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Abstract Obesity and type 2 diabetes lessen the quality
of life of those afflicted and place considerable burden on
the healthcare system. Furthermore, the detrimental impact
of these pathologies is expected to persist or even worsen.
Diabetes is characterized by impaired insulin action and
glucose homeostasis. This has led to a rapid increase in the
number of mouse models of metabolic disease being used
in the basic sciences to assist in facilitating a greater
understanding of the metabolic dysregulation associated
with obesity and diabetes, the identification of therapeutic
targets, and the discovery of effective treatments. This
review briefly describes the most frequently utilized models of metabolic disease. A presentation of standard
methods and technologies on the horizon for assessing
metabolic phenotypes in mice, with particular emphasis on
glucose handling and energy balance, is provided. The
article also addresses issues related to study design,
selection and execution of metabolic tests of glucose
metabolism, the presentation of data, and interpretation of
results.
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Introduction
The use of mice in biomedical research holds decided
importance as evident by the report that in the majority of
academic research facilities mice amount to 99 % of the
mammalian census (Laughlin et al. 2012). This widespread
use is, in part, the result of the mouse genome being well
characterized, the availability of numerous mutant mice,
and the relatively low husbandry cost and space requirements (Laughlin et al. 2012). Of particular interest is the
utilization of mice with the goal of furthering our understanding of diabetes, obesity, and associated complications.
To achieve this goal, investigators must consider multiple
factors when implementing and conducting mouse metabolic phenotyping tests of these metabolic diseases
including those inherent to the mouse model employed,
those related to technical procedures, and the presentation
of results (Ayala et al. 2010). Factors inherent to the mouse
include strain, husbandry, age, and sex. These metabolic
determinants have been previously evaluated and discussed
in detail by our group (Ayala et al. 2010; Berglund et al.
2008). In this article, we present murine models often
utilized in the investigation of metabolic dysregulation and
techniques used in the assessment of glucose homeostasis
in mice. Recommendations in experiment design, execution, interpretation, and presentation are provided. Also,
emerging approaches in the evaluation of glucose metabolism and energy balance are introduced.

Mouse models of metabolic disease
Understanding metabolic diseases is greatly assisted by
animal models that mimic the metabolic characteristics of
human disease. For example, a mouse model of metabolic
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Table 1 Mouse models of metabolic disease
Model

Obesity

Dyslipidemia

Insulin
resistance

Fatty
liver

Hypertension

Cardiac
dysfunction

Notes

References

Ob/ob

4 weeks

; HDL,

12 weeks

12 weeks

No

20–24 weeks

No leptin signaling,
infertility

(Coleman and Hummel 1973;
Ingalls et al. 1950; Kennedy
et al. 2010; Nishina et al. 1994)

12 weeks
Db/db

4 weeks

12 weeks

12 weeks

20 weeks

No

12 weeks

No leptin signaling,
infertility

(Hummel et al. 1966)

Ay/a

8 weeks

; HDL,

12 weeks

Yes

Yes

Yes

Tumor formation

(Anstee and Goldin 2006; Dickie
1969; Kennedy et al. 2010;
Williams et al. 2003; Yamauchi
et al. 2010)

12 weeks

MC4R-/-

10 weeks

ND

Yes

Yes

No

ND

Haploinsufficiency
of MC4-R seen in
humans

(Huszar et al. 1997; Tallam et al.
2005)

MC3R-/-

12 weeks

ND

No

No

No

No

Increased adiposity
w/o increased
body weight

(Butler et al. 2000; Chen et al.
2000; Ellacott et al. 2007;
Humphreys et al. 2011;
Trevaskis et al. 2008)

ND not determined, HDL high density lipoprotein

syndrome displaying obesity, dyslipidemia, hypertension,
and fatty liver disease is often desired. Here we briefly
present mouse models (genetic, pharmacological, and
environmental) that are frequently utilized to assess metabolic dysregulation associated with obesity and diabetes
(Table 1).
Spontaneous genetic mutant models of obesity
and insulin resistance
Genetic mouse models of obesity and diabetes are extremely
useful in evaluating specific molecular mechanisms that
could be involved in the development of associated pathophysiology in humans. However, diabetes-related metabolic
dysregulation in humans is not a monogenic disease. The
relevant question is therefore whether these models display
metabolic phenotypes that are representative of the human
condition. Many of the mouse models commonly utilized in
the study of metabolic disease arose from spontaneous
mutations. Among these are the ob/ob, db/db, and lethal
yellow agouti mice. Although their primary phenotype is
obesity, these models display insulin resistance and some
degree of dyslipidemia (Coleman and Hummel 1973).
Although the mechanisms by which these monogenic mutant
mice develop diabetes are decidedly different from the typical diabetic they display similar phenotypes. Thus, these
have become valuable mouse models that are heavily used
particularly in pharmacology studies.
The leptin-deficient ob/ob mouse
The ob/ob (C57BL/6J-ob/ob) mouse was one of the first
genetic models used to study diabetes (Enser 1972). These

mice have a monogenetic autosomal recessive mutation in
the leptin gene that arose in the Jackson Laboratory (Ingalls
et al. 1950). Leptin is an adipokine identified in 1994
(Zhang et al. 1994), which plays a key role in regulating
energy intake and expenditure. Leptin-deficient ob/ob mice
develop obesity, hyperinsulinemia, and hyperglycemia
after 4 weeks of age (Dubuc 1976). The increased body
weight compared to the lean littermates is apparent from
weaning (Mark et al. 1999). Impairments in glucose tolerance appear after 12 weeks of age (Van den Bergh et al.
2008), alongside hepatic steatosis and inflammation (Bigorgne et al. 2008; Park et al. 2011). This model also
develops cardiac fibrosis and decreased cardiac function
between 20 and 24 weeks of age (Dobrzyn et al. 2010;
Zaman et al. 2004). In contrast to humans with metabolic
syndrome, these mice do not develop hypertension or
dyslipidemia even after 36 weeks (Mark et al. 1999; Van
den Bergh et al. 2008).
The leptin receptor-deficient db/db mouse
The db/db (C57BL/KsJ-db/db) mouse has an autosomal
recessive mutation in the leptin receptor gene leading to
higher body weights compared to their lean littermates after
6 weeks of age (Dong et al. 2010). The metabolic profiles of
the ob/ob and db/db mice are similar. Db/db mice exhibit
elevated fasting blood glucose concentrations at 8 weeks of
age as well as increased plasma triglycerides, total cholesterol, and non-esterified fatty acids after 13 weeks of age (Ae
Park et al. 2006). Hyperinsulinemia and impaired glucose
tolerance are observed at 12 weeks of age (Dong et al. 2010;
Winzell et al. 2010). These mice develop hepatic steatosis
after 20 weeks of age but fail to show hepatic inflammation
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and fibrosis (Ge et al. 2010; Sahai et al. 2004). Cardiac
inflammation and fibrosis are present at 12 weeks of age,
however, blood pressure remains unchanged (Dong et al.
2010). The primary difference between the ob/ob and db/db
mice is that db/db mice have dramatic elevations in circulating leptin concentrations, proportional to their increase in
adiposity, whereas the ob/ob mice have no circulating leptin
(Kennedy et al. 2010).
Agouti lethal yellow (Ay/a) mouse
Several spontaneous mutations leading to placement of the
agouti gene under the control of constitutively active promoters result in ectopic ubiquitous expression of the agouti
protein (Dickie 1969). In the brain, the agouti protein
competes against the anorexigenic factor a-melanocytestimulating hormone (MSH) for binding to the melanocortin 4 receptor (MC4-R), acting as an antagonist of this
signaling pathway (Yen et al. 1994). As a result, Ay/a mice
display adult-onset obesity and insulin resistance due to
hyperphagia and hypoactivity (Tschop and Heiman 2001).
This is similar to the phenotype displayed by MC4-R-/mice (see below) (Fan et al. 1997; Huszar et al. 1997; Lu
et al. 1994). In addition, the Ay/a mouse is hypertensive
(Mark et al. 1999). Particularly useful to investigators is
that the obesity phenotype displayed by these mice can be
amplified by high-fat feeding. The mice compliment the
ob/ob and db/db mice since leptin signaling remains intact.
Genetically engineered mouse models
In recent years, genetically engineered mouse models have
been developed to study the role of a particular protein or
pathway in the development of diabetes and obesity. Targets of interest have included the melanocortin 3 and 4
receptors, glucose transporter 4 (GLUT4), insulin receptor,
and insulin receptor substrate (IRS-1 and IRS-2). These
models provide invaluable insight into the role of each
protein. However, with the exception of the melanocortin 4
receptor knockout mouse, these site-specific approaches do
not completely model the complexity of human metabolic
diseases.
The melanocortin 4 receptor knockout (MC4-R-/-)
mouse
Changes to the homeostatic networks in the central nervous
system (CNS) have profound effects not only on weight
regulation but also on various other aspects of metabolism.
It has been shown that an increase in brain glucose concentration can reduce plasma triglyceride levels (Lam et al.
2007), which may be mediated by the central melanocortin
system (Nogueiras et al. 2007). The central melanocortin
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system is known to mediate many of the actions of leptin
and plays a crucial role in the central regulation of energy
homeostasis (Cone 2005). Strikingly, alterations in the
MC4R gene are the most common monogenic cause of
obesity known in humans (Hinney et al. 1999; Marti et al.
2003; Mergen et al. 2001; Meyre et al. 2009; Vaisse et al.
1998; Willer et al. 2009; Yeo et al. 1998). Also, mice
lacking the melanocortin 4 receptor (MC4-R2/2) exhibit
many of the phenotypic characteristics of humans with
MC4R mutations (Farooqi et al. 2003). The MC4-R2/2
mouse develops obesity associated with hyperphagia,
hyperglycemia and hyperinsulinemia (Huszar et al. 1997).
Restricting food intake of the MC4-R2/2 mice to the
amount consumed by wild types will only partially reduce
their weight due to hypometabolism (Ste Marie et al.
2000). These mice are also highly sensitive to high-fat
feeding, which will exacerbate their hyperphagia, obesity,
and hyperinsulinemia (Sutton et al. 2006). Despite their
profound obesity, MC4-R-/- mice tend to be hypotensive
(Tallam et al. 2005). This model also develops hepatic
steatosis (Sutton et al. 2006) while circulating triglycerides
and non-esterified fatty acids appear to remain comparable
to wild-type mice (Albarado et al. 2004).
The melanocortin 3 receptor knockout (MC3-R-/-)
mouse
Alongside the MC4-R, the MC3-R is the other centrally
expressed melanocortin receptor that plays a role in regulating energy homeostasis. Lack of MC3-R in mice results
in a unique phenotype characterized by an increase in
adiposity without increases in body weight, food intake, or
impairments in glucose homeostasis (Butler et al. 2000;
Chen et al. 2000). Surprisingly, these mice do not develop
insulin resistance and hepatic steatosis even when high-fat
fed. It has been proposed that this phenotype is, in part,
tempered by a reduced inflammatory response to obesity
(Ellacott et al. 2007). As such, this model may be useful to
study obesity in the absence of metabolic syndrome.
Mouse models lacking specific components involved
in insulin signaling
Insulin receptor knockout mice do not survive over 72 h as
they develop severe ketoacidosis with hyperglycemia and
hyperinsulinemia (Bruning et al. 1998; Jackerott et al.
2001). To circumvent this limitation, mouse models with
tissue-specific deletion of the insulin receptor have been
developed. Each of these models exhibits a distinct metabolic phenotype which has been extensively reviewed
(Nandi et al. 2004). We will provide only a brief overview
here of components involved in insulin signaling.
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Mice lacking IRS-1 exhibit intrauterine and postnatal
growth retardation associated with mild insulin resistance
(Araki et al. 1994; Tamemoto et al. 1994). Combined
heterozygosity for the insulin receptor and IRS-1 causes
severe impairment in insulin action and increased incidence of diabetes in the resulting progeny (Bruning et al.
1997). Mice lacking IRS-2 develop diabetes due to a
combination of insulin deficiency due to pancreatic b-cell
apoptosis (Kushner et al. 2002) and insulin resistance in
peripheral tissues (Kido et al. 2000). Of note, mice lacking
both IRS-1 and IRS-2 die before implantation, resulting in
one of the most dramatic embryonic lethal phenotypes
observed in mice with targeted mutations (Withers et al.
1999).
Insulin-dependent glucose uptake requires GLUT4
translocation from intracellular compartments to the
plasma membrane (Leto and Saltiel 2012; Slot et al. 1991).
Mice lacking GLUT4 show growth retardation, cardiac
hypertrophy, underdeveloped adipose tissue, and moderate
insulin resistance and hyperglycemia in the fed state (Katz
et al. 1995). Interestingly, heterozygous deletion of GLUT4
induces a more severe phenotype of insulin-resistant diabetes without obesity (Stenbit et al. 1997).
Although mice deficient for proteins of the insulin signaling pathway are invaluable in the study of insulin
action, they are limited in the study of diabetes as they
develop few of the symptoms of this metabolic disease.
Also, they often exhibit numerous other confounding issues
such as growth retardation.
Chemically induced models of diabetes
Alloxan and streptozotocin are structural analogs of glucose that enter pancreatic b-cells via the GLUT2 transporter (Lenzen 2008). Single injections of either of these
molecules induce selective necrosis of b-cells in rodents as
a model of type 1 diabetes (Lenzen 2008). Chemically
induced diabetic mice usually exhibit undetectable levels
of insulin and hyperglycemia but do not show the diverse
characteristics of the metabolic syndrome (Jourdan et al.
2009). Type 2 diabetes can be induced by multiple exposures of low-dose streptozotocin (Paik et al. 1980) or, more
successfully, by a combination of low-dose streptozotocin
and a high-energy diet (Srinivasan et al. 2005). This
combination induces hyperglycemia, hyperinsulinemia,
hypertriglyceridemia, and cardiac dysfunction. Streptozotocin has well-described adverse side effects, such as
hepatotoxicity and nephrotoxicity (Palm et al. 2004; Schein
and Loftus 1968). In addition, the key signs of hypertension and obesity have not been reported.
Recently, N-ethyl-N-nitrosourea (ENU) mouse mutagenesis projects have been conducted using hyperglycemia
as a screening parameter (for review see (Aigner et al.
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2008)). ENU–induced mutagenesis allows for the production of a large number of randomly mutant offspring from
treated males. This method will predominantly induce
point mutations, leading to null, partial loss of function or
gain of function alleles. Mouse lines can then be established according to a phenotypic criteria, such as hyperglycemia, thereby revealing a mutation as cause for the
phenotype. ENU mutations have led to the identification of
novel alleles in genes already known to be involved in
glucose homeostasis including glucokinase (Inoue et al.
2004; van Burck et al. 2010) and leptin (Hong et al. 2010;
Osborn et al. 2010) as well as genes previously unrelated to
glucose metabolism, such as the gene encoding the histone
methyltransferase Mll2 (Goldsworthy et al. 2013). ENUinduced mutagenesis is a strong method in that it can
generate a wide array of subtle phenotypes and the
resulting lines may more closely recapitulate the human
phenotype compared to engineered knockout models. Diet
challenges are now being employed in this model to
identify genetic and environmental interactions in the
pathogenesis of metabolic disease (Lee et al. 2012; Svenson et al. 2008).
Diet-induced metabolic syndrome
Diet composition plays an extremely important role in the
development of metabolic dysregulation. The modern diet,
particularly in western countries, is rich in carbohydrates
such as fructose and sucrose as well as saturated fat. This
high-energy intake has been associated with metabolic
syndrome, cardiovascular disease, and nonalcoholic fatty
liver disease (Lim et al. 2010; Massiera et al. 2010).
Therefore, combinations of high-fat and high-carbohydrate
diets have been extensively used in rodents to precipitate
phenotypes that are closely related to the human metabolic
syndrome. It is important to note that different genetic
strains of mice will have very different responses to a highcalorie diet. The C57BL/6 J, AKR/J, and DBA/2 J mice
have been reported to be more prone to the development of
obesity and insulin resistance than the SWR/J, A/J, and
129S6 lines (Alexander et al. 2006; Surwit et al. 1988).
High-fat diets for diet-induced obesity
Mice will readily gain weight when provided a high-fat
diet, but the level and source of fat will influence the
severity of the resulting phenotype and should be considered in the experimental design. It is recommended that
chow or low-fat diets (LFD), used as control diets, have
10 % calories from fat. In contrast, high-fat diets (HFD)
have 30–50 % calories from fat, and very high-fat diets
(VHFD) contain over 50 % calories from fat. There is a
dose response for body weight as a function of dietary fat,
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however, both HFD and VHFD induce obesity. In addition,
variable responses are also observed in glucose tolerance,
insulin resistance, and triglyceride levels depending on the
source of dietary fat (Ikemoto et al. 1996; Wang et al.
2002). High-fat feeding for over 4 weeks with both animal
and plant fat-enriched diets leads to obesity, hyperglycemia, hyperinsulinemia, impaired glucose tolerance, hepatic
steatosis, increased circulating triglycerides and nonesterified fatty acids (Buettner et al. 2007), and impaired
cardiac function (Kobayasi et al. 2010). However, the onset
of metabolic perturbations has been shown to occur more
rapidly when animal fat is used in HFD (Buettner et al.
2007).
High fructose/sucrose diets for hypertriglyceridemia
and insulin resistance
Increased intake of fructose or the disaccharide sucrose
(composed of fructose ? glucose) is associated with obesity, hypertriglyceridemia, and insulin resistance in humans
(Basciano et al. 2005). In rodent models, diets containing
high fructose or sucrose induce many characteristics associated metabolic syndrome including dyslipidemia, insulin
resistance, and fatty liver (Basciano et al. 2005; Tran et al.
2009). Typically, control diets contain about 4 % of sucrose
and \0.5 % of free fructose, but formulas of control diets
should be chosen wisely as levels of sucrose may vary. A
high fructose/sucrose diet will contain 50–60 % calories
from fructose or sucrose. It appears the fructose component
of sucrose is largely responsible for the deleterious effects of
the high-sucrose diet. Fructose, unlike glucose, does not
induce insulin secretion due to the absence of the fructose
transporter on the pancreatic b-cell (Bray et al. 2004). Also,
fructose does not stimulate leptin secretion (Bray et al.
2004), however, it facilitates de novo lipogenesis in the liver
(Basciano et al. 2005).
The established model of sucrose-induced insulin resistance and hypertriglyceridemia is the rat, which develops a
phenotype within 2 weeks of initiating the diet. Rats will also
exhibit high blood pressure and impaired cardiac function
(Tran et al. 2009). Unless fed for a prolonged period of time,
this diet does not induce substantial weight gain (Chicco
et al. 2003). In contrast to rats, the mouse is less frequently
used as a model of sucrose-induced insulin resistance as its
response to high fructose/sucrose diet is highly strain
dependent. Commonly used strains such as C57BL/6 mice
do not develop insulin resistance in response to high-sucrose
diets (Nagata et al. 2004; Sumiyoshi et al. 2006).
Choosing a mouse model of metabolic disease
In mice, there are numerous naturally occurring and genetargeted mutations as well as diet interventions that
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promote obesity and metabolic dysregulation associated
with the human metabolic pathophysiology. Care should be
taken when choosing an animal model for metabolic
studies, taking into account the diet used as well as the
degree to which they develop obesity, hyperglycemia,
hyperlipidemia, insulin resistance, and hypertension. There
is, of course, no perfect animal model of the human disease. Each model described has specific attributes that
make them useful for studying the metabolic phenotypes of
obesity, diabetes, and metabolic syndrome. The specific
mouse model depends on the experimental design and
hypothesis of the study. For reviews with a more in-depth
description of models, see (Aigner et al. 2008; Buettner
et al. 2007; Guo 2014; Kennedy et al. 2010; Nandi et al.
2004; Panchal and Brown 2011).

Diagnostic tests for metabolic disease
With the proliferation of mouse models of metabolic diseases has come a great need to develop tests to characterize
them. The most common tests applied to the mouse are
those that have been taken from the clinic and human literature. There are obvious obstacles in studying the mouse.
They are small, easily stressed by restraint and handling,
and they have a small blood volume. This section summarizes the tests that are often used and how they are
interpreted. Additional assessment of these tests can be
found elsewhere (Ayala et al. 2010; McGuinness et al.
2009; Wasserman et al. 2009).
The primary screen for glucose intolerance and insulin
sensitivity is measurements of blood glucose and insulin.
As with patients, blood hemoglobin A1c is a valid index of
long-term glycemic state in the mouse (Han et al. 2008).
This could be of value in characterizing mice since
hemoglobin A1c concentrations are independent of the
stress of mouse handling and blood drawing in the absence
of an implanted catheter (Han et al. 2008).
A continuous thread that complicates more advanced
screens is that interpretation of these tests is dependent on
the dosing (McGuinness et al. 2009) and expression of
results (Kaiyala et al. 2010; Kaiyala and Schwartz 2011) in
mice of different weights and body composition. Accurate
measurement of body weight and composition is imperative for optimal interpretation of metabolic test results.
Strict adherence to ensuring these measurements are
obtained from the same equipment at a similar time of day
will assist in minimizing erroneous conclusions. Also,
more advanced modeling of the impact of different tissue
types on dosing and metabolic readouts will be a fruitful
future direction.
Despite widespread variation between laboratories in
how metabolic phenotyping tests are conducted and the
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difficulty of such tests, technical descriptions are usually
poor (Wasserman et al. 2009). Doses, sampling sites, time
courses, and insulin measurements are frequently omitted.
As such, McGuinness and colleagues have produced a list
of best reporting practices (McGuinness et al. 2009).
Glucose tolerance tests
A glucose tolerance test (GTT) is exactly what the name
purports it is. It is not a reflection of insulin sensitivity or
insulin secretion, in and of itself. It is simply a measure of
the body’s ability to dissipate changes in blood glucose in
response to a glucose load. The glycemic excursion is
determined by multiple factors that require other tests to
distinguish. The most common ways to administer glucose
in the mouse are via gavage or intraperitoneal injection and
samples are obtained through stressful approaches that
require handling and acute venipuncture. Non-stressful
techniques have been developed to deliver the glucose load
by indwelling catheters into the stomach (Bonner et al.
2013) or the vein (Alonso et al. 2012; Morton et al. 2013)
while sampling from an indwelling catheter in the artery.
Catheters are implanted under general anesthesia a week
prior to testing. The advantage of implanting a catheter in
advance is that mice are not handled, restrained, or stressed
during the experiment.
Glucose tolerance is a valuable clinical tool that has now
been broadly applied to the mouse. Several differences
exist between how glucose tolerance tests are implemented
in humans versus mice. First, in humans, the glucose load
is given orally in a clinical setting. With the notable
exceptions described in the preceding paragraph, glucose in
mice is administered into the peritoneum or by gavage. The
second major difference is that with a GTT in humans a
fixed dose of glucose is given independent of patient
weight. The typical approach in mice is to base the dose of
glucose on the weight of the mouse, usually at 1–2 g/kg.
This is reasonable as long as the weight and body composition for different cohorts are similar. However, the
increased weight, which is common in mouse models of
metabolic disease, is typically due to a higher fat mass.
This is an important consideration, as lean mass is the
principal site of glucose disposal. If a glucose dose is
administered based on total body weight, then the dose
given to an obese mouse will be greater than the non-obese
control. The consequence is that the obese mouse may
appear glucose intolerant by virtue of the higher glucose
dose and not due to an actual metabolic difference. If
mouse body composition is known then it is more appropriate to base the dose of glucose on lean body mass
(McGuinness et al. 2009).
The standard presentation of results from a GTT is a
description of blood glucose over time after the glucose
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dose. A time course of blood glucose is valid as long as the
groups being compared have equivalent fasting glucose
levels. When fasting glucose levels differ, as is often the
case with diabetic or insulin-resistant models, a calculation
of the area under the curve facilitates interpretation.
Interpretation of a GTT can also benefit greatly from presentation of a time course of insulin levels.
While much variation in the sampling frequency followed during a GTT in the mouse exists, our laboratory has
previously measured arterial glucose at 5, 10, 15, 20, 30 45,
60, 90, and 120 min after glucose administration (Bonner
et al. 2013). Arterial insulin concentrations during the GTT
were evaluated at 10, 20, 30, 60, and 120 min (Bonner
et al. 2013). This time course offers a compromise between
obtaining samples for appropriate evaluation of glucose
excursion and avoiding a fall in hematocrit resulting from
excessive sampling. Recently, the frequently sampled
intravenous glucose tolerance test (FSIVGTT) originally
developed by Bergman and colleagues in humans (Bergman et al. 1981) has been adapted for mice (Alonso et al.
2012; Morton et al. 2013). The requirement for frequent
sampling of glucose and insulin in the FSIVGTT necessitates an indwelling sampling catheter preferably in the
artery. This test, although assumption dependent, is very
powerful in that it provides a read out of insulin sensitivity,
glucose effectiveness, insulin secretion, and the glucose
disposition index in one test.
Insulin tolerance test
As with the GTT, the insulin tolerance test (ITT) relies on
the measurement of glucose concentration over time but
these measures are in response to an insulin bolus rather
than a glucose bolus. In the mouse, the insulin bolus is
given as an intraperitoneal or intravenous injection. The
ITT has been used in humans for many years to test
hypothalamo-pituitary-adrenal axis response (ITTHPA) to
hypoglycemia (Plumpton and Besser 1969). The ITT was
subsequently adapted to measure insulin sensitivity (ITTIS)
in humans (Akinmokun et al. 1992). The ITTHPA and the
ITTIS that have been applied to humans are much different
protocols. The ITTHPA is 90–120 min and samples are
taken infrequently for insulin counterregulatory hormones.
The ITTIS is a short test (*15 min) where samples are
taken every minute for glucose and the first-order rate
constant for the fall in glucose is calculated as a measure of
insulin sensitivity (Akinmokun et al. 1992). In a previous
commentary, it was highlighted how tests originally
developed in humans have been lost in translation to the
mouse (Wasserman et al. 2009). The ITT is a profound
example. To be brief, scientists working in mice attempt to
measure insulin sensitivity almost exclusively using the
ITTHPA. The longer ITTHPA that is used in mice may

123

528

C. C. Hughey et al.: Evaluating glucose metabolism in the conscious mouse

provide valuable information. However, its relationship to
insulin sensitivity is untested. The half-life of insulin is
*10 min in mice (Cresto et al. 1977). Therefore, differences in the glucose concentration after the initial fall
might not reflect insulin action. Also, when a mouse’s
blood glucose levels fall below *80 mg/dl the counterregulatory response to insulin is activated (Jacobson et al.
2006a, 2006b).
Some of the issues regarding how GTTs should be
performed also apply to ITTs. The dosage of insulin
administered is often based on body weight, which may be
inappropriate in certain instances (McGuinness et al.
2009). An obese mouse (i.e., a mouse with increased fat
mass) will receive a larger dose of insulin than a lean
mouse even though the mass of insulin-sensitive tissue
(lean mass) might not differ proportionately to the difference in total body mass. Thus, normalizing the insulin dose
to lean mass, if such information is available, is a more
accurate means of determining the insulin dose. A common
method for presenting blood glucose from an ITT is as a
percentage of basal glucose. This is valid if the groups
being compared have similar fasting glucose levels.
However, if fasting glucose differs among groups, interpretation of a relative fall in glucose can lead to erroneous
conclusions.
Pyruvate tolerance test
The pyruvate tolerance test (PTT) is the glycemic excursion in response to an intraperitoneal or intravenous
injection of pyruvate. It is subjected to all the potential
complications as the ITT and GTT due to differences in
body weight or composition. The classic interpretation of
this test is that the change in glucose in response to a bolus
of pyruvate is a reflection of hepatic gluconeogenesis. This

Fig. 1 Depiction of variations in acquiring blood samples during
glucose clamps in conscious mice. a Blood samples may be obtained
via a tail cut. Sampling from the cut tail necessitates restraint of the
mouse and the tail, and handling of the tail throughout the duration of
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is an oversimplification as pyruvate is utilized by many
tissues and can possibly affect glucose concentrations by
competition for oxidative processes in extrahepatic tissues.
The advantage of the PTT, as with the ITT and GTT, is
simplicity. The PTT is of little value alone, but may be of
use if there are substantive other data that may be more
directly link data to effects on gluconeogenesis.
Glucose clamping the conscious mouse
In contrast to the GTT, ITT, and PTT where the variable of
interest is the blood glucose excursion, the goal of the glucose
clamp is to fix blood glucose at a precise, well-controlled
concentration. There are three types of glucose clamps that
have been performed. These are the hyperinsulinemic,
euglycemic clamp, the hyperinsulinemic, hypoglycemic
clamp, and the hyperglycemic clamp. The first tests insulin
action, the second tests the response to insulin-induced
hypoglycemia, and the third tests insulin secretion. The difficulty in standardizing the clamp has been due to the lack of
standardization in reporting (Ayala et al. 2006; McGuinness
et al. 2009; Wasserman et al. 2009). Consequently, there is
considerable variation in clamp protocols and a great deal of
mystery regarding standard features of how the clamp was
performed (e.g., how blood is obtained, isotope delivery,
frequency of sampling, etc.). This mystery is all the more
confounding as the glucose clamp, done properly, is a very
difficult technique. It would seem that the majority of clamps
are performed in restrained, conscious mice, where blood is
obtained after the tail is cut (Fig. 1a). Although stress is never
measured in this preparation, one might predict a restrained
mouse with blood being squeezed from its cut tail is stressed.
Infusions of insulin, glucose, and isotopes are given via an
indwelling jugular vein catheter. The Vanderbilt Mouse
Metabolic Phenotyping Center (MMPC) has made efforts

the experiment. b Blood sampling via a chronic, indwelling, arterial
catheter. Sampling from an arterial catheter does not require restraint
and handling throughout the experiment
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over the last 15 years to improve on this and maintains a
downloadable protocol online (https://www.mc.vanderbilt.
edu/root/vumc.php?site=mmpc). The Vanderbilt MMPC
protocol is unique in that catheters for arterial sampling and
venous infusion are implanted a week prior to the experiment.
During the experiment, mice are not restrained or handled,
and remain conscious and free-roaming (Fig. 1b). Measurement of arterial catecholamines shows that this mouse model
is stress free.
Hyperinsulinemic, euglycemic clamp
The hyperinsulinemic, euglycemic clamp, or insulin clamp,
is widely considered the gold standard for assessing insulin
action in vivo. The miniaturization of the insulin clamp for
use in mice has greatly advanced research in the area of
metabolic disease. Several different permutations of this
method are currently being used in mice. However, some
of these variations are neither intuitive nor well described.
One might attempt to compare or interpret results from
different laboratories when meaningful comparisons or
interpretations are impossible. The general principle of an
insulin clamp and experimental set-up is straightforward
(Fig. 2a, c). Prior to the clamp, mice are fasted to prevent
the appearance of glucose absorbed by the gut. The mice
transition to a fasted state quite rapidly. An overnightfasted mouse is nearly glycogen depleted and will be more
insulin sensitive than a short-term fasted mouse (Ayala
et al. 2006, 2010). Following the fast, mice receive a
constant infusion of insulin to achieve a steady-state
hyperinsulinemia above fasting insulin levels, but ideally
within the physiological range. The constant infusion can
be preceded by a priming dose to more quickly achieve
steady-state insulin levels. The increased insulin suppresses
endogenous glucose production and stimulates glucose
uptake. A variable glucose infusion is administered to
maintain euglycemia. The glucose infusion rate is determined by measuring blood glucose at regular intervals.
Because of the high fractional blood glucose turnover of
the mouse, a minimum glucose-sampling rate of every
10 min is recommended, and the glucose infusion rate is
adjusted accordingly. This variable rate of glucose infusion
indicates whole-body insulin action, as mice with enhanced
insulin action require a greater infusion of glucose. Isotopic
tracer infusions can be applied to the general clamp protocol to assess sites where insulin action is affected. Please
see ‘‘Use of Isotopic Glucose Tracers’’ for a more detailed
discussion of the use of isotopic tracers in the evaluation of
glucose flux for the conscious mouse. Hematocrit during a
typical insulin clamp will fall to 30 % or less if blood cells
are not replaced. Infusion of saline-washed erythrocytes
from a strain-matched donor mouse prevents a fall in
hematocrit caused by blood sampling.
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Hyperinsulinemic, hypoglycemic clamp
The insulin-induced hypoglycemic clamp is used to test the
neuroendocrine response to hypoglycemia (Berglund et al.
2008; Jacobson et al. 2006a, 2006b). The protocol is much
like that used for the hyperinsulinemic, euglycemic clamp
except that the insulin infusion is used to create a supraphysiological insulin concentration (Fig. 2a, c). Also, the
rate of glucose fall and plateau glucose levels is carefully
controlled to match glucose concentrations between groups.
The high insulin concentrations will lead to a precipitous fall
in blood glucose. The glucose infusion rate required to perform a hypoglycemic clamp is an index of the integrated
effectiveness of the counterregulatory response to low blood
glucose. The less glucose that is required the more effective
is the counterregulatory response. This protocol is very difficult to do with cut-tail sampling. Arterial catheter sampling
is necessary to obtain rapid glucose samples at predictable
times to match the fall in blood glucose. In addition, sampling for insulin counterregulatory hormones requires a
larger blood volume, which is difficult to obtain from the cut
tail of the mouse but, again, is more reasonable when sampling from an arterial catheter.
Hyperglycemic clamp
Hyperglycemic clamps (Fig. 2b, c) are used to assess the
pancreatic response to hyperglycemia (Berglund et al.
2008; Nunemaker et al. 2006, 2005). Following a shortterm fast, blood samples are obtained for measurement of
baseline glucose, insulin, and C-peptide. The clamp begins
with a glucose priming dose to quickly achieve target
hyperglycemia, typically *100 to 150 mg/dl above fasting
glucose values. The priming dose, which can vary
depending on the mouse model, is calculated based on the
target hyperglycemia and the volume of distribution of
glucose. Glucose is then infused at a variable rate to
maintain hyperglycemia for the duration of the experiment,
which is typically 2 h. As in other clamp protocols, a fall in
hematocrit resulting from repeated blood sampling can be
prevented by infusing saline-washed erythrocytes. Performing a hyperglycemic clamp using cut-tail sampling can
be difficult because of the frequency of sampling and the
volume of blood required for insulin and C-peptide analysis. As previously discussed, massaging the tail to obtain
larger blood volumes is stressful to the mouse. Therefore,
sampling via an arterial catheter is preferred. A time course
for insulin, c-peptide, and glucose is very important so that
effects of hyperglycemia on first-phase and second-phase
insulin secretion can be ascertained (Nunemaker et al.
2006). An added dimension to the study of insulin secretion
in vivo using the hyperglycemic clamps is by isolating
islets from the same mice after the experiment (Nunemaker
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Fig. 2 Experimental set-up and
timeline of glucose clamps in
the conscious mouse. a To
complete hyperinsulinemic,
euglycemic clamps and
hyperinsulinemic,
hypoglycemic clamps the
Vanderbilt Mouse Metabolic
Phenotyping Center (MMPC)
connects mice to a dual-channel
swivel that allows venous
infusion and arterial sampling
protocols. This allows for
venous administration of
insulin, glucose, and
erythrocytes. Arterial blood
samples to measure glucose and
insulin concentrations are
obtained from the carotid artery.
b Vanderbilt (MMPC) set-up of
the hyperglycemic clamp to
evaluate insulin secretory
function. Venous catheterization
allows for infusion of glucose
and erythrocytes. An arterial
catheter provides samples for
measurement of blood glucose,
insulin and c-peptide levels. c A
schematic of the timeline of the
glucose clamp experiments

et al. 2006). Islet insulin secretion can then be studied using
static incubation or perfusion of the islets. Nunamaker et al.
(2006) showed that the islets maintain their in vivo oscillatory frequency even after isolation.

Use of isotopic glucose tracers
The glucose clamps described in the Diagnostic Tests for
Metabolic Disease section are sophisticated techniques that
provide the experimenter a means of evaluating in vivo
glucose homeostasis at the systemic level. Glucose tracers
(radioactive and stable isotopes) may be used in combination
with glucose clamps to provide a more directed characterization of glucose kinetics such as identifying endogenous
glucose production and tissue-specific glucose flux.
Radioactive isotope methods in the assessment
of glucose metabolism
3

H-glucose radioisotopes are commonly used to assess
whole-body glucose turnover. For example, [3-3H]glucose
is metabolized resulting in the loss of the 3H to H2O when
it passes through the triose phosphate isomerase step of
glycolysis (Vella and Rizza 2009). The measurement of
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arterial glucose turnover is strongest in the steady state,
since the measurement is not dependent on assumptions
relating to body glucose space. Steady-state glucose can be
ensured with a rigorous glucose clamp. At the Vanderbilt
MMPC, we perform the clamp with a mixture of labeled
and unlabeled glucose. This approach is effective at
maintaining glucose-specific activity at a steady state. This
is achieved experimentally (Fig. 3) by a primed-continuous
infusion of the [3-3H]glucose tracer initiated at the onset of
the equilibration portion of the experiment (Ayala et al.
2011). The primed administration allows for acquisition of
a steady-state tracer pool more rapidly during the constant
[3-3H]glucose infusion (Ayala et al. 2011). If performing a
hyperinsulinemic variation of the glucose clamp some
laboratories conduct a second larger [3-3H]glucose prime at
the end of equilibration period just prior to the insulin
administration (Camporez et al. 2013; Preitner et al. 2009).
This is a conceptual error that unfortunately was performed
in countless papers in the mouse literature. The repeated
[3-3H]glucose prime disrupts the glucose-specific activity
equilibrium, promotes a large influx of glucose tracer, and
results in artificially elevated appearance of 3H2O and
labeling of glycogen stores (Ayala et al. 2010). We suggest
that the experimenter mix [3-3H]glucose with the exogenous glucose supply used to clamp glucose. Therefore,
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Fig. 3 Experimental schematic
for hyperinsulinemic,
euglycemic clamp in mice
combined with isotopic tracer
administration. Mice are fasted
for 5 h prior to insulin infusion.
A primed-continuous infusion
of [3-3H]glucose is infused
starting 90 min before to the
insulin clamp period. Blood
samples are acquired at the
conclusion of the equilibration
period for evaluation of
parameters including arterial
glucose, basal glucose turnover,
and insulin concentration. The
insulin clamp period consists of
a constant insulin infusion and a
variable glucose infusion. The
variable glucose infusion is
altered accordingly to maintain
euglycemia. Saline-washed
erythrocytes are provided to
prevent a fall in hematocrit
resulting from sampling. From
t = 80–120 min, arterial blood
samples are obtained to assess
glucose turnover under steadstate conditions. At 120 min a
bolus of 2-[14C]deoxyglucose is
administered to provide an
index of tissue-specific glucose
uptake

every time exogenous glucose is altered the isotopic glucose is altered proportionately and steady state is
maintained.
Isotopic 2-deoxyglucose (3H and 14C) has been utilized
to provide the metabolic index of glucose, an estimate of
tissue-specific glucose uptake, for a variety of rodent tissues including muscle and brain (James et al. 1985;
Kraegen et al. 1985; Sokoloff et al. 1977). 2-deoxyglucose
administration is an effective means of estimating tissue
glucose uptake as it is transported into the cell and phosphorylated in a similar manner to glucose without being
metabolized further (Sokoloff et al. 1977). Previous reports
have indicated that insulin-mediated glucose uptake differs
between muscle types (Ayala et al. 2010; James et al. 1985;
Kraegen et al. 1985). It is therefore highly relevant to
report the specific muscles studied.
Stable isotopes in the analysis of glucose kinetics
Radioisotopes provide a method for evaluating rates of
endogenous glucose production, however, they do not
readily allow for the assessment of gluconeogenic and

glycogenolytic metabolite flux through contributing metabolic networks. Use of stable isotopes in metabolic studies
has experienced a resurgence as the integrated utilization of
2
H/13C stable isotopes and nuclear magnetic resonance
(NMR)-based isotopomer analysis has facilitated the ability to evaluate nutrient flux from the multiple metabolic
pathways based on the positional isotope enrichment produced on glucose. 2H2O administration to enrich body
water has provided a measure of the relative contributions
of glycogen, glycerol, and phosphoenolpyruvate to
endogenous glucose production by measuring 2H-labeling
of carbon-bound hydrogens of plasma glucose (Jin et al.
2013; Jin et al. 2004; Jones et al. 2001; Sunny et al. 2011).
13
C-glycerol is also currently used to identify the contributions of glycerol to glucose fluxes (Oosterveer et al.
2012). However, work by Previs et al. indicates that use of
glycerol isotopomers does not always achieve constant
enrichment of glyceraldehyde 3-phosphate (Previs et al.
1995). As such, the reliability of stable isotopes of glycerol
for measurement of gluconeogenesis and glucose production may be problematic in some instances. [U-13C]propionate infusion combined with the NMR analysis of plasma
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glucose carbon 2 enrichment allowed assessment of phosphoenolpyruvate, pyruvate cycling, and cataplerosis relative to TCA cycle flux (Jin et al. 2013; Jin et al. 2004;
Jones et al. 1997; Jones et al. 2001; Sunny et al. 2011).
Finally, 13C-glucose administration has granted the ability
to extend beyond proportional contributions to endogenous
glucose production and determine absolute rates (Jin et al.
2013; Jin et al. 2004; Jones et al. 2001; Sunny et al. 2011).
Unfortunately, the large volumes (*0.75 ml) of plasma
required for the NMR approach have limited its use in the
mouse in vivo (Burgess et al. 2005; Satapati et al. 2012).
Recently, a gas chromatography-mass spectrometry (GC–
MS) approach has been employed to determine the glucose
2
H enrichment from three distinct glucose derivatives that
result in six independent GC–MS fragment ions using
approximately 40 ll of plasma (Antoniewicz et al. 2011).
It should be noted that MS cannot provide position-specific
enrichment. Given this, a computational isotopomer modeling analysis is then used to interpret the GC–MS
enrichment data and calculate metabolic fluxes. Future
studies should identify whether the combination of 13C and
2
H isotopes, and greater sensitivity of the GC–MS
approach can provide comparable fluxes to that of the
NMR technology in vivo to mitigate the need for large
sample volumes and allow nutrient flux measurements to
be scaled down for routine use in murine phenotyping.
Combining metabolomics and metabolic flux analysis
in murine phenotyping
Whether a targeted analysis or non-targeted profiling
approach is performed, metabolomics provides comprehensive assessment of metabolites and small molecules in a
biological system (Castle et al. 2006). Although these
technologies allow a greater understanding of metabolic
alterations under various physiological conditions and
pathologies, the measures obtained from metabolomics are
static and require caution when making definitive mechanistic conclusions concerning the functionality of integrated metabolic networks. The application of NMR-based
isotopomer analysis of metabolism in combination with
MS-driven stationary measures of metabolites can bring
much more clarity to metabolic pathways following
induction of experimental conditions (Bain et al. 2009).
Recently, partnering these two technologies has highlighted that changes in TCA cycle flux following dietinduced hepatic insulin resistance may not always match
those in b-oxidation in C57BL/6 mice (Satapati et al.
2012). Thirty-two weeks of high-fat feeding promoted a
depression in fasting ketogenesis, and genes involved in
hepatic fatty acid transport into the mitochondria and boxidation were lowered (Satapati et al. 2012). In contrast,
TCA cycle flux was elevated in the high-fat-fed mice
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(Satapati et al. 2012). This seemingly paradoxical characterization was provided some resolution by performing
targeted MS analysis of acylcarnitines in the liver. The
short-chain acylcarnitine (C2, C3, C4, and C5) species
were elevated in the animals consuming the high-fat diet
(Satapati et al. 2012). Through the combination of metabolomics and isotopomer flux analysis, the authors were
able to conclude that despite potential for impaired boxidation, TCA cycle flux was not likely at risk for being
limited by acetyl-CoA provision.

Provoking metabolic phenotypes that are silent
in the basal, fasted state
Integrated, in vivo metabolic networks and compensatory
pathways prevent overt deviations in glucose homeostasis
(Wasserman 2009). Given this, alterations in glycemic
control following experimental manipulation may not be
easily identified. The clinical assessment of suspected
coronary artery disease is a readily apparent illustration of
how stressors can be used to uncover phenotypes that may
be masked otherwise (Sharma et al. 2012). Exercise stress
testing, with emphasis on identifying a depression in the
isoelectric period (ST segment) following the QRS complex of an electrocardiogram, is a commonly employed
clinical diagnostic tool used to evaluate the presence of
cardiac dysfunction (Sharma et al. 2012). Similar to the
clinical setting, variations in physical activity level are
invaluable in uncovering alterations in metabolism resulting from genetic variation in murine models. For example,
Lee-Young et al. (Lee-Young et al. 2010) aimed to determine the role of endothelial nitric oxide synthase (eNOS)
on whole-body and tissue-specific glucose metabolism.
Under sedentary conditions, wild-type and eNOS-/- mice
displayed comparable arterial glucose levels and skeletal
muscle glucose utilization (Lee-Young et al. 2010). In
contrast, eNOS-/- mice exhibited enhanced skeletal muscle glucose uptake and a resultant hypoglycemia when
undergoing an acute bout of treadmill running. Thus, when
challenged with exercise an observable phenotype was
evoked by the absence of eNOS (Lee-Young et al. 2010).
Provocative stimuli employed to reveal ‘hidden’ physiological characteristics are not limited to exercise-related
interventions. Cold exposure (Hirschey et al. 2010), aging
(Goren et al. 2004), long-term fasting (Burgess et al. 2005),
pharmacological agents (Hasenour et al. 2014), and dietary
modification (Kang et al. 2011, 2014) are sensitizers frequently used to evaluate metabolic regulation. Our laboratory and the Vanderbilt MMPC often employ dietary
manipulation as such a phenotyping tool. Recently, the use
of high-fat feeding in mice has revealed the importance of
extracellular matrix (ECM) components in the promotion
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of insulin resistance (Kang et al. 2011, 2014). Kang et al.
(2011) utilized hyperinsulinemic, euglycemic clamps coupled with isotopic tracers to evaluate systemic and tissuespecific, insulin-stimulated glucose uptake in the absence
of integrin a2b1. Integrin a2b1 is a cell surface receptor that
interacts with ECM and mediates extracellular/intracellular
signaling (Hynes 2002). The lack of this integrin isoform
did not have an effect on glucose homeostasis in lean
animals (Kang et al. 2011). Following 20 weeks of high-fat
feeding, integrin a2b1-deficient mice exhibited improved
insulin sensitivity and skeletal muscle glucose uptake
despite ECM expansion (Kang et al. 2011). In a follow-up
study, insulin action was evaluated in chow and high-fat
fed mice lacking matrix metalloproteinase (MMP-9).
MMP-9 is a proteinase that promotes the degradation and
removal of ECM components from tissue (Nagase et al.
2006). Glucose metabolism was not significantly altered in
the chow-fed mice harboring the MMP-9 deletion (Kang
et al. 2014). However, animals consuming 60 % of their
calories from fat displayed lower glucose disposal in
response to insulin (Kang et al. 2014). These studies have
highlighted the in vivo relationship between ECM expansion and muscle insulin resistance that may have otherwise
been neglected if a dietary challenge was not performed.
Furthermore, they effectively present the value of provocative techniques in determining variations in glucoregulation among experimental groups.

Energy balance
Obesity is a major public health problem in the Western
world. A great deal has been learned from the mouse about
the interaction of genetics and environment in obesity.
Weight gain occurs when energy (i.e., nutrients, calories)
intake exceeds energy expenditure. Energy expenditure is
equal to the sum of internal heat produced, external work,
and energy stored. It then follows that weight loss occurs
when energy intake is less than energy expenditure. The
mouse is weight stable when energy intake equals energy
expenditure. The first indication that studies of energy
balance may be informative is if there are differences in
body weight or composition between groups. There are
outstanding products on the market that measure the
components of energy balance with great precision in
singularly housed mice. These technologies have the
potential to simultaneously measure food intake, fluid
intake, activity in three planes, body weight, CO2 output,
and O2 uptake. Energy expenditure and the respiratory
exchange ratio are calculated from CO2 output and O2
uptake. Feeding behavior can also be characterized by the
measurement of frequency and duration of feeding, and
food preferences.
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The measurement of energy expenditure has been fraught
with controversy in recent years. Himms-Hagen (1997) and
Butler and Kozak (2010) pointed out a recurring problem
with the analysis of energy expenditure in genetic models
comparing lean and obese phenotypes. It had become standard practice to normalize energy expenditure by total body
weight. This makes little difference when comparing mice of
similar body weight and identical body composition. However, it becomes a difficult problem when comparing obese
mice such as the ob/ob to lean ob/? mice (Himms-Hagen
1997). The obese mice will have a lower energy expenditure
when normalized per total body weight, even if there are no
thermodynamic differences in the composite tissues. In fact,
they showed that results could yield a range of conclusions
based on how data were normalized (e.g., per mouse, per
total lean mass, per total body mass). A more accurate and
more tractable approach of normalizing to total lean mass
was proposed and is regularly used (Butler and Kozak 2010).
However, this approach was shown not to be altogether
accurate as fat mass contributes significantly to energy
expenditure (Kaiyala et al. 2010). Analysis by Kaiyala and
Schwartz (2011) emphasized that any ratio-based method for
normalizing energy expenditure to body mass compartments
(whether total body mass or lean body mass is utilized) can
lead to confounded outcomes. This prompted multiple linear
regression to be recommended for use to control for variation
in body mass and composition in mouse studies where
energy expenditure is an important outcome variable
(Kaiyala and Schwartz 2011). The NIH Mouse Metabolic
Phenotyping Centers have sponsored the development of a
portal for calculating energy expenditure using multiple
linear regression. This portal was developed by Drs. Karl
Kaiyala, Charles Speakerman, and Robert Podalsky and is
accessible to the scientific community. (http://www.mmpc.
org/shared/regression.aspx).

Conclusion
A vast number of mouse models displaying a spectrum
of metabolic phenotypes have been studied and are
available to be studied. Additionally, technologies to
assess insulin action, insulin secretion, glucose metabolism, and energy balance have been developed and
continue to be refined. Many of these approaches have
been used in humans and are being scaled down to
become compatible with the mouse. The biggest obstacle
for laboratories wishing to conduct studies in the conscious mouse is to alleviate the confounding variables
associated with stress by developing methods to avoid
animal handling (Ayala et al. 2010). Sensitive analytical
advancements in measurements of nutrient metabolism
will be transformative in the field and accelerate our
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understanding of metabolism. We hope that highlighting
a few of the more recent trends in metabolic testing it
becomes readily apparent that this is an exciting time for
researchers in the field of metabolic diseases.
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