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Abstract

Deficient glucose transport and glucose disposal are key pathologies
leading to impaired glucose tolerance and risk of type 2 diabetes. The
cloning and identification of the family of facilitative glucose transporters
have helped to identify that underlying mechanisms behind impaired
glucose disposal, particularly in muscle and adipose tissue. There is much
more than just transporter protein concentration that is needed to regulate
whole body glucose uptake and disposal. The purpose of this review is to
discuss recent findings in whole body glucose disposal. We hypothesize
that impaired glucose uptake and disposal is a consequence of
mismatched energy input and energy output. Decreasing the former while
increasing the latter is key to normalizing glucose homeostasis.
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Introduction

One of the central metabolic features of type 2 diabetes in
humans is decreased glucose disposal. This process is rate
limited by the capacity for glucose transport into the peripheral
and splanchnic tissues. The prevailing hypothesis for limited
glucose transport and disposal in type 2 diabetes has centered
on the function of the insulin-dependent glucose transporter
GLUT4. This transporter, expressed at the highest levels in
adipose tissue, skeletal muscle, and cardiac muscle, is recruited
to the cell surface when activated by rising insulin levels
following consumption of a meal. This hypothesis is supported
in large part by studies performed using whole animal and
tissue-specific transgenic manipulation of GLUT4 expression
and in vitro studies of insulin-dependent glucose uptake in
patients with type 2 diabetes'. While it is clear that both insulin-
dependent GLUT4 trafficking and total cellular GLUT4 pool
size play a critical role in glucose disposal, other glucose
transporters and other factors influence glucose uptake in
tissues including interstitial glucose concentration and intracel-
lular glucose metabolism. The contributions of transporter pool
size, rate of glucose delivery to the tissues, competition with
other energy substrates, and ATP turnover are the key issues that
must be resolved to understand how to effectively prevent and
treat type 2 diabetes.

Regulation of glucose uptake by interstitial glucose
concentration and blood flow

In human subjects with prediabetes and type 2 diabetes, impaired
glucose uptake in skeletal muscle, visceral adipose tissue, and
the brain appear to be the best predictors of insulin resistance’.
Glucose uptake in these tissues occurs by facilitative diffusion.
Because glucose is rapidly phosphorylated once it enters the
cell, the rate of glucose transport is dictated by the extracellular
glucose concentration as well as the number of transport proteins
found on the cell surface. In the case of visceral adipose
tissue and skeletal muscle, the extracellular (or interstitial)
glucose concentration is dictated by blood flow into the tissue. It
has long been known that insulin action increases vasodilation,
presumably to deliver nutrients and insulin to tissues (for a
recent review, see 3). Unknown is the relative contribution of
changes in cell surface transporter number and changes in
interstitial glucose concentration to glucose uptake in tissues.
To answer this question, McConell et al. sought to estimate
insulin-dependent muscle glucose uptake in human subjects
at rest and after a bout of exercise with and without modulation
of blood flow to the tissue’. In this study, subjects performed
a one-legged knee extensor exercise so that glucose uptake
could be measured in the exercised leg and compared to a
parallel biopsy taken from the rested leg. Based on previous
studies, the authors anticipated at least a twofold increase in
insulin-dependent glucose uptake based on insulin-dependent
translocation of GLUT4 to the cell surface. Instead, the increase
in glucose uptake following submaximal euglycemic/
hyperinsulinemic clamp was 17-fold in the rested leg and
36-fold in the exercised leg. The apparent twofold increase
in glucose uptake in the exercised leg might be accounted for
by the exercise-dependent increase in GLUT4 translocation,
thought to be additive with insulin. To determine if muscle
perfusion, a means of replenishing interstitial glucose,
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modulated glucose uptake, the authors infused NG-monomethyl
L-arginine acetate (L-NMMA) into the femoral artery during
the clamp to constrict the vasculature. Indeed, restriction of
blood flow reduced glucose uptake. These data point out that
both insulin-dependent and exercise-dependent increases in
glucose uptake are regulated by both cell permeability and
interstitial glucose concentration. The key question is whether
glucose disposal in people with prediabetes or type 2 diabetes
is limited exclusively by impairment in insulin-dependent
GLUT4 translocation or insulin-dependent tissue perfusion.
A partial answer to this question is found in the work of
Henstridge et al., where overweight and obese men with type 2
diabetes were given a nitric oxide (NO) donor, sodium nitroprus-
side, or verapamil to increase leg blood flow. While both drugs
increased leg blood flow, only sodium nitroprusside increased
glucose uptake in the treated muscle’. The authors interpret
this data to mean that increased blood flow alone is not sufficient
to increase glucose uptake when membrane permeability (i.e.
GLUT4 plasma membrane levels) is low. Furthermore, the
authors raised the possibility that NO signaling was responsible
for exercise-dependent GLUT4 translocation, a finding that
has since been supported in both cultured myotubes and mouse
skeletal muscle®’.

In contrast to the human study by McConell et al., inhibition
of blood flow by vasoconstriction in conscious, sedentary
mice resulted in an increased transendothelial insulin efflux
and, in turn, increased glucose clearance®. The authors of this
study demonstrated that vasoconstriction via inhibition of NO
synthase (NOS) resulted in increased glucose clearance in
response to an insulin tolerance test. While the results of these
two studies are conflicting, it is important to note that the
McConell study utilized a euglycemic/hyperinsulinemic clamp
protocol that measures steady-state insulin action. The Williams
study used an insulin bolus, which better represents insulin
kinetics. It is likely that the initial increase in transendothelial
insulin efflux increased glucose uptake in the first 15 minutes
of NOS inhibition, compensating for decreased perfusion of the
tissues.

Balance between lipid metabolism and glucose
disposal

A predisposing factor for developing insulin-resistant glucose
transport is obesity and the lipid overload associated with that
condition. Simply put, a high-lipid environment results in
decreased glucose disposal. This line of thinking led to the notion
that inhibiting fatty acid oxidation would increase glucose
oxidation and glucose disposal, thus curing insulin resistance.
This substrate competition model has been tested in mice using
pharmacologic inhibition of carnitine palmitoyltransferase-1
(CPT-1) activity’. Mice were fed a 45% fat diet for 6 days to
increase fatty acid availability and then given a single injection of
etomoxir to inhibit CPT-1. Within 4 hours, plasma glucose levels
decreased and glucose oxidation in peripheral tissues increased.
The authors observed that free fatty acid levels became elevated
with the acute etomoxir treatment, and they became concerned
that the lipidemic environment would be enhanced with long-
term treatment. This prediction proved to be correct. Prolonged
inhibition of fatty acid oxidation led to decreased glycemic
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control, hepatic insulin resistance, and fatty liver. Thus, the
substrate competition hypothesis failed to provide a useful
therapeutic hypothesis for the treatment of insulin resistance.
More importantly, the prolonged inhibition of fatty acid oxidation
led to decreased glucose clearance, further supporting the idea
that a high-lipid environment can impair glucose transport and
glucose disposal. While long-term clinical trials of etomoxir
in human subjects have not been carried out, a short-term
clinical trial showed that treatment of subjects with type 2 diabetes
with etomoxir for 3 days increased glucose oxidative metabolism
under basal conditions but had no effect under hyperinsulinemic
clamp conditions'’. This study suggested that inhibition of fatty
acid oxidation would not improve insulin sensitivity in patients
with type 2 diabetes.

If increasing glucose oxidation does not improve metabolic
homeostasis in a high-lipid environment, can increased lipid
oxidation solve the problem? This question was approached by
supplementing carnitine in individuals with impaired glucose
tolerance and normal glucose tolerance''. Carnitine supplemen-
tation clearly increased plasma carnitine levels and synthesis
of acetylcarnitine levels in the muscle, indicating that carnitine
concentration is rate limiting for fatty acid oxidation. These
carnitine-dependent increases in fatty acid metabolism did not
improve insulin sensitivity or change carbohydrate oxidation.
Thus, substrate switching alone is not sufficient to improve glucose
transport and glucose disposal in glucose-intolerant volunteers.

Regulation of glucose disposal by increased energy
expenditure

Some light has been shed on this problem in a study comparing
rates of glucose disposal during lipid infusion in endurance-
trained athletes and sedentary men'’. As expected, the lipid
infusion resulted in a significant decrease in glucose disposal in
the sedentary subjects. On the other hand, the glucose disposal
rate and insulin sensitivity were less affected by lipid infusion
in the endurance-trained athletes. Unlike sedentary controls,
lipid infusion did not decrease rates of glycogen synthesis in
the skeletal muscle of the endurance athletes. The latter find-
ing suggests that glucose transport and glucose metabolism
remained intact during lipid infusion in trained athletes. This
conclusion was supported by the observation that GLUT4
concentration in muscle biopsy taken before and after lipid
infusion was unchanged in the trained athletes while GLUT4
levels were significantly decreased by lipid infusion in the
untrained participants. While a GLUT4 half-life of about
50 hours has been measured in cultured 3T3-L1 adipocytes,
the direct measurement of GLUT4 half-life in vivo or in muscle
has not been made. Therefore, the lipid-induced decline in
GLUT4 protein content over a 6-hour period in this study
suggests that increased turnover may be responsible for the
decline in GLUT4. Importantly, this study provokes questions
about the metabolic regulation of GLUT4 expression. Further
work is required to understand the mechanisms that regulate
GLUT4 protein synthesis and degradation in a physiologic
setting.

It is well established that exercise is an important lifestyle
intervention for enhancing both glucose disposal and insulin

F1000Research 2020, 9(F1000 Faculty Rev):639 Last updated: 24 JUN 2020

sensitivity. One of the key features of exercise is increased
energy expenditure by working muscle, including the heart. Work
by multiple laboratories demonstrated that glucose clearance
in exercise-trained rodents was correlated with GLUT4 pro-
tein expression in skeletal muscle (reviewed in 13). Although
GLUT4 protein is increased, it is likely that other adaptations in
trained muscle may contribute to enhanced glucose clearance.
For example, rats bred to have an intrinsically high aerobic
capacity maintain high glucose disposal rates even when chal-
lenged with a high-fat, obesogenic diet'*. These rats were selected
for their high-capacity running (HCR) and are compared to
similar rats that were concurrently selected for their low-
capacity running (LCR). Noticeably, the high-fat-fed HCR rats,
even when maintained under sedentary conditions, showed
increased glucose clearance and insulin sensitivity under euglyc-
emic/hyperinsulinemic clamp conditions. Glucose clearance was
largely accounted for by muscle glucose uptake and glycogen
synthesis'*. In our lab, we have shown that transgenic over-
expression of GLUT4 protein under the control of the human
GLUT4 gene promoter also enhanced glucose disposal under
high-fat feeding conditions”. In our model, glucose uptake by
muscle and adipose tissue resulted in enhanced production of
alanine, a potential gluconeogenic substrate for the liver.
Pyruvate tolerance in these animals was enhanced, further
supporting the notion that the glucose—alanine cycle was
enhanced in the GLUT4 transgenic mice'. In our model, the
enhanced glucose—alanine cycle is perhaps serving as a futile,
energy-consuming cycle that is increasing ATP turnover,
at least in the liver. The HCR rats demonstrated a thermogenic
phenotype and increased metabolic rate'’.

Regulation of glucose transport by glucose
metabolism

In the studies described above, glucose clearance is thought to
be mediated largely by glucose transporter function. While it is
clear that glucose transport relies on the number of cell surface
glucose proteins, the rate of glucose uptake may be regulated by
other factors, including intracellular glucose metabolism. This
hypothesis was tested in a few ways. Fueger er al. showed
that overexpression of hexokinase II increased muscle glucose
uptake in chow-fed mice under hyperinsulinemic/euglycemic
clamp conditions'®. This showed that, under normal conditions,
an increased rate of production of glucose-6-phosphate enhanced
insulin-mediated glucose uptake. The effect was lost when mice
were fed a high-fat diet, suggesting that high-fat diet-induced
inhibition of insulin-induced GLUT4 translocation could not
be compensated by increased capacity for glucose phosphor-
ylation. This notion was supported by our work showing that
glucose uptake in the muscle of high-fat-fed mice was increased
by transgenic overexpression of human GLUT4 protein'®.

The hypothesis that glucose transport can be regulated by
glucose metabolism has been systematically tested in vitro.
Tanner et al. measured glycolytic flux in immortalized baby
mouse kidney (iBMK) cells that were systematically trans-
duced with at least one human ¢cDNA encoding each step of the
glycolytic pathway beginning with the glucose transporters and
ending with lactate transporters'”. This approach showed that
glycolytic flux could be increased independently by
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overexpression of proteins regulating at four key steps. These
steps include glucose transporters, hexokinase, PFK-1, PFKFB3,
and lactate transporters. The output for this study was glycolytic
flux rather than glucose transport per se. One might conclude
that an increase in glycolytic flux would require an increase in
glucose transport, unless increased glycolytic flux was diverting
glucose-6-phosphate away from other pathways such as
glycogen synthesis or the pentose phosphate pathway. While
it is not likely that glycogen synthesis in the cultured cells is an
active pathway, it is possible that the pentose phosphate pathway
was active. Further experiments are required to determine if
the four key steps that regulated glycolytic flux also regulate
the rate of glucose transport. This is an intriguing possibility
because understanding how glycolysis is regulated may provide
important insight into the defects that underlie decreased
glucose disposal in type 2 diabetes.

Regulation of glucose uptake and metabolism in the
heart

Among the insulin-sensitive tissues, the heart is unique because
it has continual energy requirements and it never fatigues yet
it lacks the capacity to store nutrients. Thus, the heart must
be able to metabolize available circulating nutrients to meet these
unyielding energetic demands. In healthy individuals, the heart
primarily relies on fatty acids and, secondarily, glucose. However,
like other insulin-sensitive tissues, GLUT4 is trafficked to the
plasma membrane (sarcolemma) in response to insulin. Thus, after
a meal, the cardiac uptake of glucose and glucose oxidation are
increased.

It is well established that diabetes decreases the capacity of
the heart to oxidize glucose and its reliance on fatty acid oxida-
tion dramatically increases. This is referred to as metabolic
inflexibility, and it is believed to be a significant component of
diabetic cardiomyopathy. The underlying mechanisms of meta-
bolic inflexibility are thus an area of intense research. Studies by
William Stanley and others in the 1990’s demonstrated cardiac
GLUTT1 (the primary insulin-insensitive glucose transporter) and
GLUTH4 protein expression and glucose uptake are decreased in
various animal models of diabetes”. This is also true in humans
who have type 2 diabetes and left ventricular dysfunction’'.
However, the decrease in cardiac glucose uptake likely depends
upon the duration of disease. In a more recent study, glucose
uptake rates in several tissues were assessed by using 18F-FDG
PET and MRI in conjunction with a hyperinsulinemic clamp.
In this small cohort study performed on control, prediabetic,
and type 2 diabetic patients, glucose uptake was decreased in
the liver, skeletal muscle, and adipose of type 2 diabetics but
unchanged in the heart. This suggests that cardiac glucose uptake
is maintained, at least at rest and under the conditions of the
hyperinsulinemic clamp, as compared to other tissues. Whether
or not cardiac glucose uptake is maintained during increased
workload, or how it proceeds with the progression of the
disease, must be further explored.

Cardiac GLUT4 translocation and glucose uptake can also be
stimulated in an insulin-independent manner in response to
catecholamines. This is important for physiological and patho-
physiological adaptations. For example, studies using a
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cardiac-specific  GLUT4 knockout model demonstrated that
GLUT4 is required for adaptations to hemodynamic stress result-
ing from swimming exercise or transverse aortic constriction™.
Older work also reported that there is increased myocardial
glucose uptake during exercise and increased workload,
but this is not necessarily mediated by increased myocardial
GLUT4 content as seen in exercised skeletal muscle’>”*. However,
the effect of exercise on cardiac glucose uptake and glyco-
lysis depends upon exercise duration. Chronic exercise training
results in decreased cardiac glycolysis during training but
is elevated approximately twofold 24 hours afterwards®. This
increase in glycolysis in the post-exercise phase is essential
for cardiac growth. What is not clear, though, is how diabetes
affects these adaptive processes in the heart. For example, if
glucose uptake is increased in the heart by catecholamines, but
downstream glycolysis is impaired, the beneficial effects may
be compromised.

In addition to decreased GLUT4, additional mechanisms
are also in place to limit basal cardiomyocyte glucose uptake
by GLUT1 when confronted by hyperglycemia. Thioredoxin-
interacting protein (TXNIP) is an inhibitor of the antioxidant
enzyme thioredoxin, and its gene expression is highly respon-
sive to glucose. A recent study by Myers et al. examined the
role of TXNIP in the diabetic heart and used a proteomics
approach to identify interacting partners”’. They found that TXNIP
associated with GLUT1, and experiments performed in cell
culture revealed overexpression of TXNIP decreased glucose
uptake. Reciprocally, mouse embryonic fibroblasts isolated
from TXNIP knockout mice displayed enhanced glucose uptake.
This work suggests that unfettered glucose uptake via GLUTI1
transporters may be limited in cardiomyocytes exposed to
hyperglycemia by the increased expression of TXNIP.

As mentioned above, glucose transport is also affected by
intracellular glucose metabolism. For example, in a mouse
model that expresses a constitutively active form of PFK-2
(which increases the potent allosteric activator of PFK-1, fructose
2,6-bisphosphate) in the heart, there is an increased rate of
glycolysis in the absence of insulin”. This constitutive increase
in glycolysis must be coupled with increased glucose uptake. In
wild-type mice and in humans, cardiac PFK-2 is activated via
phosphorylation by the insulin signaling cascade. This facilitates
the metabolism of glucose, taken up by GLUT4, through
glycolysis. In our own work, we have found that PFK-2 content
is regulated by insulin signaling and that it is constitutively
decreased in mouse models of diabetes”’. Regulation of PFK-2
content by insulin may serve as a mechanism to decrease
cardiac glucose uptake and metabolism during fasting, but, in the
context of diabetes, a chronic decrease in PFK-2 may contribute
to metabolic inflexibility. Furthermore, changes in PFK-1 or
PFK-2 activity may have effects on how glucose that is taken up
is then metabolized. For example, the Hill group has recently
shown in a metabolic tracer study in cardiomyocytes that the
activity of PFK-1 is a key determinant in the fate of glucose
entering into glycolysis or ancillary pathways, such as the
pentose phosphate, hexosamine biosynthesis, and glycerolipid
synthesis pathways”. It has also been postulated that dysregula-
tion of key glycolytic steps that affect PFK-1 or PFK-2 facilitate
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the production of glycogen, which abnormally accumulates in the
diabetic heart (reviewed in 29).

In addition to the canonical GLUT1 and GLUT4 facilitative
glucose transporters, cardiomyocytes also express other members
of the GLUT family of proteins as well as members of the
sodium glucose cotransporters (SGLTs) (reviewed in 30).
Given that the majority of glucose is taken up by GLUT4, and
secondarily by GLUTI, the physiological role of other glucose
transporters still must be determined. GLUTS8 has recently been
implicated as having a role in insulin resistance-induced atrial
fibrillation, but the mechanism is not clear’'. Like GLUT4, total
GLUTS protein expression is decreased in mice with obesity-
induced insulin resistance’’. SGLT2 inhibitors have gained
ample attention because, in addition to their ability to decrease
blood glucose levels, they also have a positive impact on heart
failure. SGLT2 is not expressed in the heart, and the positive
effects of its inhibitors may be mediated by the systemic lower-
ing of blood glucose levels or direct effects on cardiomyocytes
via mechanisms that are still under investigation®. A recent
study has reported that the heart does express SGLT1 abundantly,
though®”. SGLT1 transports glucose by an active transport
mechanism using the Na* gradient. However, its functional
role in the heart is independent of glucose transport and its

References

F1000Research 2020, 9(F1000 Faculty Rev):639 Last updated: 24 JUN 2020

importance to normal physiology and disease states, such as
diabetes, must be further evaluated.

Conclusions

The clearance of glucose from the blood plasma following a meal
is important for overall metabolic health. Because the central
nervous system is highly dependent on glucose for an energy
source, multiple layers of regulation are in place to maintain a
steady level of glucose in the blood plasma during both the
fed and the fasted state. When this process breaks down,
causing prolonged insulin resistance, the risk of developing
type 2 diabetes and subsequent complications is heightened.
Restoration of normal glucose disposal is the therapeutic goal
for both insulin resistance and type 2 diabetes. It is likely
that long-term success in reaching this therapeutic goal will
rely on attacking the root cause of the glucose transport defect.
Thus, if nutrient overload is at the heart of the development
of insulin resistance and impaired glucose uptake, it stands to
reason that matching energy input with energy output is the
appropriate course to follow. Energy output might be enhanced
by several approaches including increased physical activity,
increased thermogenesis, or even enhancing the activity of futile
metabolic cycles. Each approach leads to increased ATP turnover,
helping to match energy output to energy input.

Faculty Opinions Recommended

1. Klip A, McGraw TE, James DE: Thirty sweet years of GLUT4. J Biol Chem.
2019; 294(30): 11369-81.
PubMed Abstract | Publisher Full Text | Free Full Text |
Faculty Opinions Recommendation

2. Boersma GJ, Johansson E, Pereira MJ, et al.: Altered Glucose Uptake
in Muscle, Visceral Adipose Tissue, and Brain Predict Whole-Body Insulin
Resistance and may Contribute to the Development of Type 2 Diabetes: A
Combined PET/MR Study. Horm Metab Res. 2018; 50(8): 627-39.
PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

3. Roberts-Thomson KM, Betik AC, Premilovac D, et al.: Postprandial
microvascular blood flow in skeletal muscle: Similarities and disparities to the
hyperinsulinaemic-euglycaemic clamp. Clin Exp Pharmacol Physiol. 2020; 47(4):
725-37.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

4. McConell GK, Sjoberg KA, Ceutz F, et al.: Insulin-induced membrane
permeability to glucose in human muscles at rest and following exercise.
J Physiol. 2020; 598(2): 303-15.
PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

5. Henstridge DC, Kingwell BA, Formosa MF, et al.: Effects of the nitric oxide donor,
sodium nitroprusside, on resting leg glucose uptake in patients with type 2
diabetes. Diabetologia. 2005; 48(12): 2602-8.

PubMed Abstract | Publisher Full Text

6. Lira VA, Soltow QA, Long JHD, et al.: Nitric oxide increases GLUT4 expression
and regulates AMPK signaling in skeletal muscle. Am J Physiol Endocrinol
Metab. 2007; 293(4): E1062-8.

PubMed Abstract | Publisher Full Text

7. Kellogg DL, McCammon KM, Hinchee-Rodriguez KS, et al.: Neuronal nitric oxide
synthase mediates insulin- and oxidative stress-induced glucose uptake in
skeletal muscle myotubes. Free Radic Biol Med. 2017; 110: 261-9.

PubMed Abstract | Publisher Full Text | Free Full Text

8. Williams IM, McClatchey PM, Bracy DP, et al.: Acute Nitric Oxide Synthase
Inhibition Accelerates Transendothelial Insulin Efflux In Vivo. Diabetes. 2018;
67(10): 1962-75.

PubMed Abstract | Publisher Full Text | Free Full Text |
Faculty Opinions Recommendation

9. E Lundsgaard AM, Fritzen AM, Nicolaisen TS, et al.: Glucometabolic
consequences of acute and prolonged inhibition of fatty acid oxidation. J Lipid
Res. 2020; 61(1): 10-9.
PubMed Abstract | Publisher Full Text | Free Full Text |
Faculty Opinions Recommendation

10.  Hibinger A, Knode O, Susanto F, et al.: Effects of the carnitine-acyltransferase
inhibitor etomoxir on insulin sensitivity, energy expenditure and substrate
oxidation in NIDDM. Horm Metab Res. 1997; 29(9): 436-9.

PubMed Abstract | Publisher Full Text

11. Bruls YMH, de Ligt M, Lindeboom L, et al.: Carnitine supplementation
improves metabolic flexibility and skeletal muscle acetylcarnitine formation
in volunteers with impaired glucose tolerance: A randomised controlled trial.
EBioMedicine. 2019; 49: 318-30.

PubMed Abstract | Publisher Full Text | Free Full Text |
Faculty Opinions Recommendation

12. E Phielix E, Begovatz P, Gancheva S, et al.: Athletes feature greater rates of
muscle glucose transport and glycogen synthesis during lipid infusion. JC/
Insight. 2019; 4(21): e127928.

PubMed Abstract | Publisher Full Text | Free Full Text |
Faculty Opinions Recommendation

13.  Richter EA, Hargreaves M: Exercise, GLUT4, and skeletal muscle glucose
uptake. Physiol Rev. 2013; 93(3): 993-1017.
PubMed Abstract | Publisher Full Text

14. Morris EM, Meers GME, Ruegsegger GN, et al.: Intrinsic High Aerobic
Capacity in Male Rats Protects Against Diet-Induced Insulin Resistance.
Endocrinology. 2019; 160(5): 1179-92.

PubMed Abstract | Publisher Full Text | Free Full Text |
Faculty Opinions Recommendation

15.  Gurley JM, likayeva O, Jackson RM, et al.: Enhanced GLUT4-Dependent Glucose
Transport Relieves Nutrient Stress in Obese Mice Through Changes in Lipid
and Amino Acid Metabolism. Diabetes. 2016; 65(12): 3585-97.

PubMed Abstract | Publisher Full Text | Free Full Text

16.  Atkinson BJ, Griesel BA, King CD, et al.: Moderate GLUT4 Overexpression
Improves Insulin Sensitivity and Fasting Triglyceridemia in High-Fat Diet-Fed
Transgenic Mice. Diabetes. 2013; 62(7): 2249-58.

PubMed Abstract | Publisher Full Text | Free Full Text

Page 6 of 8


https://facultyopinions.com/prime/735949581
http://www.ncbi.nlm.nih.gov/pubmed/31175156
http://dx.doi.org/10.1074/jbc.REV119.008351
http://www.ncbi.nlm.nih.gov/pmc/articles/6663870
https://facultyopinions.com/prime/735949581
https://facultyopinions.com/prime/735949581
https://facultyopinions.com/prime/735452396
http://www.ncbi.nlm.nih.gov/pubmed/30001566
http://dx.doi.org/10.1055/a-0643-4739
https://facultyopinions.com/prime/735452396
https://facultyopinions.com/prime/738142267
http://www.ncbi.nlm.nih.gov/pubmed/31868941
http://dx.doi.org/10.1111/1440-1681.13237
https://facultyopinions.com/prime/738142267
https://facultyopinions.com/prime/736874017
http://www.ncbi.nlm.nih.gov/pubmed/31696935
http://dx.doi.org/10.1113/JP278600
https://facultyopinions.com/prime/736874017
http://www.ncbi.nlm.nih.gov/pubmed/16273348
http://dx.doi.org/10.1007/s00125-005-0018-1
http://www.ncbi.nlm.nih.gov/pubmed/17666490
http://dx.doi.org/10.1152/ajpendo.00045.2007
http://www.ncbi.nlm.nih.gov/pubmed/28666850
http://dx.doi.org/ 10.1016/j.freeradbiomed.2017.06.018
http://www.ncbi.nlm.nih.gov/pmc/articles/5554434
https://facultyopinions.com/prime/733633953
http://www.ncbi.nlm.nih.gov/pubmed/30002132
http://dx.doi.org/10.2337/db18-0288
http://www.ncbi.nlm.nih.gov/pmc/articles/6152344
https://facultyopinions.com/prime/733633953
https://facultyopinions.com/prime/733633953
https://facultyopinions.com/prime/737117152
http://www.ncbi.nlm.nih.gov/pubmed/31719103
http://dx.doi.org/10.1194/jlr.RA119000177
http://www.ncbi.nlm.nih.gov/pmc/articles/6939602
https://facultyopinions.com/prime/737117152
https://facultyopinions.com/prime/737117152
http://www.ncbi.nlm.nih.gov/pubmed/9370111
http://dx.doi.org/10.1055/s-2007-979072
https://facultyopinions.com/prime/736848345
http://www.ncbi.nlm.nih.gov/pubmed/31676389
http://dx.doi.org/10.1016/j.ebiom.2019.10.017
http://www.ncbi.nlm.nih.gov/pmc/articles/6945245
https://facultyopinions.com/prime/736848345
https://facultyopinions.com/prime/736850353
http://www.ncbi.nlm.nih.gov/pubmed/31672941
http://dx.doi.org/10.1172/jci.insight.127928
http://www.ncbi.nlm.nih.gov/pmc/articles/6948766
https://facultyopinions.com/prime/736850353
https://facultyopinions.com/prime/736850353
http://www.ncbi.nlm.nih.gov/pubmed/23899560
http://dx.doi.org/10.1152/physrev.00038.2012
https://facultyopinions.com/prime/737037322
http://www.ncbi.nlm.nih.gov/pubmed/31144719
http://dx.doi.org/10.1210/en.2019-00118
http://www.ncbi.nlm.nih.gov/pmc/articles/6482035
https://facultyopinions.com/prime/737037322
https://facultyopinions.com/prime/737037322
http://www.ncbi.nlm.nih.gov/pubmed/27679559
http://dx.doi.org/10.2337/db16-0709
http://www.ncbi.nlm.nih.gov/pmc/articles/5127250
http://www.ncbi.nlm.nih.gov/pubmed/23474483
http://dx.doi.org/10.2337/db12-1146
http://www.ncbi.nlm.nih.gov/pmc/articles/3712063

20.

21.

22.

28.

24.

25.

Rogers RS, Morris EM, Wheatley JL, et al.: Deficiency in the Heat Stress
Response Could Underlie Susceptibility to Metabolic Disease. Diabetes. 2016;
65(11): 3341-51.

PubMed Abstract | Publisher Full Text | Free Full Text

Fueger PT, Bracy DP, Malabanan CM, et al.: Hexokinase Il overexpression
improves exercise-stimulated but not insulin-stimulated muscle glucose
uptake in high-fat-fed C57BL/6J mice. Diabetes. 2004; 53(2): 306—-14.

PubMed Abstract | Publisher Full Text

Tanner LB, Goglia AG, Wei MH, et al.: Four Key Steps Control Glycolytic
Flux in Mammalian Cells. Cell Syst. 2018; 7(1): 49-62.€8.

Publisher Full Text | Faculty Opinions Recommendation

Stanley W, Lopaschuk GD, McCormack JG: Regulation of energy substrate
metabolism in the diabetic heart. Cardiovasc Res. 1997; 34(1): 25-33.

PubMed Abstract | Publisher Full Text

Dutka DP, Pitt M, Pagano D, et al.: Myocardial glucose transport and utilization
in patients with type 2 diabetes mellitus, left ventricular dysfunction, and
coronary artery disease. J Am Coll Cardiol. 2006; 48(11): 2225-31.

PubMed Abstract | Publisher Full Text

Wende AR, Kim J, Holland WL, et al.: Glucose transporter 4-deficient hearts
develop maladaptive hypertrophy in response to physiological or pathological
stresses. Am J Physiol Heart Circ Physiol. 2017; 313(6): H1098-H1108.

PubMed Abstract | Publisher Full Text | Free Full Text

Hall JL, Mazzeo RS, Podolin DA, et al.: Exercise training does not compensate
for age-related decrease in myocardial GLUT-4 content. J Appl Physiol(1985).
1994; 76(1): 328-32.

PubMed Abstract | Publisher Full Text

Young LH, Russell RR, Yin R, et al.: Regulation of myocardial glucose uptake
and transport during ischemia and energetic stress. Am J Cardiol. 1999;
83(12A): 25H-30H.

PubMed Abstract | Publisher Full Text

Gibb AA, Epstein PN, Uchida S, et al.: Exercise-Induced Changes in Glucose
Metabolism Promote Physiological Cardiac Growth. Circulation. 2017; 136(22):
2144-57.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

F1000Research 2020, 9(F1000 Faculty Rev):639 Last updated: 24 JUN 2020

26.

27.

28.

29.

30.

31.

32.

33.

Myers RB, Fomovsky GM, Lee S, et al.: Deletion of thioredoxin-interacting
protein improves cardiac inotropic reserve in the streptozotocin-induced
diabetic heart. Am J Physiol Heart Circ Physiol. 2016; 310(11):
H1748-H1759.

PubMed Abstract | Publisher Full Text | Free Full Text

Bockus LB, Matsuzaki S, Vadvalkar SS, et al.: Cardiac Insulin Signaling
Regulates Glycolysis Through Phosphofructokinase 2 Content and Activity.
J Am Heart Assoc. 2017; 6(12): e007159.

PubMed Abstract | Publisher Full Text | Free Full Text

Gibb AA, Lorkiewicz PK, Zheng YT, et al.: Integration of flux measurements to
resolve changes in anabolic and catabolic metabolism in cardiac myocytes.
Biochem J. 2017; 474(16): 2785-801.

PubMed Abstract | Publisher Full Text | Free Full Text

Daniels LJ, Varma U, Annandale M, et al.: Myocardial Energy Stress,
Autophagy Induction, and Cardiomyocyte Functional Responses. Antioxid
Redox Signal. 2019; 31(6): 472-86.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

Szablewski L: Glucose transporters in healthy heart and in cardiac disease. Int
J Cardiol. 2017; 230: 70-5.
PubMed Abstract | Publisher Full Text

Maria Z, Campolo AR, Scherlag BJ, et al.: Dysregulation of insulin-sensitive
glucose transporters during insulin resistance-induced atrial fibrillation.
Biochim Biophys Acta Mol Basis Dis. 2018; 1864(4 Pt A): 987-96.

PubMed Abstract | Publisher Full Text | Faculty Opinions Recommendation

Uthman L, Baartscheer A, Schumacher CA, et al.: Direct Cardiac Actions of
Sodium Glucose Cotransporter 2 Inhibitors Target Pathogenic Mechanisms
Underlying Heart Failure in Diabetic Patients. Front Physiol. 2018; 9: 1575.
PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Li Z, Agrawal V, Ramratnam M, et al.: Cardiac sodium-dependent glucose
cotransporter 1 is a novel mediator of ischaemia/reperfusion injury. Cardiovasc
Res. 2019; 115(11): 1646-58.

PubMed Abstract | Publisher Full Text | Free Full Text |

Faculty Opinions Recommendation

Page 7 of 8


http://www.ncbi.nlm.nih.gov/pubmed/27554472
http://dx.doi.org/10.2337/db16-0292
http://www.ncbi.nlm.nih.gov/pmc/articles/5079638
http://www.ncbi.nlm.nih.gov/pubmed/14747279
http://dx.doi.org/10.2337/diabetes.53.2.306
https://facultyopinions.com/prime/733562817
http://dx.doi.org/10.1016/j.cels.2018.06.003
https://facultyopinions.com/prime/733562817
http://www.ncbi.nlm.nih.gov/pubmed/9217869
http://dx.doi.org/10.1016/S0008-6363(97)00047-3
http://www.ncbi.nlm.nih.gov/pubmed/17161251
http://dx.doi.org/10.1016/j.jacc.2006.06.078
http://www.ncbi.nlm.nih.gov/pubmed/28822962
http://dx.doi.org/10.1152/ajpheart.00101.2017
http://www.ncbi.nlm.nih.gov/pmc/articles/5814656
http://www.ncbi.nlm.nih.gov/pubmed/8175525
http://dx.doi.org/10.1152/jappl.1994.76.1.328
http://www.ncbi.nlm.nih.gov/pubmed/10750583
http://dx.doi.org/10.1016/s0002-9149(99)00253-2
https://facultyopinions.com/prime/730367928
http://www.ncbi.nlm.nih.gov/pubmed/28860122
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.028274
http://www.ncbi.nlm.nih.gov/pmc/articles/5704654
https://facultyopinions.com/prime/730367928
https://facultyopinions.com/prime/730367928
http://www.ncbi.nlm.nih.gov/pubmed/27037370
http://dx.doi.org/10.1152/ajpheart.00051.2016
http://www.ncbi.nlm.nih.gov/pmc/articles/4935523
http://www.ncbi.nlm.nih.gov/pubmed/29203581
http://dx.doi.org/10.1161/JAHA.117.007159
http://www.ncbi.nlm.nih.gov/pmc/articles/5779029
http://www.ncbi.nlm.nih.gov/pubmed/28706006
http://dx.doi.org/10.1042/BCJ20170474
http://www.ncbi.nlm.nih.gov/pmc/articles/5545928
https://facultyopinions.com/prime/734423920
http://www.ncbi.nlm.nih.gov/pubmed/30417655
http://dx.doi.org/10.1089/ars.2018.7650
https://facultyopinions.com/prime/734423920
http://www.ncbi.nlm.nih.gov/pubmed/28034463
http://dx.doi.org/10.1016/j.ijcard.2016.12.083
https://facultyopinions.com/prime/732392591
http://www.ncbi.nlm.nih.gov/pubmed/29291943
http://dx.doi.org/10.1016/j.bbadis.2017.12.038
https://facultyopinions.com/prime/732392591
https://facultyopinions.com/prime/734515169
http://www.ncbi.nlm.nih.gov/pubmed/30519189
http://dx.doi.org/10.3389/fphys.2018.01575
http://www.ncbi.nlm.nih.gov/pmc/articles/6259641
https://facultyopinions.com/prime/734515169
https://facultyopinions.com/prime/734515169
https://facultyopinions.com/prime/735005040
http://www.ncbi.nlm.nih.gov/pubmed/30715251
http://dx.doi.org/10.1093/cvr/cvz037
http://www.ncbi.nlm.nih.gov/pmc/articles/6704393
https://facultyopinions.com/prime/735005040
https://facultyopinions.com/prime/735005040

F]mResearCh F1000Research 2020, 9(F1000 Faculty Rev):639 Last updated: 24 JUN 2020

Open Peer Review

Current Peer Review Status: ¥

Editorial Note on the Review Process

Faculty Reviews are written by members of the prestigious Faculty Opinions Faculty. They are commissioned and
are peer reviewed before publication to ensure that the final, published version is comprehensive and accessible.
The reviewers who approved the final version are listed with their names and affiliations.

The reviewers who approved this article are:

1 Gwyn Gould
Strathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow, UK
Competing Interests: No competing interests were disclosed.

2 John Thyfault
Department of Molecular and Integrative Physiology, University of Kansas Medical Center, Kansas City,
Kansas, USA
Competing Interests: No competing interests were disclosed.

The benefits of publishing with F1000Research:

®  Your article is published within days, with no editorial bias

®  You can publish traditional articles, null/negative results, case reports, data notes and more
® The peer review process is transparent and collaborative

®  Your article is indexed in PubMed after passing peer review

® Dedicated customer support at every stage

For pre-submission enquiries, contact research@f1000.com F](ID Resea rch

Page 8 of 8


https://f1000research.com/browse/f1000-faculty-reviews
http://f1000.com/prime/thefaculty

