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Abstract
Background—Overexpression of adiponectin receptor 1 in macrophages can physiologically
modulate metabolic activities in vivo by enhancing adiponectin actions in distal metabolically
active tissues. To investigate the effects of enhanced adiponectin actions in TALLYHO (TH)
diabetic mouse model, we crossed the adiponectin receptor 1 macrophage-specific transgenic mice
(AdR1-TG) with the TALLYHO diabetic mice (TH) to examine the changes of lipid accumulation
and insulin sensitivity in these mice.

Methods—AdR1-TG/TH and the control WT/TH mice were fed either normal diet or high fat
diet for twenty-eight weeks. Whole body weights of these mice were measured and mouse sera
were analyzed for the levels of cholesterol, triglyceride, and free fatty acids. Glucose tolerance
testing (GTT) and insulin tolerance testing (ITT) in these mice were performed to investigate
systemic insulin sensitivity in vivo. Molecular markers for insulin signaling pathway in mouse
skeletal muscle tissues, IRS-1 and AKT, were examined. Mouse serum insulin levels were
measured and Sirt1 gene expression in mouse pancreatic tissues was also quantified related to the
insulin secretion. The Caspase 3 protein levels were analyzed by Western blot methods.

Results—Compared to the control WT/TH mice, AdR1-TG/TH mice showed significantly lower
body weights under either normal diet or high fat diet and the mouse serum levels of cholesterol,
triglyceride and free fatty acids were significantly decreased in the transgenic crossed mice when
compared to those from the control mice. Improved GTT and ITT tests indicating increased
systemic insulin sensitivity in the transgenic crossed mice demonstrated the enhanced adiponectin
actions on the systemic metabolism in vivo. The increases of insulin secretion and its related gene
expression were also detected in the transgenic crossed mice. In contrast, the control mice showed
hypertrophy pancreases companying with high apoptosis gene expression. These results suggest
that enhanced adiponectin actions by overexpressing adiponectin receptor 1 in macrophages can
provide unique interactions with the metabolic tissues/cells, improving lipid accumulation and
insulin sensitivity in TALLYHO diabetic mice.
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1. Introduction
Animal models have been valuable resources and broadly used for diabetes research,
including type 1 diabetes and type 2 diabetes [1]. The TALLYHO/JngJ (TH) mouse strain is
one of the commercial available polygenic models for diabetes characterized by obesity,
impaired glucose tolerance and uptake, insulin resistance, and hyperglycemia [2, 3].
Although recent studies have used this model to study diabetes [4–8], the TALLYHO mouse
model has not yet been completely characterized for diabetes related other metabolic
disorders [9, 10].

Adiponectin is one of several important, metabolically active cytokines secreted from
adipose tissue [11–13]. Epidemiological evidence has indicated that plasma adiponectin
levels are reduced in patients with insulin resistance, diabetes, obesity, or cardiovascular
disease [14–16]. In the circulation, adiponectin exerts bioeffects on multiple cell types and
has insulin-sensitizing, anti-inflammatory, and anti-atherosclerotic properties. Two cell-
surface trans-membrane receptors have been identified for adiponectin, AdipoR1 and
AdipoR2 [17], and adiponectin action is known to signal through these receptors and the
docking protein APPL1 [18]. AdipoR1 is abundantly expressed in skeletal muscle and
macrophages, whereas AdipoR2 is predominantly expressed in the liver [17].

Macrophages are a heterogeneous and plastic population of phagocytic cells, which arise
from circulating myeloid-derived blood monocytes, enter target tissues, and gain phenotypic
and functional attributes partly determined by their tissue of residence [19], however,
adiponectin expression is undetectable in macrophages. To beneficially and systemically
influence other active metabolic tissues/cells, we recently developed a novel approach to
enhance adiponectin action at the level of the macrophage by genetic manipulation of the
major receptor for adiponectin in macrophages, AdipoR1. As our data demonstrated,
overexpression of AdipoR1 can alter macrophage biology and impact systemic metabolism
in vivo [20].

Our current studies used the adiponectin receptor 1 macrophage-specific transgenic mice
(AdR1-TG) to cross with the TALLYHO diabetic mice (TH) for generating AdR1-TG/TH
transgenic crossed mice to investigate the effects of enhanced adiponectin actions in
TALLYHO diabetic mice. The results suggest that enhanced adiponectin actions by
overexpressing adiponectin receptor 1 in macrophages can provide unique interactions with
the metabolic tissues/cells, improving lipid accumulation and insulin sensitivity in
TALLYHO diabetic mice.

2. Methods
2.1. Experimental animals

To generate AdR1-TG/TH transgenic crossed mice, the macrophage AdipoR1 transgenic
mice (AdR1-TG) and TALLYHO (TH) diabetic mice were inbred at our Transgenic
Animal/Embryonic Stem Cell (TA/ESC) Core Facility at the University of Alabama at
Birmingham. All of the confirmed transgenic crossed mice were confirmed by the skin color
and genotyping. As the control mice, we also generated the WT/TH mice by crossing wild-
type mice with the TALLYHO diabetic mice for our experiments. All of these animals were
housed in a specific pathogen-free facility with 12-hours light/dark cycles and received a

Luo et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



standard laboratory chow diet except for the high fat diet experiments. Only male mice were
used for the experiments. All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of the Animal Resources Program (ARP) at the
University of Alabama at Birmingham.

2.2. Determination of cholesterol, triglyceride, and free fatty acid concentrations in mouse
plasma

Control and transgenic crossed mice were fed with a high fat diet (60% kcal% fat) from the
Research Diets Company (New Brunswick, NJ) for twenty weeks before measuring and
analyzing the concentrations of cholesterol, triglyceride, and free fatty acids in mouse
plasma. The levels of cholesterol, triglyceride, and free fatty acids were determined using
enzymatic colorimetric assays (Wako, Richmond, VA) according to the manufacturer’s
protocols.

2.3. Gene expression in pancreatic tissues and plasma concentrations of insulin
To determine the expression levels of Sirt1 gene related to insulin secretion in mouse
pancreatic tissues, total RNA was extracted from control WH/TH and AdR1-TG/TH
transgenic crossed mouse pancreatic tissues using a commercially available TRIzol reagent
from Invitrogen (Carlsbad, CA) according to the manufacturer’s instructions. The
quantitative real-time PCR analysis was using an ABI StepOnePlus Real-Time PCR System.
Reactions were carried out in triplicate in a total volume of 20µl using and a SYBR Green
QPCR Master Mix (Applied Biosystems). Quantification was calculated using the starting
quantity of the cDNA of interest relative to that of 18S ribosomal cDNA in the same sample.

The insulin levels in mouse plasma were measured using an ultra sensitive mouse insulin
ELISA kit from Crystal Chem INC (Downers Grove, IL) according to the protocols from the
manufacturer.

2.4. Glucose and insulin tolerance testing
Glucose tolerance testing (GTT) and insulin tolerance testing (ITT) in AdR1-TG/TH
transgenic crossed and control WT/TH mice were performed as described previously [21].
Mice were injected with glucose or insulin at 16 or 20 weeks of age after consuming the
high fat diet. To determine glucose tolerance, animals were first fasted overnight and then
given an intraperitoneal injection of glucose solution (100g glucose/L; 10µl/g body weight)
and glucose concentration was determined in mouse tail blood collected at baseline (prior to
injection), and at 30, 60, 90, 120 and 150 minutes post-injection using a HemoCue glucose
201 glucometer (HemoCue USA). To determine insulin tolerance, mice were fasted for 6
hours in the morning of the measurement and then administered an intraperitoneal injection
of insulin solution (1.5U insulin/kg body weight). Glucose levels were measured in blood
samples collected as above described for the glucose tolerance testing.

2.5. Western blot analysis
For Western blot analysis, mouse tissues, including pancreas and skeletal muscle, were
homogenized in tissue lysis buffer containing freshly added protease inhibitor cocktail
(Sigma). Cell lysate proteins (25 µg protein) were separated by SDS-polyacrylamide gel
electrophoresis and then electrophoretically transferred onto nitrocellulose membranes and
incubated overnight at 4°C with blocking solution (5% nonfat milk in TBS). The blocked
membranes were separately incubated with the specific antibodies of Caspase 3 (Abcam),
AKT or P-AKT (Santa Cruz), and IRS-1 or P-IRS-1 (Cell Signaling) (1:5000 dilutions with
1% nonfat milk in TBS) for 1 hour at room temperature, and washed three times with TBS
buffer containing 0.1% Tween 20 for 15 min at room temperature with shaking. The
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secondary antibody conjugated to horseradish peroxidase (HRP) (Santa Cruz Biotechnology,
Santa Cruz, CA) against to the primary antibody was added, incubated, and washed as
described above for the first antibody. Immunoreactive protein bands were detected using
the Enhance Chemiluminescence Kit (New England Nuclear Life Science Products, Boston,
MA).

2.6. Statistics
Experimental results are reported as the mean ± SEM. Statistical analyses were conducted
using the unpaired Students’s t-test assuming unequal variance unless otherwise indicated.
Significance was defined as the p < 0.05.

3. Results
3.1. Weight reduction of whole body in AdR1-TG/TH mice

We assessed whether growth and development were affected in AdR1-TG/TH transgenic
crossed mice compared to the control WT/TH mice. There were no significant differences in
reproduction, food consumption, or development between the control and transgenic crossed
mice when these animals were fed normal chow or the high fat diet. However, compared to
WT/TH mice, AdR1-TG/TH mice had significantly lower body weights when these mice
fed with either normal diet or high fat diet (Figure 1A and B).

3.2. Decreased lipid levels in AdR1-TG/TH mouse plasma
Considering that the metabolic changes in cells/tissues in the AdR1-TG/TH mice would
probably cause plasma lipid level changes in these mice, we next decided to measure the
lipid levels in these mice. To quantitatively measure the concentrations of cholesterol,
triglyceride, and free fatty acids in plasma of control WT/TH and AdR1-TG/TH mice,
enzymatic colorimetric assays were performed with plasma from control WT/TH and AdR1-
TG/TH mice. As shown in Figure 2A, B and C, the data indicated that cholesterol levels in
AdR1-TG/TH mice were on average 68% (p < 0.01) lower than those from WT/TH mice;
triglyceride levels in AdR1-TG/TH mice were on average 42% (p < 0.01) and free fatty
acids in AdR1-TG/TH mice were on average 21% (p < 0.01) lower than those from the
control WT/TH mice.

3.3. Improved glucose tolerance and insulin sensitivity in AdR1-TG/TH mice
To investigate systemic insulin sensitivity in vivo, we performed glucose tolerance tests
(GTT) and insulin tolerance tests (ITT) in the control and transgenic mice fed with high fat
diet for 16 to 20 weeks. Plasma glucose levels were consistently higher (p < 0.05) during the
glucose tolerance tests in the control WT/TH animals compared to the levels in AdR1-TG/
TH transgenic crossed mice (Figure 3A). As shown in Figure 3B, in the control WT/TH
mice, the plasma glucose levels were also consistently higher (p < 0.05) when insulin was
injected for the insulin tolerance tests than the levels in the AdR1-TG/TH transgenic crossed
mice.

3.4. Increased insulin signaling pathway in AdR1-TG/TH mouse skeletal muscle
To further investigate the role of AdipoR1 in glucose homeostasis, we assessed two
molecular markers for insulin signaling pathway in the mouse skeletal muscle tissues. IRS-1
and Akt phosphorylations were assessed under insulin stimulated conditions in skeletal
muscle tissues from control WT/TH and AdR1-TG/TH transgenic crossed mice fed the high
fat diet for 20 weeks (Figure 4). Serine phosphorylations of IRS-1 (Ser302) and Akt (Ser473)
were enhanced with insulin-stimulation in the AdR1-TG/TH transgenic crossed mouse
skeletal muscles when compared to those from the control WT/TH animals.
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3.5. Mouse plasma insulin concentrations and gene expression in pancreatic tissues
Plasma insulin levels at baseline in AdR1-TG/TH transgenic crossed mice fed with the high
fat diet were significantly higher (average 38%, p < 0.05) than the insulin levels in control
WT/TH mice (Figure 5A). We further examined the gene expression levels of Sirt1 which is
related to insulin secretion in mouse pancreatic tissues. In mouse pancreas tissues, the data
(Figure 5B) showed that expression of Sirt1 gene in AdR1-TG/TH transgenic crossed mice
was significantly higher (average 3.5 fold, p < 0.01) than those observed in the control WT/
TH mice.

3.6. Decreased pancreatic hypertrophy and apoptotic gene expression in AdR1—TG/TH
mice

To investigate morphological changes of pancreases in mice, we next examined mouse
pancreases by dissecting these organs from control WT/TH and AdR1-TG/TH mice. We
observed a much larger pancreas in WT/TH mice than AdR1-TG/TH transgenic crossed
mice (Figure 6A). Tissue sections detected with insulin antibody showed a morphological
hypertrophy structure in WT/TH mice (data not shown). When we analyzed the molecular
marker of apoptosis, Caspase 3, for these mouse pancreases, the results of Caspase 3 protein
levels revealed significantly increased in the control WT/TH mouse pancreases than those
from AdR1-TG/TH transgenic crossed mice (Figure 6B). These data suggest that more
functional pancreatic cells in AdR1-TG/TH transgenic crossed mice than those from the
control WT/TH animals.

4. Discussion
The TALLYHO/JngJ (TH) mouse model is an inbred polygenic model for type 2 diabetes
characterized by moderate obesity, impaired glucose tolerance and uptake, insulin
resistance, and male limited hyperglycemia. Since scientists in the Jackson Laboratory
established a research colony of the TH mice by selective inbreeding based on the
hyperglycemia phenotype of the TH male mice [2, 3], this inbred polygenic mouse model
has been commercially available for diabetes and other metabolic disease research [4–8].
The TH mouse is a naturally occurring model of obesity and type 2 diabetes derived from
selective breeding of mice that spontaneously developed hyperglycaemia and
hyperinsulinaemia in an outbred colony of Theiler original mice [3]. In these mice, adiposity
is increased, and plasma triglycerides, cholesterol and free fatty acid levels are elevated.
However, hyperglycaemia is only limited to male mice, which develops as early as between
10 and 14 weeks of age. The TH mouse has not yet been completely characterized for
diabetic complications [9], although a recent study has used this model to study diabetic
wound healing [8].

Adiponectin is naturally expressed and secreted exclusively from adipocytes, and
adiponectin levels in circulation have recently been reported to highly associate with human
metabolic diseases [22–25]. For adiponectin actions, adiponectin receptors play pivotal roles
in many metabolic tissues [26]. Although adiponectin expression is undetectable in
macrophages, adiponectin has been demonstrated to have effects on inhibiting both the
inflammatory process and lipid accumulation in macrophages/foam cells [27–29]. Therefore,
adiponectin receptors play key roles for adiponectin actions on macrophages. To investigate
the mechanisms of adiponectin receptor-mediated alterations of systemic metabolism in
vivo, we recently developed a mouse model in which the AdipoR1 gene was specifically
overexpressed in macrophages based on that macrophages can actively circulate or infiltrate
into other tissues/cells to influence the systemic metabolism in vivo [20].
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Our studies from these AdR1-TG mice have shown that the adiponectin receptor “modified
macrophages” circulate or infiltrate into other metabolically active tissues such as adipose
and skeletal muscle tissues, as well as liver, and there they can enhance local adiponectin
actins on these metabolically active tissues and influence favorable changes to multiple
metabolic pathways in these tissues, contributing to increased glucose tolerance and
improved insulin sensitivity in systemic metabolism in vivo.

To investigate whether the AdR1-TG mice can influence or rescue the diabetic symptoms in
other diabetic mouse models, in the current studies, we crossed the AdR1-TG mice with TH
diabetic mice to generate AdR1-TG/TH transgenic crossed mice. Our results showed that
AdR1-TG/TH mice had significantly lower body weights when fed with either normal diet
or high fat diet; and the mouse serum levels of cholesterol, triglyceride and free fatty acids
were significantly decreased in the AdR1-TG/TH transgenic crossed mice when compared
to those from the control WT/TH mice. Improved GTT and ITT data from the AdR1-TG/TH
transgenic crossed mice also indicated the increased systemic insulin sensitivity in these
mice.

Interestingly, AdR1-TG/TH mice also showed increased serum levels of insulin when
compared to those of control WT/TH mice, probably resulted from the improved metabolic
functions of those insulin targeting tissues/cells affected by the AdR1 modified
macrophages, supporting evidence for this proposal including enhanced insulin signaling
pathway, increased IRS-1 and AKT phosphorylations in skeletal muscle, and reduced
pancreatic hypertrophy and apoptotic gene expression in the pancreatic tissues/cells. Thus,
using macrophages as the carriers for in vivo enhanced actions of adiponectin can reduce the
diabetic phenotypes or metabolic abnormality of the TALLYHO diabetic mice. Although
additional studies are required and the potential for other cellular or molecular physiological
effects among these metabolically active tissues should be further pursed in the future for
these mouse models, our current results from these unique mouse models probably provide a
new insight into the prevention and therapy of metabolic disorders in humans.
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Highlights

• AdR1-TG/TH mouse model shows improved metabolism in insulin targeting
tissues.

• We examine lipid metabolism and insulin sensitivity under high fat diet
condition.

• AdR1-TG/TH mice are a unique animal model for studying metabolic disorders
in vivo.
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Figure 1. AdR1-TG/TH mice have reduced body weights
The weights of mouse bodies of control wild-type/TALLYHO (WT/TH) and AdipoR1
transgenic/TALLYHO (AdR1-TG/TH) mice fed a normal diet (A) or a high fat diet (60%
kcal% fat) (B) for 20 to 28 weeks; n=12 for each mouse group, *p < 0.05.
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Figure 2. Lipid accumulation in mouse plasma
Plasma from 20 weeks of age control (WT/TH) and AdipoR1 transgenic crossed (AdR1-TG/
TH) mice fed with the high fat diet was analyzed for the contents of cholesterol (A),
triglyceride (B), and free fatty acids (C) using enzymatic colorimetric kits from Wako
Company. Mean ± SEM from three separate experiments with triplicate samples (n=10 for
each group) were presented, **p < 0.01.
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Figure 3. Mouse glucose tolerance tests (GTT) and insulin tolerance tests (ITT)
(A) Glucose tolerance tests were performed on control (WT/TH) and AdipoR1 transgenic
crossed (AdR1-TG/TH) mice fed with high fat diet for 16 weeks. Experiments were
performed in fasting overnight male mice. Glucose solutions were injected into peritoneal
cavity at the dose of 1.0 ml/kg (1M solution). Blood was collected via tail vein at the
indicated time points. Glucose concentration in plasma was measured using a glucometer
(Precision); n = 10 in each group of mice. (B) Insulin tolerance tests were performed on the
control (WT/TH) and AdipoR1 transgenic crossed (AdR1-TG/TH mice under high fat diet
condition for 20 weeks. Experiments were conducted similar as the described above for the
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glucose tolerance tests but fasting 6 hours before the injections and insulin solutions were
injected into peritoneal cavity at the dose of 0.5 U/kg. Blood was collected via tail vein at
the indicated time points, and glucose levels were measured; n = 10 in each group of
animals, **p < 0.01.
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Figure 4. Insulin signaling pathways in mouse skeletal muscle
Insulin-stimulated muscle tissue strips which sampled from control (WT/TH) and AdipoR1
transgenic crossed (AdR1-TG/TH) mice at 20 weeks of age under the high fat diet were
performed in vitro. Dissected skeletal muscle strips from control (WT/TH) or AdipoR1
transgenic crossed (AdR1-TG/TH) were treated with 100 nM insulin for 30 min and the total
proteins were extracted for immunoblot analyses using antibodies against phosphorylated
IRS-1 (Ser302) or total IRS-1 (Cell Signaling), and phosphorylated Akt (Ser473) or total Akt
(Santa Cruz). Results representd one of the three separate experiments.
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Figure 5. Measurement of plasma insulin levels and analysis of gene expression in pancreatic
tissues
(A) Insulin levels in plasmas from control (WT/TH) and AdipoR1 transgenic crossed
(AdR1-TG/TH) mice under the high fat diet condition for 20 weeks were measured using an
ultra sensitive mouse insulin ELISA kit. Error bars represented the ± SEM, *p < 0.05. (B)
Sirt1 gene expression in pancreatic tissues/cells from the control (WT/TH) and AdipoR1
transgenic crossed (AdR1-TG/TH) mice were examined by using QPCR analysis. Mean ±
SEM from three separate experiments with triplicate samples (n=12 for each group) were
examined, **p < 0.01.

Luo et al. Page 15

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Analysis of mouse pancreas and apoptotic gene expression in in pancreatic tissues
(A) Pancreases from the Control (WT/TH) and AdipoR1 transgenic crossed (AdR1-TG/TH)
mice (n=12 for each group) fed with the high fat diet were dissected and examined for the
organ sizes under microscope. (B) Total proteins were extracted from control (WT/TH) and
AdipoR1 transgenic crossed (AdR1-TG/TH) mouse pancreatic cells/tissues for immunoblot
analyses using antibodies against Caspase 3 (Abcam) and β-actin (Santa Cruz). Results
representd one of the three separate experiments.
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