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Figure 4. (A) and (B) Changes of the rate constant (k1) of insulin secretion of two representative mice over 28 weeks. (C) Mean values of k1 (n ¼ 8) at start (wk 0),
during (average of 3 highest values), and end (wk 28) are shown.

S. Esmaeili Mohsen Abadi et al. Heliyon 6 (2020) e03251
dD/dt ¼ �kaD (3)

Brief descriptions of various parameters and terms in the three
equations are summarized below. More detailed mathematical analysis
and parameter estimation and validation can be found in the articles [15,
20]. Eq. (1) represents the change of blood glucose concentration over
time. The term k4(I – Ipi) represents the hepatic handling of glucose. I
represents blood insulin concentration, Ipi represents blood insulin con-
centration when the liver changes from uptake to release of glucose, and
k4 is the rate constant of glucose transport in the liver. The k2I term
represents the insulin-dependent glucose uptake by the tissues including
muscle, adipocytes, and liver. The k3 term represents the
insulin-independent glucose uptake by the tissues such as neuronal cells
and white blood cells [21, 22]. The k0D term represents the change in
blood glucose concentration due to the intra-peritoneal injection of
glucose.

Eq. (2) represents the change of blood insulin concentration over
time. The term k1G represents the pancreatic insulin secretion. The k6I
term represents blood insulin clearance.

Eq. (3) represents the change of glucose in the peritoneal cavity. The
term Ka represents rate constant of glucose leaving the peritoneal cavity.

2.5. Simulation and optimization of the rate constants

We used Arena™ simulation (a program by Rockwell Software)
combined with the OptQuest™ toolset to evaluate the mathematical
model and optimally estimate the parameters. We developed a simula-
tion program that incorporated the observed values in our experiments,
the amount of glucose injected and initial parameter values as the
simulation inputs. Using the inputs, the program created a continuous
5

prediction of both insulin and glucose levels. The search algorithm of
OptQuest™ evaluated various combinations of the parameters and
determined the best set that minimized the sum of squared errors be-
tween the observed and the simulated data. Out of 8 parameters, we fixed
three parameters including the rate constant of glucose entering blood
from peritoneal cavity (k0), the rate constant of insulin clearance from
blood (k6), and the rate constant of glucose leaving peritoneal cavity (ka)
because these rate constants were not significantly different between
lean and obese mice based on our previous studies [20].
2.6. Statistical analysis

Results are expressed as mean � SEM. Differences between means
were evaluated using the Wilcoxon-Mann-Whitney test because the dis-
tribution of the data for some parameters were not normally distributed.
Significant differences are indicated by *p < 0.05, **p < 0.01, and ***p
< 0.001, respectively.

3. Results and discussion

Figure 1A shows weight gain of mice fed with lean diet or HFD over
28 weeks (7 months). Mice fed with HFD gained weight rapidly during
the first 10 weeks, followed by steady increase over time. After 28 weeks
of HFD feeding, weight gain of the mice was more than doubled (23.6 �
0.5 g vs. 52.3� 1.4 g). Mice fed with lean diet showed a similar trend but
at significantly lower levels at all the time points. Figure 1B and C shows
fasting blood glucose levels of mice fed with lean diet- or HFD during the
first 10 weeks. Fasting blood glucose levels of HFD-fed mice, showed



Figure 5. (A) Changes of % β-cell area in islets after 4 months of lean diet- or
HFD-feeding. Frozen pancreas sections (10 μm) were treated with insulin rabbit
mAb and biotinylated secondary antibody, followed by staining with AB enzyme
reagent and peroxidase substrate containing DAB chromagen. Tissues were
counterstained with hematoxylin. The figure shows representative images of
pancreas sections. (B) The bar graph shows the ratio of β-cell area over exocrine
tissue determined using the ImageJ image processing and analysis program.
Data are the means � SEM of pancreas sections of lean diet- (n ¼ 12) and HFD-
fed mice (n ¼ 21) from 3 mice per condition.
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significant intra- and inter-variability even during the first 10 weeks of
HFD feeding (Figure 1C) and over time (Figure 2A and B). Fasting blood
glucose and insulin levels of lean diet-fed mice, however, did not alter
significantly despite weight gain or aging up to 2 years (Figure 1B and
unpublished observations). Moreover, lean diet-fed mice showed normal
glucose tolerance unaffected by weight gain or aging (unpublished ob-
servations). Therefore, we had not anticipated significant alterations in
the parameters of glucose-insulin homeostasis in these mice. We have
also previously compared 9 different parameters between lean- and HFD-
fed mice after 3 months of the respective diets, which showed significant
increases in basal insulin, k3, and Ipi but significant decreases in k2 and k4
in HFD-fed mice as compared to lean diet-fed mice [17]. To minimize
resource and effort, therefore, we tracked 8 HFD-fed mice for 28 weeks.

Presentation of all data for 8 mice on a graph was confusing and
difficult to interpret due to peaks and troughs overlapping on top of each
other. Therefore, we elected to present two representative data and a
summary graph that contains baseline (0 week), average of 3 highest
values (middle), and end (28th week) during the course of obesity.

Figure 2A and B shows fasting blood glucose levels of two represen-
tative mice over time. The mice showed different patterns of peaks and
6

troughs despite the same genetic background and the same diet,
demonstrating inter-variability in the regulation of glucose-insulin ho-
meostasis. The mean values of fasting blood glucose levels before and
after the 28 weeks of HFD feeding were 152.8 � 7.0 mg/dl and 152.0 �
7.2 mg/dl, respectively, with the average of the three highest values of
216.8 � 4.9 mg/dl (Table 1). The mice displayed elevated fasting blood
glucose levels above 200 mg/dl for ~18 weeks (average) out of 28 weeks
of HFD feeding. However, the elevated fasting blood glucose levels
returned to the baseline at the end of 28 weeks in all of them (Figure 2C).
As an extension of this study, we have monitored some of the HFD-fed
mice close to 2 years of age with their body weights reaching ~70 g.
Remarkably, none of them developed overt diabetes despite doubling of
the body weights. Two potential reasons are proposed; 1) genetic pre-
disposition for β-cell failure is not as strong in mice as in humans, and 2)
relatively small mass of muscle in mice compared to humans leads to
mild insulin resistance. In fact, compensatory responses including hy-
persecretion of insulin, pathologic alteration in the liver that reduces
glucose release, and a significant increase in insulin-independent glucose
uptake (k3) seem to be sufficient to prevent development of overt
diabetes.

Figure 3A and B shows changes of basal (fasting) blood insulin levels
over time for two representative mice determined by radioimmunoassay.
Basal insulin levels also showed fluctuations over time but they were
significantly elevated at the end of the experimental period (Figure 3C)
unlike fasting blood glucose levels. Insulin levels in the blood are pri-
marily determined by insulin secretion and insulin clearance as shown in
Eq. (2) of themathematical model in theMethods section. In our previous
study, the rate constant for insulin clearance was slightly elevated in
HFD-fed mice as compared to lean diet-fed mice after three months of the
respective diets although statistical significance was not reached [20].
The primary location of insulin clearance in the body is the liver [23].
About 80% of insulin released from pancreatic β-cells is extracted by the
liver through endocytosis of insulin and insulin receptor complex, fol-
lowed by degradation of insulin by insulin degrading enzyme (IDE) [24].
How insulin clearance and IDE expression and its activity alter in the
setting of obesity, however, is controversial. Both elevation [25, 26] and
reduction [27, 28] of these have been observed in diet-induced obesity
animal models depending on the species. We postulate that β-cell mass
expansion and reduction in insulin clearance are two independent
compensatory responses to insulin resistance induced by obesity. The
plasticity of β-cell expansion may affect the extent to which insulin
clearance alters. In B6D2F1 mice we believe that the primary factor that
contributes to basal insulin level is insulin secretion from pancreatic
β-cells. As shown in Figure 4A and B, the rate constants for insulin
secretion (k1) of two representative mice showed similar rising patterns
as basal insulin. As anticipated, both basal insulin and the rate constants
of insulin secretion showed high peak values that occurred at different
times for different mice, demonstrating inter-variability of the mice in
the regulation of glucose-insulin homeostasis during the course of
obesity. The primary compensatory response against insulin resistance is
hypersecretion of insulin from pancreatic β-cells via expansion of β-cell
mass and enhanced β-cell function [29, 30, 31].

Figure 5A shows remarkable increases in islet size (% β-cell area) in
mice fed with HFD as compared to mice fed with lean diet after 4 months
of the respective diets. Black arrows show individual islets embedded in
the pancreatic exocrine tissues. The pancreases isolated from the HFD-fed
mice were much more fragile than those from lean diet-fed mice due to
ectopic lipid accumulation in the pancreas as shown in Figure 5A. In
order to account for the loss of tissues due to breakage, the empty space
within the pancreas sections was subtracted when the ratio of β-cell area
per exocrine tissues was calculated and more samples were processed.
Figure 5B shows the summary of % β-cell area obtained from lean (n ¼
12) and HFD-fed mice (n ¼ 21). Increased islet size and number in HFD-



A B

C

K 2
ldl

g
m(

-1
m

in
-1

pm
ol

-1
)

0.0

0.4

0.8

1.2

0 10 20 30

K2

Time (weeks)

0

0.4

0.8

1.2

0 10 20 30

K2

K 2
ldl

g
m(

-1
m

in
-1

pm
ol

-1
)

Time (weeks)

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

K 2
ldl

g
m(

-1
m

in
-1

pm
ol

-1
)

k2

NS

** ***

Figure 6. (A) and (B) Changes of the rate constant (k2) of insulin-dependent glucose uptake of two representative mice over 28 weeks. (C) Mean values of k2 (n ¼ 8) at
start (wk 0), during (average of 3 highest values), and end (wk 28) are shown.

S. Esmaeili Mohsen Abadi et al. Heliyon 6 (2020) e03251
fed mice have been extensively studied previously [32, 33, 34]. More-
over, HFD altered not only the architecture of islets but also percent
α-cells [34]. Normal healthy rodent islets contain β-cells in the center and
α-cells in the periphery of the islet [32, 33, 34]. HFD caused α-cells to
migrate towards the center of the islet. Interestingly, % α-cells in islets
from HFD-fed mice were significantly lower than those from lean diet-fed
mice, suggesting that α-cells do not expand as readily as β-cells. We
postulate that elevated basal insulin levels and the rate constants for
insulin secretion (k1) at the 28th week of HFD feeding contributed, in
part, to maintaining fasting blood glucose levels within the normal range
in these mice.

Figure 6A and B shows changes of insulin-dependent glucose uptake
(k2) over time for two representative mice. The fluctuations of k2, espe-
cially elevated levels, were unexpected. In animals and humans, muscle
mass expansion and enhanced insulin sensitivity with exercise may lead
to an increase in k2 [15,35,36]. The mice in cages, however, were not
expected to have fluctuations in muscle mass or insulin sensitivity from
week to week. With expansion of adipocytes due to HFD, muscle mass
more likely decreased or remained the same in these mice. Therefore, we
anticipated that insulin-dependent glucose uptake would decrease over
time during the course of obesity as insulin resistance develops. We
postulate that elevated levels of k2 may reflect compensatory mecha-
nisms of the body's attempt to sustain blood glucose levels within the
normal range in the setting of obesity. It is a novel and new concept that
compensatory responses to insulin resistance may occur not only in the
insulin-secreting β-cells but also in the peripheral tissues such as muscle,
liver, and adipocytes. Mechanisms of elevated k2 may include increased
glucose transporter synthesis and its translocation to the cell surface as
well as higher Vmax of glucose transporters despite impaired insulin re-
ceptor signaling. The cyclic pattern with peaks and troughs and eventual
7

decrease of k2 may represent the natural course of alterations in
insulin-dependent glucose uptake during obesity. It is noteworthy that all
8 mice showed the similar low values of k2 at the 28th week of HFD
feeding (Figure 6C), suggesting that insulin resistance in the peripheral
tissues ensue eventually despite compensatory increases of k2 during the
course of obesity. Similar to k2, k4 also showed cyclic pattern with peaks
and troughs and eventual decrease at the end of the 28 weeks of HFD
feeding (Figure 7), suggesting that glucose transfer in and out of the liver
also fluctuated greatly in response to metabolic alterations during
obesity. The similar changes of k2 and k4 support the impact of obesity on
insulin-sensitive tissues as a whole. Although it is only at one time point
(4 months after the respective diets), we have studied alterations in in-
sulin signaling by examining the ratio of P-Akt/total Akt in the liver,
heart, and skeletal muscle tissues isolated from lean- and HFD-fed mice
injected with 0.65 U/kg insulin 5 min prior to asphyxiation by CO2 [34].
All three tissues isolated fromHFD-fed mice showed lower levels of p-Akt
as compared to those from lean diet-fed mice [34], suggesting insulin
resistance had developed in these tissues, corroborating low values of k2
and k4 found in the current study.

We have previously observed that the rate constants for insulin-
independent glucose uptake into tissues (k3) were much higher in the
HFD-fed mice than those in the lean diet-fed mice after 3 months of HFD
feeding [20]. Increased body mass of the HFD-fed mice and perhaps
increased number of glucose transporters that transport glucose into
tissues in an insulin-independent manner due to expanded fat pads, blood
volume (increased blood cells), etc. were thought to be responsible for
increased k3. Figure 8A and B shows changes of k3 over time in two
representative HFD-fed mice. It is remarkable and interesting how k3
fluctuates much more dynamically than other rate constants in these
mice. Adipose tissue has been reported to account for only a small
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percentage (~7%) of total glucose uptake in animals and non-obese
subjects [37, 38, 39]. However, in the setting of obesity, adipose tissue
may play a significant role in glucose disposal via insulin-independent
pathway. Evidence indicates that increased total fat mass in morbid
obese individuals provides a sink for excess glucose and compensate for
insulin resistance [40]. Interestingly, insulin-independent glucose uptake
is thought to be responsible for as high as 70% of the whole body glucose
disposal during fasting state [41] and the major determinants of glucose
tolerance [42, 43]. The dynamic changes of k3 over the course of obesity
imply the plasticity of this rate constant and support the notion of
exploring insulin-independent glucose uptake as potential targets for new
therapies.

Figure 9A and B shows changes of insulin concentration where liver
switches from glucose uptake to release (Ipi) over time for two repre-
sentative mice. Similar to k3, Ipi showed high-amplitude fluctuations,
demonstrating the plasticity of this rate constant. The liver switch is
sensitive to blood insulin levels. As basal insulin levels fluctuate during
the course of obesity, Ipi seems to fluctuate as well to reset the liver switch
as protective mechanisms. In these mice Ipi values after 7 months of HFD
feeding were elevated similar to basal insulin levels but overall lower
than blood insulin levels, favoring glucose uptake into the liver. This
trend of liver handling of glucose and elevated insulin-independent
glucose uptake (k3) may be responsible for low fasting blood glucose
levels in these mice.
8

4. Conclusions

In this paper, we studied the changes of metabolic states of the mice
fed with lean diet or HFD. It is noteworthy how diet affects metabolic
state of the mice much more significantly than weight gain per se or
aging. Since lean diet-fed mice had not shown significant changes in
fasting blood glucose levels or glucose tolerance, we tracked HFD-fed
mice for 28 weeks and studied the alterations of fasting glucose and in-
sulin levels along with 5 rate constants that determine glucose-insulin
homeostasis. The key finding of the study is the wide range of fluctua-
tions of virtually all rate constants over the course of obesity. It is natural
for the body to show compensatory responses to the metabolic changes
occurring due to obesity. However, it is unexpected that peripheral tis-
sues in addition to pancreatic β-cells would show compensatory re-
sponses during the course of obesity. Enhancing the body's natural
compensatory responses may be a potential therapeutic target. In fact,
the mechanisms of actions of some of the oral hypoglycemic agents may
involve boosting the body's compensatory responses in the peripheral
tissues. Non-invasive yet accurate assessment of the rate constants of
glucose-insulin homeostasis would be highly valuable in designing 1)
customized drug therapy, targeting specific defect(s) of a patient, thus,
delay the progression of the disease and its associated complications, and
2) customized individual algorithms for closed-loop artificial pancreas
system in the future.
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