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Dear Editor,

Assessing insulin responsiveness is crucial for understanding the
underlying molecular mechanisms that contribute to disruptions
in glucose metabolism. In preclinical research, glucose tolerance
tests (GTTs) and insulin tolerance tests (ITTs) are widely regarded
as essential tools due to their simplicity and affordability in
assessing glucose homeostasis [1, 2]. Although these tests are

excellent primary screeners for revealing dysregulated glucose
metabolism, they are limited by their inability to ascertain any
tissue-specific impairments to glucose metabolism. For instance,
the ITT cannot differentiate between deficiencies in insulin-
stimulated glucose uptake and insulin’s effectiveness in suppressing
endogenous glucose production (EGP) (hepatic insulin sensitivity).
Therefore, while GTTs and ITTs are valuable for their accessibility
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and ease of implementation, more advanced techniques such as the
hyperinsulinemic-euglycemic clamp are necessary for investigating
tissue-specific aspects of insulin responsiveness.

The hyperinsulinemic-euglycemic clamp is considered as the
gold standard for assessing insulin sensitivity, as it allows for the
evaluation of both hepatic insulin sensitivity, when radiolabeled
tracers are used, and glucose disposal [3]. In addition, when radio-
labeled 2-deoxyglucoseisincorporatedinto the experiment, tissue-
specific glucose uptake can be determined [3]. Despite its
accuracy, the clamp requires skilled surgical expertise for venous
(at the minimum) and arterial catheterization, involves a sub-
stantial time commitment, uses radiolabeled isotopes, and is
relatively expensive. Moreover, the clamp does not assess basal
glucose uptake. These limitations are part of the rationale for the
recent development of the dual-tracer test, which allows for the
assessment of tissue-specific basal and insulin-stimulated glu-
cose transport using two radiolabeled tracers [4]. Although the
dual-tracer test is effective in assessing tissue-specific glucose
uptake, is much easier to perform than the hyperinsulinemic-
euglycemic clamp, and is more cost-effective, a limitation of this
test is its inability to assess EGP suppression.

Given the shortcomings of current tests used by preclinical
metabolic researchers, our goal was to create a straightforward,
sensitive, and reliable metabolic assessment method that would
enable simultaneous determination of insulin-stimulated glu-
cose uptake and insulin-induced suppression of EGP. Through
this approach, we demonstrate the capability to not only sensi-
tively detect deficiencies in insulin-stimulated exogenous glucose
disposal but also identify subtle impairments in insulin-induced
EGP suppression even without the presence of hyperinsulinemia.

Details regarding animal use and methodology are provided
in Supplementary Materials and Methods. In brief, male mice on
C57BL/6] background were used for all experiments. At 12 weeks
of age, mice were assigned to receive either a purified low-fat diet
(LFD) (n = 14) or a custom high-fat diet (HFD) (n = 15) [5]. To illus-
trate the practical application of the metabolic tests discussed in
this manuscript, we have included previously unpublished data
from a long-term HFD study involving an undisclosed transgenic
mouse model and wild-type (WT) littermates. For this “transgenic”
experiment, male mice on a C57BL/6 background consumed the
HFD for 13 weeks prior to metabolic assessment. The experi-
mental designs of these studies are presented in the Graphical
Abstract. Body composition was assessed after four weeks of diet
(12 weeks of HFD for the transgenic experiment) to use lean mass
as the basis for the dose of glucose and insulin administration for
subsequent metabolic tests.

The appropriate protocol for the assessment of insulin-
stimulated glucose uptake and suppression of EGP involves two
metabolic tests: the deuterated glucose intraperitoneal GTT (PG
IP GTT) and the PG IP ITT. The P*“G IP GTT, otherwise known as
a stable-isotope labeled GTT described elsewhere [6-8], involves
the administration of deuterated glucose ([6-6-H,] glucose), a
stable isotope of glucose, in the place of non-isotopically labeled
glucose. As previously determined, intraperitoneally (IP) admin-
istered [6-6-’H,] glucose does not significantly recirculate into
the blood once taken up by the tissue [8]. Therefore, by monitor-
ing blood glucose concentrations and collecting blood samples
throughout the metabolic test, one can determine exogenous
glucose disposal by assessing [6-6-°H,] glucose in circulation. In
addition, by determining the ratio of [6-6-?H,] glucose to unla-
beled glucose, one can differentiate between exogenous glucose
uptake and EGP. The advantage of IP administered glucose is that
it does not cause a spike in blood insulin levels in contrast to
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oral administration of glucose [6]. As such, one can determine
“insulin-independent” glucose uptake, otherwise known as “glu-
cose handling” [1], and the “insulin-independent” effect of exoge-
nous glucose administration on EGP.

The 4G IP ITT differs from the PG IP GTT in that insulin and
[6-6-H,] glucose are administered simultaneously. This allows for
the determination of insulin-stimulated glucose uptake as well
as the ability of insulin to inhibit EGP. Pairing the results from the
bewrG TP GTT and PG IP ITT helps to tease out whether the phe-
notypes exhibited are primarily a result of differences in “glucose
handling” and/or insulin action.

The PG IP GTT and PG IP ITT were performed on the
same animals, with a 1-week separation between the two tests.
For these tests, the mice were fasted for 3h [9] and were IP
injected with [6-6-°H,] glucose (Cambridge Isotope Laboratories,
Tewksbury, MA) with or without insulin (Sigma Aldrich, St. Louis,
MO). For the "G IP ITT, [6-6-’H,] glucose and insulin were pro-
vided in the same insulin syringe. The doses of glucose and insu-
lin administered were normalized to the lean body mass of the
animal—O0.5 g/kg lean mass and 0.75 U/kg lean mass, respectively.
A total volume of 150 pL was administered to each animal, which
was brought up to equal volume with the addition of physiologi-
cal saline. A glucometer (Bayer Contour, Mishawaka, IN) was used
to measure blood glucose concentrations (tail sampling) intermit-
tently over a 50-min period (0, 10, 15, 30, 40, and 50 min). During
the same period, blood was collected from the tip of the tail via
heparinized capillary tubes to differentiate isotopically labeled
glucose from endogenous glucose using LC-MS/MS (detailed in
Supplementary Materials and Methods) and to determine blood
insulin concentrations ("G IP GTT only) via enzyme-linked
immunosorbent assay (ELISA) (Mercodia, Uppsala, Sweden). The
area of the curve (AOC) after subtracting baseline blood glucose
concentrations was calculated using the trapezoidal rule based
on the insights by Virtue and Vial-Puig [1].

As expected, HFD consumption elicited a greater increase
in body weight gain than LFD consumption (Fig. 1a). However,
both the LFD and HFD-fed mice presented similar lean mass
contents (Fig. 1b). Therefore, both the LFD and HFD-fed mice
received similar amounts of glucose and/or insulin in subsequent
metabolic tests. Five weeks of HFD consumption was sufficient
to induce hyperglycemia (Fig. 1c), but not hyperinsulinemia
(Fig. 1d) (P < 0.05). Furthermore, we confirmed that the "G IP GTT
did not induce changes in blood insulin levels (Fig. 1d), allowing
us to determine that five weeks of HFD consumption was suffi-
cient to impair glucose handling independent of changes to cir-
culating insulin (Fig. 1c, d, and f).

One week after the PG IP GTT, the »“G IP ITT was performed.
It was evident that despite impairments to glucose handling, the
HFD-fed mice were still responsive to insulin as determined by
the AOC (Fig. 1f) (P<0.05). Nonetheless, the LFD-fed mice, when
treated with insulin, were found to be more responsive to insulin
at the 10- and 15-min timepoints than the HFD-fed mice (Fig. le)
(P <0.05). When exogenous glucose was discriminated from endoge-
nous glucose, it was evident that LFD-fed mice displayed enhanced
exogenous glucose handling (Fig. 1gand h) (P < 0.05). In addition, when
administered insulin, despite no difference in the AOC, the LFD-fed
mice presented superior exogenous glucose uptake, which was appar-
ent starting at the 15-min timepoint (Fig. 1f and g) (P < 0.05). It should
also be noted that by performing both the PG IP GTT and "G IP ITT,
we were able to determine that the HFD-fed mice were still respon-
sive to insulin with respect to exogenous glucose disposal (Fig. 1f and
g) (P <0.05). What is important to point outis that the PG IP ITT was
able to determine impairments in exogenous glucose disposal (Fig. 1g)
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Figure 1 The "G IP GTT and »G IP ITT provide insights into both endogenous and exogenous glucose metabolism. Male mice on a C57BL/6 background
were fed with either a LFD (n = 14) or an HFD (n = 15) for six weeks. (a) Body weight gain throughout the dietary treatment. (b) Lean mass assessment
via dual-energy X-ray absorptiometry (DXA). (c) Raw glucose data for the P“G IP GTT and "G IP ITT. (d) Plasma insulin levels during the **G IP GTT.
(e) Glucose levels throughout the P#¢G IP GTT and G IP ITT accounting for baseline glucose levels. (f) AOC of the baseline glucose subtracted *G IP
GTT and PG IP ITT. (g) Blood [6-6-?H,] glucose concentrations throughout the >*G IP GTT and "G IP ITT representing exogenous glucose. (h) AOC of
exogenous glucose. (i) Endogenous blood glucose concentrations throughout the ?G IP GTT and ”G IP ITT. (j) AOC of endogenous glucose. Data are

presented as means + SE.", ", ", and

significantly different from one another (P < 0.05). ME = main effect; D = diet; Ins. = insulin; Int. = interaction.

signifies P < 0.05, < 0.01, < 0.001, and < 0.0001, respectively. Bar graphs or x-y plots not sharing a common letter are
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Table 1 Summary of metabolic tests commonly used in preclinical metabolic research to assess insulin sensitivity.

Test Expense Surgical Determining Distinguishing endogenous Anesthesia Assessing Use of
requirement? differences in tissue- and exogenous glucose requirement? basal glucose radiolabeled

specific glucose uptake? metabolism? uptake? isotopes?

Insulin tolerance $ No No No No No No

test

Hyperinsulinemic-  $$$ Yes No? Yes No No Yes,

euglyemic clamp typically

Dual-tracer test $$ No Yes No Yes Yes Yes

DeutGG [P ITT $$ No No? Yes No No No

aUnless used in conjunction with radiolabeled 2-deoxyglucose.

that were not able to be uncovered by examining non-isotope dis-
criminated glucose concentrations alone (Fig. 1e). In fact, relying
solely on non-isotope discriminated glucose concentrations (Fig. 1e)
could lead to the incorrect conclusion that there is no difference
in insulin-stimulated glucose uptake between treatment groups.
However, the sensitivity of the "G IP ITT clearly distinguished the
difference in insulin-stimulated glucose uptake between the groups
(Fig. 1g).

With respect to endogenous glucose metabolism, it was evi-
dent that during the PG IP GTT, the HFD-fed mice presented
augmented EGP relative to LFD-fed mice (Fig. 1i and j) (P < 0.05).
However, upon insulin administration, the HFD-fed mice dis-
played suppressed EGP to a similar extent as the LFD-fed mice
(Fig. 11 and j) (P <0.05). However, even though the endogenous
glucose AOC was similar between the groups, the LFD-fed mice
suppressed EGP more rapidly (10- and 15-min timepoints) than
the HFD-fed mice (Fig. 1i) (P < 0.05). A key observation from these
tests is that the endogenous glucose graphs presented in Fig. 1i
and j closely mimic the undifferentiated glucose isotope graphs
presented in Fig. 1le and f, respectively. This suggests that a con-
ventional ITT, due to its lack of sensitivity, primarily assesses
endogenous glucose metabolism rather than glucose uptake by
tissues. This is likely due to the significant amount of endogenous
glucose produced and released into circulation, which exceeds
the amount of glucose taken up by tissues in response to a sin-
gle bolus of insulin. Therefore, insulin’s suppression of EGP has a
more pronounced impact on circulating glucose levels compared
to its stimulation of glucose uptake. This suggests that unless
a sensitive test like the PG IP GTT or a test in which radioiso-
topes are utilized, it may not be possible to assess impairments
in glucose uptake with a traditional ITT. Rather a traditional ITT
in most cases would likely only determine impairments with
respect to insulin-induced EGP suppression.

To provide an additional preclinical example of how the PG
IP ITT may be used experimentally, we included unpublished
data from our laboratory. In this example, we fed male transgenic
mice and WT littermates with 40% HFD for 12 weeks followed by
body composition analysis and subsequent "G IP GTT and "G
IP ITT metabolic tests. Both WT and transgenic mice presented
similar body weight gain and lean body mass (Supplementary
Fig. Sla and b). Even though there were no differences with respect
to glucose handling, the transgenic mice presented enhanced
insulin action relative to WT mice (Supplementary Fig. Slc—e)
(P <0.05). When parsing out exogenous versus endogenous glu-
cose metabolism, it was apparent, despite no difference in the
AQC, that the transgenic mice had superior insulin-stimulated
glucose disposal as evidenced by lower exogenous glucose levels
at 30, 40, and 50 min relative to WT mice (Supplementary Fig. S1f
and g) (P <0.05). Furthermore, with respect to insulin-stimulated
EGP suppression, the transgenic mice displayed enhanced EGP

suppression relative to WT mice (Supplementary Fig. S1h and i)
(P<0.05). It was of interest to observe that after 13-14 weeks of
HFD consumption, WT mice responded to insulin with respect
to exogenous glucose disposal, but this was not the case for EGP
suppression (Supplementary Fig. S1g and i). Furthermore, this
second experiment reinforces the notion that a conventional
ITT primarily reflects endogenous glucose metabolism. This is
underscored by the resemblance in glucose patterns observed in
Supplementary Fig. S1d and h. Notably, Supplementary Fig. S1f
illustrates subtle differences in exogenous glucose uptake, which
would not be discernible with a less sensitive test.

Besides its role in enhancing post-prandial glucose uptake,
insulin is a potent regulator of endogenous glucose metabolism
primarily through its suppressive action on hepatic EGP [10, 11].
Impairments in hepatic insulin sensitivity have been shown to
precede skeletal muscle and adipose tissue insulin resistance in
HFD-fed mouse and rat models [12-14]. Therefore, the ability to
assess both insulin’s impact on glucose uptake and suppression
of EGP is of great interest as it would provide insights to the meta-
bolic researchers to narrow down the tissue and potential mode of
action of a nutritional intervention, drug treatment, or genetically
modified mouse model resulting in altered insulin sensitivity.

Currently, preclinical metabolic researchers primarily rely on
the ITT to assess alterations to insulin action. However, this testis
limited in several aspects. For example, insulin-sensitive animals
with lower fasting blood glucose levels will undergo hypoglycemia
which will elicit a counterregulatory survival response that may
lead to an underestimation of insulin sensitivity [2, 4]. In addition,
the ITT does not distinguish whether the drop in blood glucose
resulting from insulin administration is due to glucose uptake
and/or suppression of EGP. Currently, for metabolic researchers
to delineate whether the effects of insulin are due to changes in
glucose disposal, a suppression of EGP, or both, a hyperinsulinemic-
euglycemic clamp must be performed. Unfortunately, most
researchers are not able to perform this specialized experiment
for a variety of reasons, including monetary cost, the need for a
skilled surgeon, and the time required to perform the procedure
with an adequate sample size. For these reasons, we developed
the PG IP ITT and have highlighted the distinctions among fre-
quently utilized metabolic tests in preclinical research in Table 1.

The PG IP ITT takes advantage of the use of a deuterated glucose
isotope to be able to differentiate between exogenous and endog-
enous glucose. While a deuterated glucose isotope has been used
when performing GTTs [6-8, 15], as far as we are aware, it has not
been used in the setting of assessing insulin action. The value of
the PG IP ITT is that it assesses the effect of insulin on exogenous
glucose disposal as well as suppression of EGP. When developing the
test, we concluded that, ideally, a "G IP GTT would be performed
in addition to the PG IP ITT. This approach is rationalized by the
fact that the PG IP ITT involves glucose administration and glucose
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handling/effectiveness significantly i nfluences gl ucose di sposal
independent of changes to insulin levels [6, 15]. We deliberately
opted for a relatively modest dose of deuterated glucose (0.5 mg/kg
lean mass) and confirmed that this dose does not affect insulin
levels. Therefore, conducting both the PG IP GTT and "G IP ITT
allows researchers to discern whether observed effects stem from
genuine insulin action, glucose handling capabilities, or a combi-
nation of both. Moreover, by administering glucose during the test,
we prevented the severe hypoglycemia often induced in highly
insulin-sensitive animals during the conventional ITT. This circum-
vention of severe hypoglycemia enhances the accuracy of the met-
abolic assessment and ensures more reliable data interpretation. In
addition, since neither surgery nor radioisotopes are required, the
PG IP GTT and PG IP ITT can be employed to evaluate insulin
action in longitudinal and time-course studies and can be applied to
other preclinical models, such as rats and larger animals, although
this will incur an additional cost due to the need for more deuter-
ated glucose to accommodate the increased body mass.

Our results highlight the sensitivity and the power of the PG
IP ITT, as we successfully identified variations in exogenous glu-
cose disposal that would have been overlooked when analyzing
undifferentiated, “raw” glucose levels alone. Furthermore,
our data indicate that the conventional ITT, owing to its lower
sen-sitivity, primarily evaluates insulin’s capacity to suppress
EGP rather than exogenous glucose disposal. This is an
important fact for researchers to be aware of when selecting
metabolic tests to appropriately tease out a given metabolic
phenotype.

Itis important to acknowledge the limitations of the PG IP ITT in
comparison to the traditional ITT. The main constraintis the necessity
for a mass spectrometer capable of distinguishing between endoge-
nous and exogenous glucose. Moreover, there is a higher cost associ-
ated with the PG IP ITT compared to a standard ITT, encompassing
expenses such as the per-sample run cost on a mass spectrometer
and the price of the deuterated glucose. Despite these costs, the test
offers superior sensitivity and ability to differentiate between the
effects of insulin on exogenous and endogenous glucose metabolism,
a distinction previously only achievable with a hyperinsulinemic-
euglycemic clamp. Moreover, the G IP ITT has been proved to
be more cost-effective than the latter, making it a valuable tool
for metabolic researchers aiming to probe insulin responsive-
ness in greater detail without the additional cost required for a
hyperinsulinemic-euglycemic clamp or the need for radiolabeled iso-
topes. Nevertheless, it is important to note that in an ideal scenario,
the hyperinsulinemic-euglycemic clamp would still be preferred due
to its unmatched sensitivity in assessing insulin sensitivity.

In conclusion, the PG IP ITT represents an advancement in
metabolic research, offering a nuanced assessment of insulin
action on both exogenous glucose disposal and EGP suppression.
The test provides insights that a traditional ITT cannot match,
highlighting the sensitivity of the ?G IP GTT. While acknowledg-
ing the need for specialized equipment and higher initial costs,
the PG IP ITT is proved to be a more accessible alternative to the
hyperinsulinemic-euglycemic clamp, which is often impractical
for many researchers due to logistical or financial constraints.
By enabling researchers to dissect insulin’s actions more com-
prehensively and accurately, the PG IP ITT stands poised to
enhance our understanding of metabolic phenotypes and facili-
tate the evaluation of interventions targeting insulin sensitivity
in diverse experimental settings.

Supplementary data

Supplementary material is available at Life Metabolism online.

5/5

Acknowledgements

We would like to thank Harry Cutler from the University of Sydney,
New South Wales, Australia and the first author of the publica-
tion detailing the dual-tracer methodology [4]. At the time of our
inquiry about the dual-tracer test, Mr. Cutler’s publication and
the insightful responses he generously provided through multiple
e-mail exchanges inspired our group to publish our methodology.
This work was supported by the grants K01-AT010348 (National
Institutes of Health-National Center for Complementary and
Integrative Health) and the University of South Carolina Advanced
Support for Innovative Research Excellence (ASPIRE) to R.T.E. The
funding sources had no role in collecting, analyzing, and inter-
preting the data, writing the report, or submitting the article for
publication.

Author contributions

CAU,M.CH.III, M.CK,, CE.S,,B.CR.,D.S.N,, and R.T.E. performed
experiments. WE.C.,, CA.U, and R.T.E. performed data analysis.
C.A.U. and R.T.E. conceived the project and wrote the manuscript.
R.T.E. secured funding for the project. CA.U,, M.C.H. Ill, M.CK.,
C.E.S., B.CR., DSN., WE.C., and R.T.E. reviewed the final version
of the manuscript.

Conflict of interest

The authors declare that no conflict of interest exists.

Ethics approval

All methods were in accordance with the American Association
for Laboratory Animal Science, and the Institutional Animal
Care and Usage Committee of the University of South Carolina
approved all experiments.

Data availability

The authors confirm that all the data supporting the findings of
this study are available within the supplementary material and
corresponding authors.

References

Virtue S, Vidal-Puig A. Nat Metab 2021;3:883-6.

AyalaJE, Samuel VT, Morton GJ et al. Dis Model Mech 2010;3:525-34.

Ayala JE, Bracy DP, McGuinness OP et al. Diabetes 2006;55:390-7.

Cutler HB, Madsen S, Masson SWC et al. Diabetes 2024;73:359-73.

Aladhami AK, Unger CA, Ennis SL et al. FASEB ] 2021;35:e21665.

Small L, Ehrlich A, Iversen ] et al. Mol Metab 2022;57:101440.

Kowalski GM, Kloehn J, Burch ML et al. Biochim Biophys Acta

2015;1851:210-9.

Xu J, Gowen L, Raphalides C et al. Diabetes 2006;55:3372-80.

9. Moro C, Magnan C. Nat Metab 2021;3:1133.

10. Hatting M, Tavares CDJ, Sharabi K et al. Ann N Y Acad Sci
2018;1411:21-35.

11. Edgerton DS, Kraft G, Smith M et al. JCI Insight 2017;2:e91863.

12. Turner N, Kowalski GM, Leslie SJ et al. Diabetologia
2013;56:1638-48.

13. Kraegen EW, Clark PW, Jenkins AB et al. Diabetes 1991;40:1397-403.

14. Samuel VT, Liu ZX, Qu X et al. ] Biol Chem 2004;279:32345-53.

15. Bruce CR, Hamley S, Ang T et al. Mol Metab 2021;53:101281.

N oV W e

®©



	The deuterated glucose insulin tolerance test: a new tool to delineate insulin-stimulated glucose uptake from suppression of endogenous glucose production
	Supplementary data
	Acknowledgements
	References




