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Abstract
Metabolic tests are vital to determine in vivo insulin sensitivity and glucose metabolism in preclinical models, usually 
rodents. Such tests include glucose tolerance tests, insulin tolerance tests, and glucose clamps. Although these tests 
are not standardized, there are general guidelines for their completion and analysis that are constantly being refined. 
In this review, we describe metabolic tests in rodents as well as factors to consider when designing and performing 
these tests.
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Introduction
Breakthroughs in metabolic research rely upon in 
vivo studies using animal models, usually rodents. 
Assessment of glucose metabolism in rodents is a key 
component of diabetes research. Although general 
guidelines for quantification and interpretation of 
glucose metabolism experiments exist, such guidelines 
are constantly evolving. In this review, we describe 
the most common in vivo techniques currently used to 
assess glucose metabolism in rats and mice as well as 
factors to consider when utilizing such techniques. The 
purpose of this review is two-fold: (i) to highlight recent 
developments in performing as well as interpreting 
results of metabolic tests in rodents and (ii) to provide 
an easy-to-follow introduction to glucose metabolism 
methodology in rodents from theoretical and practical 
perspectives. We discuss metabolic techniques in both 

rats and mice because both species are commonly 
used in metabolic research. We compare, as applicable, 
metabolic protocols used in rodents with those 
used in humans to understand the translatability of  
metabolic tests.

Determining insulin sensitivity and 
glucose metabolism in vivo

Glucose tolerance test
The glucose tolerance test (GTT) assesses the response 
(i.e. circulating glucose concentration) to a glucose 
load (American Diabetes Association 2014). Circulating 
glucose concentrations during a GTT are the net result 
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of two crucial factors: insulin secretion by pancreatic β 
cells and insulin sensitivity (Ferrannini & Mari 2014). 
The relationship between insulin secretion rate and 
insulin sensitivity is hyperbolic and their product is the 
disposition index (Ferrannini & Mari 2014). To determine 
the role of insulin secretion and insulin sensitivity in  
GTT results, additional tests are required to assess  
each of these factors. Insulin sensitivity refers to the 
magnitude of insulin’s metabolic effects, including 
insulin-stimulated suppression of glucose production 
by the liver and insulin-stimulated glucose uptake by 
skeletal muscle (Pereira & Giacca 2011). Therefore,  
mouse A is more insulin sensitive than mouse B if 
the metabolic effects of insulin, at a given insulin 
concentration, are greater in mouse A. Plasma insulin 
concentrations during the GTT are commonly used 
as markers of insulin secretion (Pereira et al. 2019, 
Huynh et al. 2010), but it is important to note that plasma 
insulin concentrations in peripheral blood vessels 
(e.g. carotid artery, saphenous vein, tail vein) are the 
net result of insulin secretion and insulin clearance 
(Najjar et al. 2023). The gold standard technique for in 
vivo assessment of glucose-stimulated insulin secretion 
(i.e. β cell function) is the hyperglycemic clamp (Pereira 
& Giacca 2011). Another less studied variable that affects 
glucose tolerance is glucose effectiveness, which is 
the ability of glucose to inhibit its own production and 
stimulate its own uptake (Best et al. 1996, Lam et al. 
2005, Ayala et al. 2010, Carey et al. 2020). Glucose  
effectiveness is calculated using (i) the frequently  
sampled intravenous glucose tolerance test (IVGTT) 
with minimal model analysis or (ii) the pancreatic 
hyperglycemic clamp to determine the effect of  
selectively elevating glucose concentrations on 
endogenous glucose production (EGP) and glucose 
uptake (Tokuyama & Suzuki 1998, Ahrén & Pacini 2002, 
Henderson et al. 2005, Schwartz et al. 2013, Karstoft et al. 
2017, Carey et al. 2020). It appears that glucose 
effectiveness is a more important factor in determining 
circulating glucose concentrations during an OGTT in 
mice vs humans (Bruce et al. 2021).

The route of administration of the glucose load 
can be oral (usually more specifically directly into 
the stomach via gavage), intravenous (into blood 
vessel), or intraperitoneal (into peritoneal cavity), 
leading to OGTTs, IVGTTs, and IPGTTs, respectively 
(Turner et al. 2011). The latter is not used in humans. 
OGTT is the most physiological of the GTTs because it  
involves ingestion of glucose into the lumen of the 
gastrointestinal tract, which is the usual route through 
which glucose enters the body (Ferrannini & Mari 
2014). Glucose administered orally is absorbed in the 
gastrointestinal tract and enters the portal circulation; 
therefore, the first organ that glucose will reach is the 
liver. Glucose administered intraperitoneally will also 
enter the portal vein because its main fate is being 
absorbed into mesenteric blood vessels (Turner et al. 
2011). In contrast, if glucose is delivered intravenously 
(e.g. via the jugular vein (Frangioudakis et al. 2008)), 

the liver is not the first organ to be encountered  
by glucose.

Results for OGTT, IVGTT, and IPGTT may be different 
because the underlying physiological mechanisms 
are unique. When glucose that is consumed orally, 
either by gavage or starting at the mouth, reaches the 
intestinal lumen, it is sensed by enteroendocrine K 
and L cells, which will release the incretin hormones 
glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide 1 (GLP-1), respectively (Campbell 
& Drucker 2013, Reimann & Gribble 2016). Incretin 
hormones act on pancreatic β cells to potentiate insulin 
secretion (Campbell & Drucker 2013). This ‘incretin 
effect’ is not observed in IVGTTs and IPGTTs (Ayala et al. 
2010, Ferrannini & Mari 2014, Alquier & Poitout 2018). 
Furthermore, the presence of glucose in the mouth 
per se increases insulin secretion through a neural 
pathway (i.e. cephalic-phase insulin release), which 
in turn improves glucose tolerance (Glendinning et al. 
2015). In healthy rodents of both sexes, at a given dose 
of glucose, lower blood glucose levels are obtained in 
OGTTs vs IPGTTs (Benedé-Ubieto et al. 2020, Small et al. 
2022). This is associated with greater circulating insulin 
concentrations and inhibition of glucose production 
in OGTTs vs IPGTTs (Small et al. 2022). The fact that 
lower blood glucose levels are achieved by OGTT 
may also be caused by slow glucose absorption from 
the gastrointestinal tract (Small et al. 2022). Glucose 
effectiveness may be more important in explaining the 
glucose excursion profile during an IPGTT compared to an 
OGTT because (i) a robust increase in circulating insulin 
is lacking during an IPGTT and (ii) glucose appearance 
kinetics depend on the route of glucose administration, 
with glucose appearance in the circulation being greater 
during an IPGTT (Small et al. 2022).

Analyses of GTT results consist of comparing (i) blood 
glucose concentrations at specific timepoints, (ii) 
plasma insulin concentrations at specific timepoints (if 
measured), and (iii) area under the curve for the blood 
glucose concentration vs time graph for the entire 
procedure. GTTs typically last 2 h but can be shortened 
to 1–1.5 h (Ayala et al. 2010, Yue et al. 2016, Virtue & 
Vidal-Puig 2021, Small et al. 2022). When comparing 
blood glucose or plasma insulin concentrations 
between experimental groups throughout the GTT, one 
should use a two-way ANOVA followed by appropriate 
post hoc tests to minimize type 1 error (i.e. finding a 
difference between experimental groups where there 
is none). When the baseline (fasting) blood glucose 
concentration is different between experimental 
groups, the percentage change of blood glucose or 
plasma insulin concentration at each timepoint relative 
to baseline concentration should not be used and the 
area under the baseline should be subtracted when 
calculating area under the curve (Alquier & Poitout 
2018, Virtue & Vidal-Puig 2021). Typical glucose 
doses for GTTs have been summarized elsewhere  
(Alquier & Poitout 2018).
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Insulin tolerance test
The insulin tolerance test (ITT) is typically used to assess 
in vivo insulin sensitivity in rodents because it is not 
technically difficult. In humans, the index of insulin 
sensitivity obtained from the ITT correlates well with 
whole-body insulin sensitivity quantified with the 
hyperinsulinemic euglycemic clamp, which is the gold 
standard technique to assess insulin sensitivity in vivo 
(Pereira & Giacca 2011). To the best of our knowledge, 
however, these two tests have still not been directly 
compared in mice (Pereira & Giacca 2011). In the ITT, 
insulin is usually injected intraperitoneally (i.p.) and 
circulating glucose concentrations are monitored over 
1–2 h (Ayala et al. 2010, Pereira et al. 2019, Virtue & 
Vidal-Puig 2021). When comparing two groups of mice, 
one of the groups should have a maximal decrease in 
blood glucose concentration of ~50% so that differences 
between groups, if present, can be detected (Ozcan et al. 
2006, Huynh et al. 2010, Engström Ruud et al. 2020). 
Interpretation of ITT results depends on the extent 
of blood glucose concentration drop in response to 
insulin; the greater the decrease in blood glucose 
concentration, the more insulin sensitive the animal is.  
However, blood glucose concentrations should  
not drop excessively because this will trigger a 
counterregulatory response, which will confound 
the ITT results; the threshold for initiation of the 
counterregulatory response is considered to be 
~4mM, but it is specific to a given mouse population  
(Ayala et al. 2010, Alquier & Poitout 2018, Virtue &  
Vidal-Puig 2021). Moreover, it is the first 20–30 min  
of the ITT that are important to determine insulin 
sensitivity because the half-life of insulin is <10 min 
(Ayala et al. 2010, Alquier & Poitout 2018, Virtue &  
Vidal-Puig 2021).

ITT results represent insulin sensitivity at the level  
of the whole body (Ayala et al. 2010). The approach 
and caveats to analysis of ITT results are similar to  
those for GTT results, as described in the Glucose 
tolerance test section, except that area above the curve 
is preferred over area under the curve (Bruin et al. 
2015, Carper et al. 2020, Virtue & Vidal-Puig 2021).  
In line with the importance of the first 20–30 min  
of the ITT, the slope of reduction in blood glucose 
concentrations is described as the best index of insulin 
sensitivity that can be derived from an ITT (Pereira 
& Giacca 2011, Alquier & Poitout 2018). However, 
calculation of this slope is not commonly done in 
rodents. Similarly, the circulating insulin concentrations 
achieved after the injection of insulin in an ITT  
are rarely measured. Nevertheless, this is an important 
parameter and can become a confounding variable 
if, despite the same insulin dose, different levels of 
circulating insulin are achieved (Ahrén & Pacini 2006). 
High-fat diet (HFD)-fed mice, which are insulin resistant, 
have decreased insulin clearance and elevated fasting 
circulating insulin concentrations (Al-Share et al. 
2015, Kurauti et al. 2016). Following administration  

of insulin during an ITT, circulating insulin 
concentrations have been reported to be higher  
in HFD-fed mice compared to standard chow-fed 
mice (controls) for at least the first 60 min of the ITT 
(Kurauti et al. 2016). Differences in circulating insulin 
could prevent detection of sensitivity impairment  
using the ITT. Common insulin doses for ITTs have  
been published (Alquier & Poitout 2018).

Pyruvate tolerance test
The pyruvate tolerance test (PTT) measures the extent 
to which exogenous pyruvate is converted to glucose 
by the body. Therefore, the PTT assesses the rate of 
gluconeogenesis with pyruvate as a starting point, but 
it does not provide information about gluconeogenesis 
of nonpyruvate substrates, for example glycerol. 
Gluconeogenesis together with glycogenolysis makes up 
endogenous glucose production (EGP).

In a PTT, sodium pyruvate is typically injected i.p. 
and the experimental flow as well as data analysis is  
similar to that of an IPGTT (Ferreira et al. 2012, 
Hughey et al. 2014). Greater circulating glucose 
concentrations during a PTT implies higher rates of 
gluconeogenesis in the body (Hughey et al. 2014).  
At the tissue level, the PTT is expected to involve  
the liver and kidney, which are the two key sites of 
gluconeogenesis. Brain pyruvate metabolism may 
also affect PTT results because pyruvate can cross  
the blood–brain barrier and pyruvate metabolism in 
the brain lowers EGP in healthy rodents (Cremer et al. 
1979, Villalba et al. 1994, Lam et al. 2005). An injection 
of pyruvate can result in torpor, which is a state 
of diminished body temperature and activity, in 
obese mice (Soto et al. 2018). Torpor can also affect 
glucose metabolism (Rubio et al. 2023); hence, torpor 
can be a confounding variable during PTTs. More 
sophisticated yet complex techniques for quantification 
of gluconeogenesis in vivo exist (Chevalier et al. 2006, 
Yook et al. 2023).

Homeostasis model assessment insulin 
resistance and quantitative insulin 
sensitivity check index
Homeostasis model assessment insulin resistance 
(HOMA-IR) and quantitative insulin sensitivity 
check index (QUICKI) are indexes of whole-body 
insulin sensitivity calculated using fasting insulin  
and glucose concentrations, as reviewed previously 
(Pereira & Giacca 2011, Meneses et al. 2023). HOMA-IR 
or HOMA-%S (inverse of HOMA-IR) and QUICKI  
correlate with whole-body insulin sensitivity assessed 
with the hyperinsulinemic euglycemic clamp in  
humans, rats, and mice (Pereira & Giacca 2011).  
A main criticism of these indexes of insulin sensitivity 
is that they use equations that were initially generated 
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for humans and that analogous equations should be 
generated for rodents (Alquier & Poitout 2018).

Hyperinsulinemic euglycemic clamp
The hyperinsulinemic euglycemic clamp is considered 
the gold standard technique for assessment of in 
vivo insulin sensitivity in humans, rats, and mice. 
In rats, blood vessel cannulation surgery (jugular 
vein for exogenous infusions and carotid artery for 
blood sampling) is performed, and time (~4 days) is 
required for recovery before performing the clamp in  
free-moving rats (Pereira et al. 2013). In mice,  
cannulation of the carotid artery is technically 
challenging; therefore, the experimental protocol is 
often altered such that mice are typically restrained 
during the clamp and blood samples are obtained  
from the tail (Ayala et al. 2010).

Experimental protocols for the hyperinsulinemic 
euglycemic clamp in conscious rats and mice have 
been published (Ayala et al. 2010, Pereira & Giacca 
2011, Pereira et al. 2013, Hughey et al. 2014) and a 
diagram of the experimental setup for rats is shown 
in Fig. 1A. The hyperinsulinemic euglycemic clamp 
involves a constant intravenous (i.v.) infusion of insulin  
to increase circulating insulin concentrations above 
baseline, which is typically the insulin concentration 
after an overnight (rats) or 5–6 h (mice) fast (Ayala et al. 
2010, Pereira et al. 2013). Exogenous glucose solution is 
then infused i.v. to maintain baseline plasma glucose 
concentrations (i.e. euglycemia); this requires frequent 
blood sampling and measuring of plasma glucose (Fig. 
1B, which is based on (DeFronzo et al. 1979, Pereira et al. 
2013)). A rat’s own red blood cells are reinfused i.v. 
throughout the clamp to avoid anemia (Pereira et al. 
2013). In mice, red blood cells are typically obtained 
from a ‘donor’ mouse and infused i.v. during the clamp 
(Ayala et al. 2010, Schertzer et al. 2011).

Glucose tracer methodology can be combined with the 
clamp and the glucose kinetics generated may differ 
depending on the glucose tracer used (Pereira & Giacca 
2011). A commonly used tracer is tritiated glucose 
(3-3H-glucose), which allows for quantification of EGP 
and glucose uptake (glucose utilization) by peripheral 
tissues such as skeletal muscle. If tracers are not used, 
then the only parameter of glucose metabolism that 
is generated is the rate of exogenous glucose infusion 
(Ginf). Ginf represents whole-body insulin sensitivity, 
and it is the difference between the rate of glucose 
utilization and EGP. However, if circulating insulin is 
sufficiently elevated, EGP will be completely suppressed 
and glucose utilization will equal Ginf (DeFronzo et al. 
1983). Two steady states are established in a clamp 
protocol; one is the baseline/basal steady state, which is 
the period of time immediately before the start of insulin 
infusion and the other is the clamp steady state, which is 
the period of time toward the end of the clamp, typically 

the last 30 min of a 2-h clamp. A steady state refers to 
stable concentrations of glucose, insulin, and if tracers 
are being used, specific activity. Modified versions of 
the hyperinsulinemic euglycemic clamp also exist.  
To study protein metabolism, the hyperinsulinemic 
euglycemic isoaminoacidemic clamp was devised; it 
differs from the hyperinsulinemic euglycemic clamp in 
that baseline concentrations of circulating amino acids 
are maintained throughout the clamp via an exogenous 
infusion of an amino acid solution (Pereira et al. 2008).

In healthy humans and rodents during the 
hyperinsulinemic euglycemic clamp, inhibition of 
EGP is accompanied by a robust decrease in plasma 
concentrations of glycerol and free fatty acids, which 
is due to inhibition of adipose tissue lipolysis by insulin 
(Boden et al. 1994, Stumvoll et al. 2001, Perry et al. 
2015). In the liver, glycerol is used as a gluconeogenic 
substrate, while free fatty acids are converted to acetyl 
CoA, which is an allosteric activator of the gluconeogenic 
enzyme pyruvate carboxylase (Perry et al. 2015). In 
healthy overnight fasted rats, preventing this decrease 
in plasma concentrations of glycerol and hepatic 
acetyl CoA by infusing acetate and glycerol blocks  
suppression of EGP during the hyperinsulinemic 
euglycemic clamp (Perry et al. 2015). Furthermore, 
obesity in humans and HFD feeding in rodents elevate 
plasma free fatty acid concentrations during the 
hyperinsulinemic euglycemic clamp (Basu et al. 2005, 
Perry et al. 2015). Multiple studies have demonstrated 
that increased plasma free fatty acid concentrations 
cause hepatic insulin resistance (e.g. Boden et al. (1994) 
and Park et al. (2007)). Circulating concentrations of 
glycerol and free fatty acids increase during fasting in 
healthy rodents in unclamped conditions (Palou et al. 
1981, Geisler et al. 2016). EGP has been found  
to remain similar (Heijboer et al. 2005, Mutel et al. 2011) 
or become lower (Nunes & Jones 2009) when comparing 
shorter vs longer (up to 24 h) fasting times in healthy 
rodents. These findings suggest that elevated circulating 
free fatty acids and glycerol may not be sufficient 
to sustain EGP as fasting continues because of other 
factors, such as depleted glycogen stores (Burgess et al. 
2005, Nunes & Jones 2009).

Interpretation of glucose kinetics results from the 
clamp requires measurement of circulating insulin 
concentrations during the basal and clamp steady states. 
In the simplest scenario, insulin concentrations at each 
steady state are similar across experimental groups. 
If not, then glucose kinetics results have to be divided 
by insulin concentrations or the alteration in insulin 
concentrations (Pereira & Giacca 2011). Alternatively, 
the insulin infusion rate can be altered in one  
of the groups in order to match the clamp insulin 
concentrations across groups (Pereira et al. 2014). If 
two experimental groups have different plasma glucose 
concentrations, the following approaches have been 
used: (i) divide glucose kinetics results by plasma glucose 
concentrations or (ii) make the average plasma glucose 
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Figure 1

(A) Setup and experimental flow of the hyperinsulinemic euglycemic clamp with tracer methodology in rats. Infusion of a glucose tracer into the jugular 
vein is initiated 2 h before the start of insulin infusion (i.e. before the start of the hyperinsulinemic euglycemic clamp) and lasts until the end of the 
clamp. At t = 0 h, a constant infusion of insulin into the jugular vein is initiated to increase circulating insulin concentrations (i.e. to obtain 
hyperinsulinemia) and lasts until the end of the clamp. To achieve euglycemia, which is typically the average plasma glucose concentration for a given 
rat during the last 30 min before the start of insulin infusion: (i) blood is collected every 5 min from the carotid artery and the plasma glucose 
concentration is measured and (ii) the rate of infusion of a glucose solution into the jugular vein is adjusted as necessary. The rate of exogenous glucose 
infusion (Ginf) is lower in rodents with obesity- and type 2 diabetes-associated insulin resistance compared to healthy controls. A hyperinsulinemic 
euglycemic clamp usually lasts 2 h. (B) Drawing of plasma insulin and glucose concentrations immediately before (basal steady state) and during the 
hyperinsulinemic euglycemic clamp, including the clamp steady state. Insulin infusion starts at 0 h. Typical insulin and glucose concentrations are also 
shown. (C) Drawing of plasma insulin and glucose concentrations immediately before (basal steady state) and during the pancreatic euglycemic clamp, 
including the clamp steady state. Insulin and somatostatin infusions start at 0 h and the pancreatic euglycemic clamp usually lasts 2 h. Typical insulin 
and glucose concentrations are also shown. Created with BioRender.com.
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concentration of the control group the target plasma 
glucose concentration for all groups during the clamp 
(Pereira et al. 2008, Pereira & Giacca 2011).

In addition to being technically challenging, the  
clamp is laborious, expensive (especially if tracer 
methodology is used), and usually terminal. However, 
it is a powerful technique in metabolic research. 
Important clamp-specific factors to address in the  
design, performance, and reporting of this technique 
have been published recently (Ayala et al. 2022).

Pancreatic euglycemic clamp
The pancreatic euglycemic clamp is used when an 
investigator wants to test the effect of a treatment without 
the confounding effect of alterations in endogenous  
insulin secretion. The pancreatic euglycemic clamp  
has also been extensively used to study how  
hormones and nutrients in the brain affect 
peripheral glucose metabolism; in such studies 
intracerebroventricular cannulation surgery is 
performed before vessel cannulation surgery  
(Lam et al. 2005, Castellani et al. 2022).

The experimental flow and many aspects of the 
pancreatic euglycemic clamp are similar to those of the 
hyperinsulinemic euglycemic clamp (Lam et al. 2005, 
Castellani et al. 2022). Similar to the hyperinsulinemic 
euglycemic clamp, the pancreatic euglycemic clamp 
requires chronic blood vessel cannulation. Moreover, 
the pancreatic euglycemic clamp also has two steady 
states (basal and clamp), usually lasts 2 h, and can 
be combined with tracer methodology. During the 
pancreatic euglycemic clamp, however, somatostatin 
is infused to inhibit endogenous insulin and glucagon 
secretion by the pancreas and exogenous insulin is  
infused at rate so that basal insulin concentrations 
can be achieved during the clamp steady state. Plasma 
glucose is measured throughout the clamp, and the 
rate of infusion of a glucose solution (Ginf) is altered as 
needed to achieve euglycemia (Fig. 1C) (Lam et al. 2005, 
Kowalchuk et al. 2017, Castellani et al. 2022).

Factors to consider when assessing 
glucose metabolism in vivo

Dynamic vs steady state
Techniques that require steady states, like the 
hyperinsulinemic or pancreatic euglycemic clamp, are 
essentially reductionist approaches to assess glucose 
metabolism (Meneses et al. 2023). HOMA-IR and QUICKI 
also assume a steady state during fasting. In contrast, 
GTTs, ITTs, and PTTs are dynamic tests because, in 
addition to the main variable, namely, circulating glucose 
concentration, other variables such as circulating 
insulin may be changing. Another factor to consider 

is when, in the feed–fast cycle, the metabolic tests are 
performed. Clamps, GTTs, ITTs, and PTTs, are usually 
done in the fasting state to minimize the confounding  
effect of changes in nutrients and hormones associated 
with feeding. Moreover, circulating levels of nutrients 
and hormones as well as glucose metabolism have a 
circadian rhythm (Ando et al. 2016, Stenvers et al. 2019). 
Therefore, the time of day when metabolic tests are 
performed should be consistent in a given experiment 
and reported.

Blood sampling
All in vivo glucose metabolism techniques described in 
this review require blood sampling. When obtaining a 
blood sample, ideally the rodent should be free-moving 
and under minimal stress, especially from handling 
and restraint. Chronic cannulation of blood vessels, 
such as jugular vein and carotid artery, in rodents 
allow blood sampling to occur largely under such  
conditions (Ayala et al. 2010). The disadvantage of 
chronic vessel cannulation is that rodents cannot be 
kept for long periods of time. In contrast, GTTs, ITTs, and 
PTTs can be done in longitudinal studies of rodents that 
do not have vessel cannulation, where a given rodent 
can be studied multiple times throughout its life as long 
as blood volume limitations are respected. Therefore, 
approaches other than chronic vessel cannulation 
are used to obtain blood in conscious rodents. When 
only blood glucose is measured, a prick/nick in the tail 
performed with a needle is generally enough and does 
not usually require restraint. If larger amounts of blood 
are needed for other measurements, two common 
sources of blood are used: the saphenous vein and the 
tail via tail clipping. Obtaining blood from the saphenous 
vein involves rapid restraint and can be performed 
repeatedly during a test (Abatan et al. 2008, Pereira et al. 
2019). When tail clipping is used, restraint may not be 
necessary if the tail is briefly held (Abatan et al. 2008, 
Moore et al. 2017). The extent of stress induced by  
sampling from the saphenous vein or via tail clip 
is approximately the same (Abatan et al. 2008).  
However, tail clip is not recommended when 
larger blood samples are required, and tail clip  
commonly causes hemolysis (Christensen et al. 2009, 
Ayala et al. 2010).

Measuring blood glucose concentration
Blood or plasma glucose concentrations are typically 
measured with glucometers that were designed for 
humans, which usually use ≤5 μL blood (Ayala et al. 2010, 
Togashi et al. 2016). Moreover, glucometers usually have 
a maximal reading of ~33 mM for blood (Pereira et al. 
2019). The accuracy of glucometers when measuring 
glucose in rodent blood has been compared to results 
obtained with a glucose assay kit or glucose analyzer 
(Togashi et al. 2016, Morley et al. 2018). The difference 
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in plasma glucose concentrations between various 
models of glucometers and a glucose assay kit increases 
as plasma glucose concentration rises (Togashi et al. 
2016). Furthermore, the direction of this error changes 
depending on whether mice have been fasted or 
not (Togashi et al. 2016). Therefore, a glucometer  
type should be used consistently in a given  
experiment (Ayala et al. 2010, Togashi et al. 2016) and 
its results are usually most reliable when glycemia is 
not excessively high (Togashi et al. 2016, Morley et al. 
2018). When doing GTTs and PTTs in models  
of diabetes, plasma glucose concentrations can be 
determined after completion of the tests using a  
glucose assay kit (Pereira et al. 2021).

For clamps, circulating glucose concentrations must 
be determined as fast as possible (<5 min), which is 
the case with both glucometers and rapid glucose 
analyzers. The HemoCue glucose analyzer, which 
requires ~5 μL of blood to measure plasma glucose 
concentration in humans, has been used to measure 
plasma glucose concentration during clamps in mice 
(Nahle et al. 2021). However, the maximal glucose 
reading for HemoCue is <33 mM. For clamps in rats, 
glucose concentrations in 5–10 μL plasma samples 
can be determined using glucose analyzers such 
as GM9 from Analox (Castellani et al. 2022). The 
latter also has the advantage of measuring glucose  
concentrations >33 mM.

Continuous glucose monitoring (CGM) involves  
invasive surgery, namely, surgical implantation of 
a telemetry probe in the aorta (Evers et al. 2020, 
Kennard et al. 2021, Rubio et al. 2023). Assuming  
surgical expertise and funds exist in a laboratory, 
CGM is a great way to determine circulating glucose 
concentrations in rats and mice over weeks without 
handling them (Evers et al. 2020, Kennard et al. 2021, 
Rubio et al. 2023).

Fasting duration
Unless glucose metabolism is being specifically 
assessed in the feeding and postprandial states, all in 
vivo glucose metabolism tests are done in the fasting 
(postabsorptive) state to avoid the confounding effect 
of altered concentrations of hormones and nutrients 
associated with food consumption. The length of fast 
depends on the species, rodent model, and metabolic 
test. Glucose production is the sum of glycogenolysis 
and gluconeogenesis, and as fasting increases, 
glycogen stores become depleted and the contribution 
of gluconeogenesis to glucose production increases 
(Landau et al. 1996, Burgess et al. 2005). An overnight 
fast (~12 h) reduces hepatic glycogen content by ~30% 
in healthy humans (Iwayama et al. 2020), but by ~80% 
in healthy mice (Carper et al. 2020). Overnight fasting, 
which typically lasts 16 h, is considered stressful in 
mice. Fasting for 24 h also causes strain-dependent 

alterations in glycogenolysis, with C57BL/6J mice still 
demonstrating glycogenolysis (Burgess et al. 2005). An 
important species difference is that while a 24 h fast 
decreases insulin sensitivity in humans (Salgin et al. 
2009), a 16–18 h fast increases whole-body and 
peripheral insulin sensitivity in mice (Heijboer et al. 
2005, Ayala et al. 2006). Thus, shorter fasting times 
are usually advised in mice also for translatability 
(Ayala et al. 2010).

The ideal length of fasting for GTTs and ITTs is an active 
area of investigation. Four to six hours of fasting is 
commonly used and advised (Andrikopoulos et al. 2008, 
Ayala et al. 2010, Pereira et al. 2019, Erener et al. 2021, 
Virtue & Vidal-Puig 2021). Recently, it was reported 
that shorter fasting (2 h) is ideal when performing 
ITTs because hepatic glycogen content is similar to the 
nonfasted state (Carper et al. 2020) and there is less risk 
of fatal hypoglycemia.

Genetic background
Genetic background of mice affects metabolic parameters 
such as insulin sensitivity and counterregulatory 
response to hypoglycemia (Berglund et al. 2008); 
therefore, it is important to state mouse strains in 
publications. Furthermore, littermate controls should be 
used (Drucker 2016, Alquier & Poitout 2018).

Sex of rodents
Among healthy mice, females are more insulin 
sensitive and have better glucose tolerance than males 
(Macotela et al. 2009). Similarly, women are more insulin 
sensitive than men (Tramunt et al. 2020). This disparity 
is associated with sex-specific factors such as differences 
in circulating levels of estrogen and testosterone 
(Macotela et al. 2009, Yan et al. 2019, Tramunt et al. 2020). 
Sex hormones also affect body composition (amount 
and distribution of fat tissue), which is an important 
determinant of insulin sensitivity (Elbers et al. 1999, 
Macotela et al. 2009, Hocking et al. 2013). The enhanced 
insulin sensitivity associated with being female often 
deteriorates in insulin-resistant states (Tramunt et al. 
2020, Pereira et al. 2021).

Although a shift is occurring, preclinical research 
often only uses male rodents (Willingham 2022). 
From a metabolic perspective, one of the reasons may 
be a combination of the often-increased probability  
of finding metabolic disturbances in males and the 
publication bias toward positive findings (Joober et al. 
2012, Mauvais-Jarvis et al. 2017, Tramunt et al. 2020). 
Nevertheless, to maximize the quality of health care 
for all, while minimizing its cost, it is important to  
study both sexes/genders from cellular to rodent and 
eventually clinical research. Results for males and 
females should not be pooled (Willingham 2022) and 
flowcharts to design experiments that examine how 
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sex affects metabolism have been published (Mauvais-
Jarvis et al. 2017).

Another reason why females are less studied than 
males is the fact that females have cyclic alterations 
in circulating gonadal hormones, namely, estrogen 
and progesterone. The estrous cycle and its phases in 
female rats and mice are analogous to the menstrual 
cycle in women (Ajayi & Akhigbe 2020). While the 
menstrual cycle lasts ~28 days, the estrous cycle 
is shorter, lasting 4–5 days (Ajayi & Akhigbe 2020, 
Gutierrez-Castellanos et al. 2022). Blood glucose 
concentrations have been found to change throughout 
the menstrual cycle (Lin et al. 2023). It could be argued 
that the estrous cycle increases variance of metabolic 
studies; therefore, data from female rodents should be 
presented by estrous phase (Della Torre et al. 2016). 
The process for tracking the four phases of the estrous 
cycle is not complex (Ajayi & Akhigbe 2020). However, 
the requirement to present metabolic data by estrous 
phase may depend on the primary parameter being 
investigated (Mauvais-Jarvis et al. 2017). Indeed, there 
is evidence that in cases where estrous phases are 
not tracked, but sample size is sufficient, females do 
not show increased variance in various parameters 
of glucose metabolism (Berglund et al. 2012, Mauvais-
Jarvis et al. 2017, Pereira et al. 2019). This may be 
associated with synchronized estrous cycles of females 
in a given cage, which occurs at <5 mice per cage due to 
minimal stress (Mauvais-Jarvis et al. 2017). Ultimately, 
it is up to each investigator to determine if, in addition  
to studying females, data should be presented by  
estrous phase. Key factors underlying this decision 
include the research question and cost.

Estrous cycle is not the only sex-specific factor that 
can modulate glucose metabolism and potentially 
increase variance. For example, aggression, which 
is associated with stress, is more prevalent in male 
mice (Lidster et al. 2019, Benedé-Ubieto et al. 2020). 
Moreover, the stress hormone corticosterone causes 
greater insulin resistance in male vs female mice 
(Kaikaew et al. 2019). The housing of female mice for 
metabolic studies usually involves nonpregnant or 
nonnursing females and occurs in the absence of males; 
such conditions favor low levels of aggression in female 
mice (Newman et al. 2019).

Body composition
Doses for GTTs, ITTs, PTTs, and clamps in rodents 
are usually expressed per kg of body weight. Glucose 
kinetics in rodents are also usually expressed per kg 
of body weight (Berglund et al. 2008, Pereira et al. 
2013). Such approaches are appropriate when 
comparing experimental groups that have similar 
body composition, especially the amount of fat and 
lean (fat-free) mass. If this is not the case, then it has 
been suggested that the amount of lean mass should 
be determined and the doses should be normalized to 

lean mass, not body weight (Alquier & Poitout 2018).  
The underlying rationale is that glucose uptake  
is greater in lean tissue than in fat tissue (Alquier & 
Poitout 2018). However, the superiority of lean body 
mass over body weight for the hyperinsulinemic 
euglycemic clamp is being questioned in humans  
(Ter Horst & Serlie 2020). It appears that this  
issue will be resolved when the different contributions 
of adipose tissue during the different metabolic tests 
are clarified (Ter Horst & Serlie 2020).

Age
Insulin sensitivity and glucose tolerance decline with 
age in rodents and humans (Chang & Halter 2003, 
Benedé-Ubieto et al. 2020). Thus, the age of the rodents 
should be reported and matched across experimental 
groups. From a clinical perspective, there is a need to 
study metabolism throughout the life span, including 
menopause and andropause (Kautzky-Willer et al. 2012, 
Alquier & Poitout 2018).

Assessment of in vivo glucose 
metabolism in rodent models in 
obesity and type 2 diabetes research

There are many excellent published papers that 
use in vivo techniques to assess glucose metabolism  
in rodent models of obesity and type 2 diabetes. We will 
highlight some of the key findings from three of these 
papers in the current review. First, hyperinsulinemic 
euglycemic clamps were utilized to conclude that 
knocking down pyruvate carboxylase in adipose tissue 
and liver with antisense oligonucleotides ameliorates 
hepatic insulin sensitivity in male HFD-fed rats, which 
are a model of obesity, and male Zucker diabetic  
fatty rats, which are a model of type 2 diabetes 
(Kumashiro et al. 2013). Second, tamoxifen-inducible 
adipocyte-specific insulin receptor and insulin 
growth factor 1 knockout mice were generated and 
characterized (Sakaguchi et al. 2017). Two days 
following tamoxifen administration, male double 
knockout mice were hyperglycemic, glucose intolerant 
based on OGTT results and insulin resistant based on 
ITT as well as HOMA-IR results. Moreover, HOMA-IR 
was used to track insulin sensitivity over time, and it 
was found that insulin sensitivity was similar between 
male double knockout and control mice by 30 days 
post tamoxifen administration. Third, male and  
female mice lacking complement factor 5, which is 
part of the innate immune system, were placed on an  
HFD and studied (Winn et al. 2023). Using IPGTTs, it 
was concluded that in the context of HFD-induced 
obesity, knocking out complement factor 5 only affects 
(deteriorates) glucose tolerance in male mice. Hence, 
these examples support the importance of in vivo 
techniques for assessment of glucose metabolism 



Journal of Endocrinology (2024) 260 e230308
https://doi.org/10.1530/JOE-23-0308

M Hahn et al.

in understanding the mechanisms of obesity, type 2 
diabetes, and insulin resistance as well as new treatments 
for metabolic disorders.

Conclusion

Methods of in vivo tests of glucose metabolism should 
be detailed for readers to repeat experiments and to 
understand the context of results. Preclinical research 
is valuable if it is translatable to humans (Drucker 
2016); therefore, one must frequently question and 
answer how metabolic tests in rodents relate to 
human physiology. In this review, we have described 
the commonly used techniques for the assessment of 
insulin sensitivity and glucose metabolism in rodents. 
We have also highlighted the pros and cons of each 
technique. Furthermore, we have discussed key factors 
that can affect glucose metabolism, such as fasting 
duration and sex of the rodents. Other factors that may 
cause stress and alter glucose metabolism have begun 
to be described in the literature, such as temperature, 
method of cage change, and even the sex of the scientist 
(Sorge et al. 2014, Drucker 2016, Georgiou et al. 2022, 
Kennard et al. 2022). Regarding the latter, stress 
responses in mice vary depending on the sex of the 
investigator handling the mice and merely because 
men and women give off different scents (Sorge et al. 
2014, Georgiou et al. 2022). It will be interesting to 
determine how additional factors such as these can be 
utilized to further optimize metabolic tests in rodents 
in the future.

Declaration of interest
MKH received consultant fees from Alkermes, Inc.

Acknowledgement
This paper forms part of a themed collection on ‘Insulin Resistance and 
Type 2 Diabetes Mellitus’. The guest editors for this collection were Matthias 
Blüher, Stefan Bornstein, and Martin Haluzík.

Funding
Grants from the Banting and Best Diabetes Centre (BBDC), Canadian 
Institutes of Health Research (CIHR), and PSI Foundation were awarded to 
MKH. MKH also has support from an Academic Scholars Award from the 
Department of Psychiatry, University of Toronto, and holds the Kelly and 
Michael Meighen Chair in Psychosis Prevention.

References
Abatan OI, Welch KB & Nemzek JA 2008 Evaluation of saphenous 
venipuncture and modified tail-clip blood collection in mice. Journal of 
the American Association for Laboratory Animal Science 47 8–15.

Ahrén B & Pacini G 2002 Insufficient islet compensation to insulin 
resistance vs. reduced glucose effectiveness in glucose-intolerant mice. 
American Journal of Physiology 283 E738–E744. (https://doi.org/10.1152/
ajpendo.00199.2002)

Ahrén B & Pacini G 2006 A novel approach to assess insulin sensitivity 
reveals no increased insulin sensitivity in mice with a dominant-negative 
mutant hepatocyte nuclear factor-1alpha. American Journal of Physiology 
291 R131–R137. (https://doi.org/10.1152/ajpregu.00519.2005)

Ajayi AF & Akhigbe RE 2020 Staging of the estrous cycle and induction 
of estrus in experimental rodents: an update. Fertility Research and 
Practice 6 5. (https://doi.org/10.1186/s40738-020-00074-3)

Alquier T & Poitout V 2018 Considerations and guidelines for mouse 
metabolic phenotyping in diabetes research. Diabetologia 61 526–538. 
(https://doi.org/10.1007/s00125-017-4495-9)

Al-Share QY, DeAngelis AM, Lester SG, Bowman TA, Ramakrishnan SK, 
Abdallah SL, Russo L, Patel PR, Kaw MK, Raphael CK, et al. 2015 Forced 
hepatic overexpression of CEACAM1 curtails diet-induced insulin 
resistance. Diabetes 64 2780–2790. (https://doi.org/10.2337/db14-1772)

American Diabetes Association 2014 Diagnosis and classification of 
diabetes mellitus. Diabetes Care 37(Supplement 1) S81–S90. (https://doi.
org/10.2337/dc14-S081)

Ando H, Ushijima K, Shimba S & Fujimura A 2016 Daily fasting blood 
glucose rhythm in male mice: a role of the circadian clock in the liver. 
Endocrinology 157 463–469. (https://doi.org/10.1210/en.2015-1376)

Andrikopoulos S, Blair AR, Deluca N, Fam BC & Proietto J 2008 Evaluating 
the glucose tolerance test in mice. American Journal of Physiology 295 
E1323–E1332. (https://doi.org/10.1152/ajpendo.90617.2008)

Ayala JE, Bracy DP, McGuinness OP & Wasserman DH 2006 
Considerations in the design of hyperinsulinemic-euglycemic clamps in 
the conscious mouse. Diabetes 55 390–397. (https://doi.org/10.2337/
diabetes.55.02.06.db05-0686)

Ayala JE, Samuel VT, Morton GJ, Obici S, Croniger CM, Shulman GI, 
Wasserman DH, McGuinness OP & NIH Mouse Metabolic Phenotyping 
Center Consortium 2010 Standard operating procedures for describing 
and performing metabolic tests of glucose homeostasis in mice. Disease 
Models and Mechanisms 3 525–534. (https://doi.org/10.1242/dmm.006239)

Ayala JE, Lantier L, McGuinness OP & Wasserman DH 2022 Peeling back 
the layers of the glucose clamp. Nature Metabolism 4 496–498. (https://
doi.org/10.1038/s42255-022-00573-1)

Basu R, Chandramouli V, Dicke B, Landau B & Rizza R 2005 Obesity and 
type 2 diabetes impair insulin-induced suppression of glycogenolysis as 
well as gluconeogenesis. Diabetes 54 1942–1948. (https://doi.
org/10.2337/diabetes.54.7.1942)

Benedé-Ubieto R, Estévez-Vázquez O, Ramadori P, Cubero FJ & 
Nevzorova YA 2020 Guidelines and considerations for metabolic 
tolerance tests in mice. Diabetes, Metabolic Syndrome and Obesity 13  
439–450. (https://doi.org/10.2147/DMSO.S234665)

Berglund ED, Li CY, Poffenberger G, Ayala JE, Fueger PT, Willis SE, 
Jewell MM, Powers AC & Wasserman DH 2008 Glucose metabolism in 
vivo in four commonly used inbred mouse strains. Diabetes 57  
1790–1799. (https://doi.org/10.2337/db07-1615)

Berglund ED, Vianna CR, Donato J, Jr, Kim MH, Chuang JC, Lee CE, 
Lauzon DA, Lin P, Brule LJ, Scott MM, et al. 2012 Direct leptin action on 
POMC neurons regulates glucose homeostasis and hepatic insulin 
sensitivity in mice. Journal of Clinical Investigation 122 1000–1009. 
(https://doi.org/10.1172/JCI59816)

Best JD, Kahn SE, Ader M, Watanabe RM, Ni TC & Bergman RN 1996 
Role of glucose effectiveness in the determination of glucose 
tolerance. Diabetes Care 19 1018–1030. (https://doi.org/10.2337/
diacare.19.9.1018)

Boden G, Chen X, Ruiz J, White JV & Rossetti L 1994 Mechanisms of fatty 
acid-induced inhibition of glucose uptake. Journal of Clinical Investigation 
93 2438–2446. (https://doi.org/10.1172/JCI117252)

Bruce CR, Hamley S, Ang T, Howlett KF, Shaw CS & Kowalski GM 2021 
Translating glucose tolerance data from mice to humans: insights from 

https://doi.org/10.1152/ajpendo.00199.2002
https://doi.org/10.1152/ajpendo.00199.2002
https://doi.org/10.1152/ajpregu.00519.2005
https://doi.org/10.1186/s40738-020-00074-3
https://doi.org/10.1007/s00125-017-4495-9
https://doi.org/10.2337/db14-1772
https://doi.org/10.2337/dc14-S081
https://doi.org/10.2337/dc14-S081
https://doi.org/10.1210/en.2015-1376
https://doi.org/10.1152/ajpendo.90617.2008
https://doi.org/10.2337/diabetes.55.02.06.db05-0686
https://doi.org/10.2337/diabetes.55.02.06.db05-0686
https://doi.org/10.1242/dmm.006239
https://doi.org/10.1038/s42255-022-00573-1
https://doi.org/10.1038/s42255-022-00573-1
https://doi.org/10.2337/diabetes.54.7.1942
https://doi.org/10.2337/diabetes.54.7.1942
https://doi.org/10.2147/DMSO.S234665
https://doi.org/10.2337/db07-1615
https://doi.org/10.1172/JCI59816
https://doi.org/10.2337/diacare.19.9.1018
https://doi.org/10.2337/diacare.19.9.1018
https://doi.org/10.1172/JCI117252


Journal of Endocrinology (2024) 260 e230308
https://doi.org/10.1530/JOE-23-0308

M Hahn et al.

stable isotope labelled glucose tolerance tests. Molecular Metabolism 53 
101281. (https://doi.org/10.1016/j.molmet.2021.101281)

Bruin JE, Saber N, Braun N, Fox JK, Mojibian M, Asadi A, Drohan C, 
O'Dwyer S, Rosman-Balzer DS, Swiss VA, et al. 2015 Treating diet-
induced diabetes and obesity with human embryonic stem cell-derived 
pancreatic progenitor cells and antidiabetic drugs. Stem Cell Reports 4 
605–620. (https://doi.org/10.1016/j.stemcr.2015.02.011)

Burgess SC, Jeffrey FM, Storey C, Milde A, Hausler N, Merritt ME, 
Mulder H, Holm C, Sherry AD & Malloy CR 2005 Effect of murine strain 
on metabolic pathways of glucose production after brief or prolonged 
fasting. American Journal of Physiology 289 E53–E61. (https://doi.
org/10.1152/ajpendo.00601.2004)

Campbell JE & Drucker DJ 2013 Pharmacology, physiology, and 
mechanisms of incretin hormone action. Cell Metabolism 17 819–837. 
(https://doi.org/10.1016/j.cmet.2013.04.008)

Carey M, Lontchi-Yimagou E, Mitchell W, Reda S, Zhang K, Kehlenbrink S, 
Koppaka S, Maginley SR, Aleksic S, Bhansali S, et al. 2020 Central K(ATP) 
channels modulate glucose effectiveness in humans and rodents. 
Diabetes 69 1140–1148. (https://doi.org/10.2337/db19-1256)

Carper D, Coué M, Laurens C, Langin D & Moro C 2020 Reappraisal of 
the optimal fasting time for insulin tolerance tests in mice. Molecular 
Metabolism 42 101058. (https://doi.org/10.1016/j.molmet.2020.101058)

Castellani LN, Pereira S, Kowalchuk C, Asgariroozbehani R, Singh R, 
Wu S, Hamel L, Alganem K, Ryan WG, Zhang X, et al. 2022 Antipsychotics 
impair regulation of glucose metabolism by central glucose. Molecular 
Psychiatry 27 4741–4753. (https://doi.org/10.1038/s41380-022-01798-y)

Chang AM & Halter JB 2003 Aging and insulin secretion. American Journal 
of Physiology 284 E7–E12. (https://doi.org/10.1152/ajpendo.00366.2002)

Chevalier S, Burgess SC, Malloy CR, Gougeon R, Marliss EB & Morais JA 
2006 The greater contribution of gluconeogenesis to glucose production 
in obesity is related to increased whole-body protein catabolism. Diabetes 
55 675–681. (https://doi.org/10.2337/diabetes.55.03.06.db05-1117)

Christensen SD, Mikkelsen LF, Fels JJ, Bodvarsdóttir TB & Hansen AK 
2009 Quality of plasma sampled by different methods for multiple blood 
sampling in mice. Laboratory Animals 43 65–71. (https://doi.org/10.1258/
la.2008.007075)

Cremer JE, Cunningham VJ, Pardridge WM, Braun LD & Oldendorf WH 
1979 Kinetics of blood-brain barrier transport of pyruvate, lactate and 
glucose in suckling, weanling and adult rats. Journal of Neurochemistry 
33 439–445. (https://doi.org/10.1111/j.1471-4159.1979.tb05173.x)

DeFronzo RA, Tobin JD & Andres R 1979 Glucose clamp technique: a 
method for quantifying insulin secretion and resistance. American 
Journal of Physiology 237 E214–E223. (https://doi.org/10.1152/
ajpendo.1979.237.3.E214)

DeFronzo RA, Ferrannini E, Hendler R, Felig P & Wahren J 1983 Regulation 
of splanchnic and peripheral glucose uptake by insulin and hyperglycemia 
in man. Diabetes 32 35–45. (https://doi.org/10.2337/diab.32.1.35)

Della Torre S, Mitro N, Fontana R, Gomaraschi M, Favari E, Recordati C, 
Lolli F, Quagliarini F, Meda C, Ohlsson C, et al. 2016 An essential role for 
liver ERα in coupling hepatic metabolism to the reproductive cycle. Cell 
Reports 15 360–371. (https://doi.org/10.1016/j.celrep.2016.03.019)

Drucker DJ 2016 Never waste a good crisis: confronting reproducibility 
in translational research. Cell Metabolism 24 348–360. (https://doi.
org/10.1016/j.cmet.2016.08.006)

Elbers JM, Asscheman H, Seidell JC & Gooren LJ 1999 Effects of sex 
steroid hormones on regional fat depots as assessed by magnetic 
resonance imaging in transsexuals. American Journal of Physiology 276 
E317–E325. (https://doi.org/10.1152/ajpendo.1999.276.2.E317)

Engström Ruud L, Pereira MMA, de Solis AJ, Fenselau H & Brüning JC 
2020 NPY mediates the rapid feeding and glucose metabolism 

regulatory functions of AgRP neurons. Nature Communications 11 442. 
(https://doi.org/10.1038/s41467-020-14291-3)

Erener S, Ellis CE, Ramzy A, Glavas MM, O'Dwyer S, Pereira S, Wang T, 
Pang J, Bruin JE, Riedel MJ, et al. 2021 Deletion of pancreas-specific miR-
216a reduces beta-cell mass and inhibits pancreatic cancer progression in 
mice. Cell Reports 2 100434. (https://doi.org/10.1016/j.xcrm.2021.100434)

Evers SS, Kim KS, Bozadjieva N, Lewis AG, Farris D, Sorensen MJ, Kim Y, 
Whitesall SE, Kennedy RT, Michele DE, et al. 2020 Continuous glucose 
monitoring reveals glycemic variability and hypoglycemia after vertical 
sleeve gastrectomy in rats. Molecular Metabolism 32 148–159. (https://
doi.org/10.1016/j.molmet.2019.12.011)

Ferrannini E & Mari A 2014 β-cell function in type 2 diabetes. 
Metabolism: Clinical and Experimental 63 1217–1227. (https://doi.
org/10.1016/j.metabol.2014.05.012)

Ferreira DS, Amaral FG, Mesquita CC, Barbosa AP, Lellis-Santos C, Turati AO, 
Santos LR, Sollon CS, Gomes PR, Faria JA, et al. 2012 Maternal melatonin 
programs the daily pattern of energy metabolism in adult offspring. PLoS 
One 7 e38795. (https://doi.org/10.1371/journal.pone.0038795)

Frangioudakis G, Gyte AC, Loxham SJ & Poucher SM 2008 The 
intravenous glucose tolerance test in cannulated Wistar rats: a robust 
method for the in vivo assessment of glucose-stimulated insulin 
secretion. Journal of Pharmacological and Toxicological Methods 57  
106–113. (https://doi.org/10.1016/j.vascn.2007.12.002)

Geisler CE, Hepler C, Higgins MR & Renquist BJ 2016 Hepatic 
adaptations to maintain metabolic homeostasis in response to fasting 
and refeeding in mice. Nutrition and Metabolism 13 62. (https://doi.
org/10.1186/s12986-016-0122-x)

Georgiou P, Zanos P, Mou TM, An X, Gerhard DM, Dryanovski DI, 
Potter LE, Highland JN, Jenne CE, Stewart BW, et al. 2022 Experimenters' 
sex modulates mouse behaviors and neural responses to ketamine via 
corticotropin releasing factor. Nature Neuroscience 25 1191–1200. 
(https://doi.org/10.1038/s41593-022-01146-x)

Glendinning JI, Stano S, Holter M, Azenkot T, Goldman O, Margolskee RF, 
Vasselli JR & Sclafani A 2015 Sugar-induced cephalic-phase insulin 
release is mediated by a T1r2+T1r3-independent taste transduction 
pathway in mice. American Journal of Physiology 309 R552–R560. (https://
doi.org/10.1152/ajpregu.00056.2015)

Gutierrez-Castellanos N, Husain BFA, Dias IC & Lima SQ 2022 Neural and 
behavioral plasticity across the female reproductive cycle. Trends in 
Endocrinology and Metabolism 33 769–785. (https://doi.org/10.1016/j.
tem.2022.09.001)

Heijboer AC, Donga E, Voshol PJ, Dang ZC, Havekes LM, Romijn JA & 
Corssmit EP 2005 Sixteen hours of fasting differentially affects hepatic 
and muscle insulin sensitivity in mice. Journal of Lipid Research 46  
582–588. (https://doi.org/10.1194/jlr.M400440-JLR200)

Henderson DC, Cagliero E, Copeland PM, Borba CP, Evins AE, Hayden D, 
Weber MT, Anderson EJ, Allison DB, Daley TB, et al. 2005 Glucose 
metabolism in patients with schizophrenia treated with atypical 
antipsychotic agents: a frequently sampled intravenous glucose 
tolerance test and minimal model analysis. Archives of General Psychiatry 
62 19–28. (https://doi.org/10.1001/archpsyc.62.1.19)

Hocking S, Samocha-Bonet D, Milner KL, Greenfield JR & Chisholm DJ 
2013 Adiposity and insulin resistance in humans: the role of the 
different tissue and cellular lipid depots. Endocrine Reviews 34 463–500. 
(https://doi.org/10.1210/er.2012-1041)

Hughey CC, Wasserman DH, Lee-Young RS & Lantier L 2014 Approach 
to assessing determinants of glucose homeostasis in the conscious 
mouse. Mammalian Genome 25 522–538. (https://doi.org/10.1007/
s00335-014-9533-z)

Huynh FK, Levi J, Denroche HC, Gray SL, Voshol PJ, Neumann UH, 
Speck M, Chua SC, Covey SD & Kieffer TJ 2010 Disruption of hepatic 

https://doi.org/10.1016/j.molmet.2021.101281
https://doi.org/10.1016/j.stemcr.2015.02.011
https://doi.org/10.1152/ajpendo.00601.2004
https://doi.org/10.1152/ajpendo.00601.2004
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.2337/db19-1256
https://doi.org/10.1016/j.molmet.2020.101058
https://doi.org/10.1038/s41380-022-01798-y
https://doi.org/10.1152/ajpendo.00366.2002
https://doi.org/10.2337/diabetes.55.03.06.db05-1117
https://doi.org/10.1258/la.2008.007075
https://doi.org/10.1258/la.2008.007075
https://doi.org/10.1111/j.1471-4159.1979.tb05173.x
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.1152/ajpendo.1979.237.3.E214
https://doi.org/10.2337/diab.32.1.35
https://doi.org/10.1016/j.celrep.2016.03.019
https://doi.org/10.1016/j.cmet.2016.08.006
https://doi.org/10.1016/j.cmet.2016.08.006
https://doi.org/10.1152/ajpendo.1999.276.2.E317
https://doi.org/10.1038/s41467-020-14291-3
https://doi.org/10.1016/j.xcrm.2021.100434
https://doi.org/10.1016/j.molmet.2019.12.011
https://doi.org/10.1016/j.molmet.2019.12.011
https://doi.org/10.1016/j.metabol.2014.05.012
https://doi.org/10.1016/j.metabol.2014.05.012
https://doi.org/10.1371/journal.pone.0038795
https://doi.org/10.1016/j.vascn.2007.12.002
https://doi.org/10.1186/s12986-016-0122-x
https://doi.org/10.1186/s12986-016-0122-x
https://doi.org/10.1038/s41593-022-01146-x
https://doi.org/10.1152/ajpregu.00056.2015
https://doi.org/10.1152/ajpregu.00056.2015
https://doi.org/10.1016/j.tem.2022.09.001
https://doi.org/10.1016/j.tem.2022.09.001
https://doi.org/10.1194/jlr.M400440-JLR200
https://doi.org/10.1001/archpsyc.62.1.19
https://doi.org/10.1210/er.2012-1041
https://doi.org/10.1007/s00335-014-9533-z
https://doi.org/10.1007/s00335-014-9533-z


Journal of Endocrinology (2024) 260 e230308
https://doi.org/10.1530/JOE-23-0308

M Hahn et al.

leptin signaling protects mice from age- and diet-related glucose 
intolerance. Diabetes 59 3032–3040. (https://doi.org/10.2337/db10-0074)

Iwayama K, Onishi T, Maruyama K & Takahashi H 2020 Diurnal variation 
in the glycogen content of the human liver using (13). NMR in 
Biomedicine 33 e4289. (https://doi.org/10.1002/nbm.4289)

Joober R, Schmitz N, Annable L & Boksa P 2012 Publication bias: what 
are the challenges and can they be overcome? Journal of Psychiatry and 
Neuroscience 37 149–152. (https://doi.org/10.1503/jpn.120065)

Kaikaew K, Steenbergen J, van Dijk TH, Grefhorst A & Visser JA 2019 Sex 
difference in corticosterone-induced insulin resistance in mice. 
Endocrinology 160 2367–2387. (https://doi.org/10.1210/en.2019-00194)

Karstoft K, Clark MA, Jakobsen I, Knudsen SH, van Hall G, Pedersen BK & 
Solomon TPJ 2017 Glucose effectiveness, but not insulin sensitivity, is 
improved after short-term interval training in individuals with type 2 
diabetes mellitus: a controlled, randomised, crossover trial. Diabetologia 
60 2432–2442. (https://doi.org/10.1007/s00125-017-4406-0)

Kautzky-Willer A, Brazzale AR, Moro E, Vrbíková J, Bendlova B, 
Sbrignadello S, Tura A & Pacini G 2012 Influence of increasing BMI on 
insulin sensitivity and secretion in normotolerant men and women of a 
wide age span. Obesity 20 1966–1973. (https://doi.org/10.1038/
oby.2011.384)

Kennard MR, Daniels Gatward LF, Roberts AG, White ERP, Nandi M & 
King AJF 2021 The use of mice in diabetes research: the impact of 
experimental protocols. Diabetic Medicine 38 e14705. (https://doi.
org/10.1111/dme.14705)

Kennard MR, Nandi M, Chapple S & King AJ 2022 The glucose tolerance 
test in mice: sex, drugs and protocol. Diabetes, Obesity and Metabolism 
24 2241–2252. (https://doi.org/10.1111/dom.14811)

Kowalchuk C, Teo C, Wilson V, Chintoh A, Lam L, Agarwal SM, Giacca A, 
Remington GJ & Hahn MK 2017 In male rats, the ability of central insulin 
to suppress glucose production is impaired by olanzapine, whereas 
glucose uptake is left intact. Journal of Psychiatry and Neuroscience 42 
424–431. (https://doi.org/10.1503/jpn.170092)

Kumashiro N, Beddow SA, Vatner DF, Majumdar SK, Cantley JL, Guebre-
Egziabher F, Fat I, Guigni B, Jurczak MJ, Birkenfeld AL, et al. 2013 
Targeting pyruvate carboxylase reduces gluconeogenesis and adiposity 
and improves insulin resistance. Diabetes 62 2183–2194. (https://doi.
org/10.2337/db12-1311)

Kurauti MA, Costa-Júnior JM, Ferreira SM, Dos Santos GJ, Protzek AO, 
Nardelli TR, de Rezende LF & Boschero AC 2016 Acute exercise restores 
insulin clearance in diet-induced obese mice. Journal of Endocrinology 
229 221–232. (https://doi.org/10.1530/JOE-15-0483)

Lam TK, Gutierrez-Juarez R, Pocai A & Rossetti L 2005 Regulation of 
blood glucose by hypothalamic pyruvate metabolism. Science 309  
943–947. (https://doi.org/10.1126/science.1112085)

Landau BR, Wahren J, Chandramouli V, Schumann WC, Ekberg K & 
Kalhan SC 1996 Contributions of gluconeogenesis to glucose production 
in the fasted state. Journal of Clinical Investigation 98 378–385. (https://
doi.org/10.1172/JCI118803)

Lidster K, Owen K, Browne WJ & Prescott MJ 2019 Cage aggression in 
group-housed laboratory male mice: an international data 
crowdsourcing project. Scientific Reports 9 15211. (https://doi.
org/10.1038/s41598-019-51674-z)

Lin G, Siddiqui R, Lin Z, Blodgett JM, Patel SN, Truong KN & Mariakakis A 
2023 Blood glucose variance measured by continuous glucose monitors 
across the menstrual cycle. npj Digital Medicine 6 140. (https://doi.
org/10.1038/s41746-023-00884-x)

Macotela Y, Boucher J, Tran TT & Kahn CR 2009 Sex and depot 
differences in adipocyte insulin sensitivity and glucose metabolism. 
Diabetes 58 803–812. (https://doi.org/10.2337/db08-1054)

Mauvais-Jarvis F, Arnold AP & Reue K 2017 A guide for the design of pre-
clinical studies on sex differences in metabolism. Cell Metabolism 25 
1216–1230. (https://doi.org/10.1016/j.cmet.2017.04.033)

Meneses MJ, Patarrão RS, Pinheiro T, Coelho I, Carriço N, Marques AC, 
Romão A, Nabais J, Fortunato E, Raposo JF, et al. 2023 Leveraging the 
future of diagnosis and management of diabetes: from old indexes to 
new technologies. European Journal of Clinical Investigation 53 e13934. 
(https://doi.org/10.1111/eci.13934)

Moore ES, Cleland TA, Williams WO, Peterson CM, Singh B, Southard TL, 
Pasch B, Labitt RN & Daugherity EK 2017 Comparing phlebotomy by tail 
tip amputation, facial vein puncture, and tail vein incision in C57BL/6 mice 
by using physiologic and behavioral metrics of pain and distress. Journal 
of the American Association for Laboratory Animal Science 56 307–317.

Morley LA, Gomez TH, Goldman JL, Flores R & Robinson MA 2018 
Accuracy of 5 point-of-care glucometers in C57BL/6J mice. Journal of the 
American Association for Laboratory Animal Science 57 44–50.

Mutel E, Gautier-Stein A, Abdul-Wahed A, Amigó-Correig M, Zitoun C, 
Stefanutti A, Houberdon I, Tourette JA, Mithieux G & Rajas F 2011 
Control of blood glucose in the absence of hepatic glucose production 
during prolonged fasting in mice: induction of renal and intestinal 
gluconeogenesis by glucagon. Diabetes 60 3121–3131. (https://doi.
org/10.2337/db11-0571)

Nahle A, Joseph YD, Pereira S, Mori Y, Poon F, Ghadieh HE, Ivovic A, 
Desai T, Ghanem SS, Asalla S, et al. 2021 Nicotinamide mononucleotide 
prevents free fatty acid-induced reduction in glucose tolerance by 
decreasing insulin clearance. International Journal of Molecular Sciences 
22 13224. (https://doi.org/10.3390/ijms222413224)

Najjar SM, Caprio S & Gastaldelli A 2023 Insulin clearance in health and 
disease. Annual Review of Physiology 85 363–381. (https://doi.
org/10.1146/annurev-physiol-031622-043133)

Newman EL, Covington HE, 3rd, Suh J, Bicakci MB, Ressler KJ, DeBold JF 
& Miczek KA 2019 Fighting females: neural and behavioral 
consequences of social defeat stress in female mice. Biological Psychiatry 
86 657–668. (https://doi.org/10.1016/j.biopsych.2019.05.005)

Nunes PM & Jones JG 2009 Quantifying endogenous glucose production 
and contributing source fluxes from a single 2H NMR spectrum. 
Magnetic Resonance in Medicine 62 802–807. (https://doi.org/10.1002/
mrm.22062)

Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, 
Görgün CZ & Hotamisligil GS 2006 Chemical chaperones reduce ER 
stress and restore glucose homeostasis in a mouse model of type 2 
diabetes. Science 313 1137–1140. (https://doi.org/10.1126/
science.1128294)

Palou A, Remesar X, Arola L, Herrera E & Alemany M 1981 Metabolic 
effects of short term food deprivation in the rat. Hormone and Metabolic 
Research 13 326–330. (https://doi.org/10.1055/s-2007-1019258)

Park E, Wong V, Guan X, Oprescu AI & Giacca A 2007 Salicylate prevents 
hepatic insulin resistance caused by short-term elevation of free fatty 
acids in vivo. Journal of Endocrinology 195 323–331. (https://doi.
org/10.1677/JOE-07-0005)

Pereira S & Giacca A 2011 Insulin and the physiology of carbohydrate 
metabolism. In Insulin Resistance and Cancer: Epidemiology, Cellular and 
Molecular Mechanisms and Clinical Implications. IG Fantus Ed. New York, 
NY, USA: Springer, pp. 1–52. (https://doi.org/10.1007/978-1-4419-9911-5_1)

Pereira S, Marliss EB, Morais JA, Chevalier S & Gougeon R 2008 Insulin 
resistance of protein metabolism in type 2 diabetes. Diabetes 57 56–63. 
(https://doi.org/10.2337/db07-0887)

Pereira S, Yu WQ, Frigolet ME, Beaudry JL, Shpilberg Y, Park E, Dirlea C, 
Nyomba BL, Riddell MC, Fantus IG, et al. 2013 Duration of rise in free 
fatty acids determines salicylate's effect on hepatic insulin sensitivity. 
Journal of Endocrinology 217 31–43. (https://doi.org/10.1530/JOE-12-0214)

https://doi.org/10.2337/db10-0074
https://doi.org/10.1002/nbm.4289
https://doi.org/10.1503/jpn.120065
https://doi.org/10.1210/en.2019-00194
https://doi.org/10.1007/s00125-017-4406-0
https://doi.org/10.1038/oby.2011.384
https://doi.org/10.1038/oby.2011.384
https://doi.org/10.1111/dme.14705
https://doi.org/10.1111/dme.14705
https://doi.org/10.1111/dom.14811
https://doi.org/10.1503/jpn.170092
https://doi.org/10.2337/db12-1311
https://doi.org/10.2337/db12-1311
https://doi.org/10.1530/JOE-15-0483
https://doi.org/10.1126/science.1112085
https://doi.org/10.1172/JCI118803
https://doi.org/10.1172/JCI118803
https://doi.org/10.1038/s41598-019-51674-z
https://doi.org/10.1038/s41598-019-51674-z
https://doi.org/10.1038/s41746-023-00884-x
https://doi.org/10.1038/s41746-023-00884-x
https://doi.org/10.2337/db08-1054
https://doi.org/10.1016/j.cmet.2017.04.033
https://doi.org/10.1111/eci.13934
https://doi.org/10.2337/db11-0571
https://doi.org/10.2337/db11-0571
https://doi.org/10.3390/ijms222413224
https://doi.org/10.1146/annurev-physiol-031622-043133
https://doi.org/10.1146/annurev-physiol-031622-043133
https://doi.org/10.1016/j.biopsych.2019.05.005
https://doi.org/10.1002/mrm.22062
https://doi.org/10.1002/mrm.22062
https://doi.org/10.1126/science.1128294
https://doi.org/10.1126/science.1128294
https://doi.org/10.1055/s-2007-1019258
https://doi.org/10.1677/JOE-07-0005
https://doi.org/10.1677/JOE-07-0005
https://doi.org/10.1007/978-1-4419-9911-5_1
https://doi.org/10.2337/db07-0887
https://doi.org/10.1530/JOE-12-0214


Journal of Endocrinology (2024) 260 e230308
https://doi.org/10.1530/JOE-23-0308

M Hahn et al.

Pereira S, Park E, Mori Y, Haber CA, Han P, Uchida T, Stavar L, 
Oprescu AI, Koulajian K, Ivovic A, et al. 2014 FFA-induced hepatic insulin 
resistance in vivo is mediated by PKCδ, NADPH oxidase, and oxidative 
stress. American Journal of Physiology 307 E34–E46. (https://doi.
org/10.1152/ajpendo.00436.2013)

Pereira S, O'Dwyer SM, Webber TD, Baker RK, So V, Ellis CE, Yoon JS, 
Mojibian M, Glavas MM, Karunakaran S, et al. 2019 Metabolic effects of 
leptin receptor knockdown or reconstitution in adipose tissues. Scientific 
Reports 9 3307. (https://doi.org/10.1038/s41598-019-39498-3)

Pereira S, Cline DL, Chan M, Chai K, Yoon JS, O'Dwyer SM, Ellis CE, 
Glavas MM, Webber TD, Baker RK, et al. 2021 Role of myeloid cell leptin 
signaling in the regulation of glucose metabolism. Scientific Reports 11 
18394. (https://doi.org/10.1038/s41598-021-97549-0)

Perry RJ, Camporez JG, Kursawe R, Titchenell PM, Zhang D, Perry CJ, 
Jurczak MJ, Abudukadier A, Han MS, Zhang XM, et al. 2015 Hepatic acetyl 
CoA links adipose tissue inflammation to hepatic insulin resistance and 
type 2 diabetes. Cell 160 745–758. (https://doi.org/10.1016/j.
cell.2015.01.012)

Reimann F & Gribble FM 2016 Mechanisms underlying glucose-
dependent insulinotropic polypeptide and glucagon-like peptide-1 
secretion. Journal of Diabetes Investigation 7(Supplement 1) 13–19. 
(https://doi.org/10.1111/jdi.12478)

Rubio WB, Cortopassi MD, Ramachandran D, Walker SJ, Balough EM, 
Wang J & Banks AS 2023 Not so fast: paradoxically increased variability 
in the glucose tolerance test due to food withdrawal in continuous 
glucose-monitored mice. Molecular Metabolism 77 101795. (https://doi.
org/10.1016/j.molmet.2023.101795)

Sakaguchi M, Fujisaka S, Cai W, Winnay JN, Konishi M, O'Neill BT, Li M, 
García-Martín R, Takahashi H, Hu J, et al. 2017 Adipocyte dynamics and 
reversible metabolic syndrome in mice with an inducible adipocyte-
specific deletion of the insulin receptor. Cell Metabolism 25 448–462. 
(https://doi.org/10.1016/j.cmet.2016.12.008)

Salgin B, Marcovecchio ML, Humphreys SM, Hill N, Chassin LJ, Lunn DJ, 
Hovorka R & Dunger DB 2009 Effects of prolonged fasting and 
sustained lipolysis on insulin secretion and insulin sensitivity in normal 
subjects. American Journal of Physiology 296 E454–E461. (https://doi.
org/10.1152/ajpendo.90613.2008)

Schertzer JD, Tamrakar AK, Magalhães JG, Pereira S, Bilan PJ, 
Fullerton MD, Liu Z, Steinberg GR, Giacca A, Philpott DJ, et al. 2011 
NOD1 activators link innate immunity to insulin resistance. Diabetes 60 
2206–2215. (https://doi.org/10.2337/db11-0004)

Schwartz MW, Seeley RJ, Tschöp MH, Woods SC, Morton GJ, Myers MG & 
D'Alessio D 2013 Cooperation between brain and islet in glucose 
homeostasis and diabetes. Nature 503 59–66. (https://doi.org/10.1038/
nature12709)

Small L, Ehrlich A, Iversen J, Ashcroft SP, Trošt K, Moritz T, Hartmann B, 
Holst JJ, Treebak JT, Zierath JR, et al. 2022 Comparative analysis of oral 
and intraperitoneal glucose tolerance tests in mice. Molecular 
Metabolism 57 101440. (https://doi.org/10.1016/j.molmet.2022.101440)

Sorge RE, Martin LJ, Isbester KA, Sotocinal SG, Rosen S, Tuttle AH, 
Wieskopf JS, Acland EL, Dokova A, Kadoura B, et al. 2014 Olfactory 
exposure to males, including men, causes stress and related analgesia 
in rodents. Nature Methods 11 629–632. (https://doi.org/10.1038/
nmeth.2935)

Soto M, Orliaguet L, Reyzer ML, Manier ML, Caprioli RM & Kahn CR 2018 
Pyruvate induces torpor in obese mice. PNAS 115 810–815. (https://doi.
org/10.1073/pnas.1717507115)

Stenvers DJ, Scheer FAJL, Schrauwen P, la Fleur SE & Kalsbeek A 2019 
Circadian clocks and insulin resistance. Nature Reviews. Endocrinology 15 
75–89. (https://doi.org/10.1038/s41574-018-0122-1)

Stumvoll M, Wahl HG, Löblein K, Becker R, Volk A, Renn W, Jacob S & 
Häring H 2001 A novel use of the hyperinsulinemic-euglycemic clamp 
technique to estimate insulin sensitivity of systemic lipolysis. Hormone 
and Metabolic Research 33 89–95. (https://doi.
org/10.1055/s-2001-12403)

Ter Horst KW & Serlie MJ 2020 Normalization of metabolic flux data 
during clamp studies in humans. Metabolism: Clinical and Experimental 
104 154168. (https://doi.org/10.1016/j.metabol.2020.154168)

Togashi Y, Shirakawa J, Okuyama T, Yamazaki S, Kyohara M, Miyazawa A, 
Suzuki T, Hamada M & Terauchi Y 2016 Evaluation of the appropriateness 
of using glucometers for measuring the blood glucose levels in mice. 
Scientific Reports 6 25465. (https://doi.org/10.1038/srep25465)

Tokuyama K & Suzuki M 1998 Intravenous glucose tolerance test-
derived glucose effectiveness in endurance-trained rats. Metabolism: 
Clinical and Experimental 47 190–194. (https://doi.org/10.1016/s0026-
0495(98)90219-0)

Tramunt B, Smati S, Grandgeorge N, Lenfant F, Arnal JF, Montagner A & 
Gourdy P 2020 Sex differences in metabolic regulation and diabetes 
susceptibility. Diabetologia 63 453–461. (https://doi.org/10.1007/s00125-
019-05040-3)

Turner PV, Brabb T, Pekow C & Vasbinder MA 2011 Administration of 
substances to laboratory animals: routes of administration and factors 
to consider. Journal of the American Association for Laboratory Animal 
Science 50 600–613.

Villalba M, Martínez-Serrano A, Gómez-Puertas P, Blanco P, Börner C, 
Villa A, Casado M, Giménez C, Pereira R & Bogonez E 1994 The role of 
pyruvate in neuronal calcium homeostasis. Effects on intracellular 
calcium pools. Journal of Biological Chemistry 269 2468–2476. (https://doi.
org/10.1016/S0021-9258(17)41969-7)

Virtue S & Vidal-Puig A 2021 GTTs and ITTs in mice: simple tests, complex 
answers. Nature Metabolism 3 883–886. (https://doi.org/10.1038/s42255-
021-00414-7)

Willingham E 2022 The fraught quest to account for sex in biology 
research. Nature 609 456–459. (https://doi.org/10.1038/d41586-022-
02919-x)

Winn NC, Patel VS, Blair JA, Rodriguez A, Garcia JN, Yang TS & Hasty AH 
2023 Deletion of complement factor 5 amplifies glucose intolerance in 
obese male but not female mice. American Journal of Physiology-
Endocrinology and Metabolism 325 E325–E335. (https://doi.org/10.1152/
ajpendo.00140.2023)

Yan H, Yang W, Zhou F, Li X, Pan Q, Shen Z, Han G, Newell-Fugate A, 
Tian Y, Majeti R, et al. 2019 Estrogen improves insulin sensitivity and 
suppresses gluconeogenesis via the transcription factor FoxO1. Diabetes 
68 291–304. (https://doi.org/10.2337/db18-0638)

Yook JS, Taxin ZH, Yuan B, Oikawa S, Auger C, Mutlu B, Puigserver P, 
Hui S & Kajimura S 2023 The SLC25A47 locus controls gluconeogenesis 
and energy expenditure. PNAS 120 e2216810120. (https://doi.
org/10.1073/pnas.2216810120)

Yue JT, Abraham MA, Bauer PV, LaPierre MP, Wang P, Duca FA, 
Filippi BM, Chan O & Lam TK 2016 Inhibition of glycine transporter-1 in 
the dorsal vagal complex improves metabolic homeostasis in diabetes 
and obesity. Nature Communications 7 13501. (https://doi.org/10.1038/
ncomms13501)

https://doi.org/10.1152/ajpendo.00436.2013
https://doi.org/10.1152/ajpendo.00436.2013
https://doi.org/10.1038/s41598-019-39498-3
https://doi.org/10.1038/s41598-021-97549-0
https://doi.org/10.1016/j.cell.2015.01.012
https://doi.org/10.1016/j.cell.2015.01.012
https://doi.org/10.1111/jdi.12478
https://doi.org/10.1016/j.molmet.2023.101795
https://doi.org/10.1016/j.molmet.2023.101795
https://doi.org/10.1016/j.cmet.2016.12.008
https://doi.org/10.1152/ajpendo.90613.2008
https://doi.org/10.1152/ajpendo.90613.2008
https://doi.org/10.2337/db11-0004
https://doi.org/10.1038/nature12709
https://doi.org/10.1038/nature12709
https://doi.org/10.1016/j.molmet.2022.101440
https://doi.org/10.1038/nmeth.2935
https://doi.org/10.1038/nmeth.2935
https://doi.org/10.1073/pnas.1717507115
https://doi.org/10.1073/pnas.1717507115
https://doi.org/10.1038/s41574-018-0122-1
https://doi.org/10.1055/s-2001-12403
https://doi.org/10.1055/s-2001-12403
https://doi.org/10.1016/j.metabol.2020.154168
https://doi.org/10.1038/srep25465
https://doi.org/10.1016/s0026-0495(98)90219-0
https://doi.org/10.1016/s0026-0495(98)90219-0
https://doi.org/10.1007/s00125-019-05040-3
https://doi.org/10.1007/s00125-019-05040-3
https://doi.org/10.1016/S0021-9258(17)41969-7
https://doi.org/10.1016/S0021-9258(17)41969-7
https://doi.org/10.1038/s42255-021-00414-7
https://doi.org/10.1038/s42255-021-00414-7
https://doi.org/10.1038/d41586-022-02919-x
https://doi.org/10.1038/d41586-022-02919-x
https://doi.org/10.1152/ajpendo.00140.2023
https://doi.org/10.1152/ajpendo.00140.2023
https://doi.org/10.2337/db18-0638
https://doi.org/10.1073/pnas.2216810120
https://doi.org/10.1073/pnas.2216810120
https://doi.org/10.1038/ncomms13501
https://doi.org/10.1038/ncomms13501

	Abstract
	Introduction
	Determining insulin sensitivity and glucose metabolism in vivo
	Glucose tolerance test
	Insulin tolerance test
	Pyruvate tolerance test
	Homeostasis model assessment insulin resistance and quantitative insulin sensitivity check index
	Hyperinsulinemic euglycemic clamp
	Pancreatic euglycemic clamp

	Factors to consider when assessing glucose metabolism in vivo
	Dynamic vs steady state
	Blood sampling
	Measuring blood glucose concentration
	Fasting duration
	Genetic background
	Sex of rodents
	Body composition
	Age

	Assessment of in vivo glucose metabolism in rodent models in obesity and type 2 diabetes research
	Conclusion
	Declaration of interest
	Acknowledgement
	Funding
	References

