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Abstract

The heart is adapted to utilize all classes of substrates to meet the high-energy demand, and it
tightly regulates its substrate utilization in response to environmental changes. Although fatty
acids are known as the predominant fuel for the adult heart at resting stage, the heart switches its
substrate preference toward glucose during stress conditions such as ischemia and pathological
hypertrophy. Notably, increasing evidence suggests that the loss of metabolic flexibility associated
with increased reliance on glucose utilization contribute to the development of cardiac
dysfunction. The changes in glucose metabolism in hypertrophied hearts include altered glucose
transport and increased glycolysis. Despite the role of glucose as an energy source, changes in
other nonenergy producing pathways related to glucose metabolism, such as hexosamine
biosynthetic pathway and pentose phosphate pathway, are also observed in the diseased hearts.
This article summarizes the current knowledge regarding the regulation of glucose transporter
expression and translocation in the heart during physiological and pathological conditions. It also
discusses the signaling mechanisms governing glucose uptake in cardiomyocytes, as well as the
changes of cardiac glucose metabolism under disease conditions.

Overview of Glucose Transporter

Glucose is a vital metabolic fuel for all mammalian cells. Under physiological conditions,
cell activities and survival are largely dependent on a continuous supply of blood-borne
nutrients. The heart, which is adapted to contract constantly, is responsible for delivering
oxygen, metabolic substrates as well as hormones to other parts of the body. To maintain its
contractile function, the heart needs a continuous fuel supply for generation of adequate
amount of ATP. Thus, the heart is adapted to utilize various metabolic substrates and is able
to tightly control its substrate utilization in response to changes in substrate supply and/or
circulating hormone levels. Fatty acid is considered to be the major metabolic substrate for
the normal adult heart. Glucose and lactate account for about 25% to 30% of myocardial
ATP production. Although glucose is not the predominant fuel for the adult heart at resting
stage, the heart switches substrate preference from fatty acid to glucose at many
circumstances during stress such as ischemia, increased workload and pressure overload
induced hypertrophy.

The lipid bilayer of plasma membrane is impermeable for glucose due to its hydrophilic
property; therefore, glucose uptake by the cell is mediated via a variety of glucose
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transporters. The pattern of glucose transporter expression in different tissues is related to
the specific metabolic requirements. There are two different types of transporters, the Na*-
coupled carrier system and the facilitative glucose transporters (GLUT) (15,23). GLUT
family proteins are the major players for glucose transport in the heart. The GLUT protein
family belongs to the major facilitator superfamily of membrane transporters (169). In the
1970s, Kasahara et al. have described that glucose transport is mediated by a trans-
membrane protein in human erythrocytes (100). Later on, Mueckler et al. has predicted the
structure of the facilitative glucose transporter, suggesting that the GLUT proteins comprise
the twelve transmembrane domains and contain N-terminus and C-terminus cytoplasmic
domains (160) (Fig. 1). The crystal structure of the glycerol-3-phosphate transporter of
Escherichia coli, similar to GLUT family proteins, confirmed the proposed model of the
GLUT proteins (118). Based upon that, a three-dimensional model of GLUT1 has been
developed and binding of glucose and other substrates was predicted in close proximity to
the exofacial vestibule in this model. And the classic GLUT inhibitor, cytochalasin B, has
been docked only at one particular endofacial position of the protein (194) (Fig. 1). After
decades of investigation, Dong et al. reported the crystal structure of human GLUTL1 in 2014
(35). This structure allows accurate mapping and potential mechanistic interpretation of
disease-associated mutations in GLUT1.

In 1985, cDNA of red blood cell glucose transporter (GLUT1) was first cloned (160). Later
on, another 13 related members of GLUT protein family have subsequently been identified
in human (230). The 14 known members of the GLUT family are summarized in Table 1.
The human GLUT family can be divided into three subfamilies according to their sequence
similarity and functional domains (95, 96). Most GLUT proteins catalyze the facilitative
(energy-independent) bidirectional transfer of their substrates across membranes, but they
exhibit tissue specific expression pattern and localization; furthermore, they have different
functional characteristics such as substrate specificity, kinetics of transport and regulatory
mechanism, which allows for a fine-tuned regulation of glucose uptake in response to
cellular environment changes.

In the heart, the most abundant glucose transporters are GLUT1 and GLUT4. GLUT1
mainly localizes on plasma membrane, and is responsible for a significant component of
basal cardiac glucose uptake. On the other hand, GLUT4 is mostly present in the
intracellular vesicles at resting stages, and is translocated to the plasma membrane upon
insulin stimulation. GLUT4-mediated glucose transport represents an important mechanism
by which the net flux of glucose uptake by the cell can be tightly regulated by environmental
changes. This review will summarize the current knowledge regarding the regulation of
facilitative glucose transporter expression and translocation; the mechanisms involved in the
regulation of glucose uptake into cardiomyocytes and discuss changes of glucose
metabolism in pathological cardiac hypertrophy.

Class | Facilitative Glucose Transporters

The Class | transporters comprise the thoroughly characterized isoforms GLUT-1, -2, -3,
and —4, and the recently identified GLUT-14 (230, 256). GLUTL1 is a ubiquitous transporter
found on the plasma membrane in many tissues, including the heart, and accounts for the
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bulk of basal glucose uptake (161). The GLUT2 is a low-affinity glucose transporter with
predominant expression in the liver, kidney, pancreas beta cell, and small intestine (159,
240). In addition to glucose, GLUT2 is also able to transport fructose and glucosamine (240,
256). GLUT3 is a high-affinity glucose transporter with predominant expression in the
brain, which has a high glucose requirement but has also been reported in skeletal muscle
and heart (72,103). GLUTA4 is a high-affinity glucose transporter expressed in insulin-
sensitive tissues (heart, skeletal muscle, and adipose tissue) (61, 221). Translocation of
GLUT4 induced by insulin or other stimuli from intracellular storage vesicles to the plasma
membrane results in an immediate 10- to 20-fold increase in glucose uptake (21, 211). The
human gene encoding GLUT14 is exclusively expressed in testis and shares 95% similarity
with GLUT3 based upon amino acid sequence (257). There is no ortholog of GLUT14 found
in mice.

Class Il Facilitative Glucose Transporters

The class 11 facilitative glucose transporters include the fructose-specific transporter
GLUT5, GLUT7, GLUTY, and GLUT11. GLUTS is predominantly expressed in small
intestine, testis, and kidney and is responsible for the uptake of fructose without glucose
transport activity (32,102). GLUT?7 is a high-affinity transporter for glucose and fructose,
which is predominately expressed at the apical membrane of the small and large intestine
(124). Its expression can also be detected in colon, testis, and prostate. GLUT9
predominantly exists in liver and kidney. Less amount of GLUT9 are also found in small
intestine, lung, placenta as well as leukocytes (174). Fructose, rather than glucose, is
considered to be the major substrate for GLUT11. High expression of GLUT11 is detected
in brain, liver, pancreas and kidney. And moderate expression of GLUT11 is observed in
cardiac and skeletal muscle (43, 202).

Class lll Facilitative Glucose Transporters

Class 111 comprises the transporter isoforms GLUT6, GLUT8, GLUT10, GLUT12, and
HMIT. GLUT6 cDNA was originally cloned from leukocytes and is predominantly
expressed in brain, spleen, and peripheral leukocytes. Overexpression of GLUT6 facilitates
glucose uptake, indicating that GLUT®6 has glucose transport activity, however, its
physiological substrate has not been determined yet (42, 126). GLUTS is predominantly
expressed in brain and testis, and lower amounts of GLUT8 mRNA are detected in most
other tissues, including insulin-sensitive tissues like heart and skeletal muscle (44). When
expressed in Xenopus laevis oocytes, GLUT8 mediates glucose uptake with high affinity.
Whether the transporter actually mediates glucose uptake in vivo in the brain has not been
evaluated yet (22). GLUT10 is predominantly expressed in the liver and pancreas (33,144).
GLUT12 is predominantly expressed in heart and prostate and exhibits glucose transport
activity when expressed in Xenopus laevis oocytes (137,186). On the other hand, HMIT has
been shown to be an H*-coupled myoinositol transporter, predominantly expressed in the
brain (239). Many of the Class Il and Class 11 isoforms in the GLUT family have been
discovered only in recent years as a consequence of the sequencing of the human genome.
Relatively little is known about the specific functions of these newly identified GLUTS.
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Glucose Transporter in the Heart

The expression of glucose transporter in the heart

The predominant glucose transporter isoforms that expressed in the heart are GLUT1 and
GLUTA4. Their expression is tightly regulated during development. Changes of each of these
isoforms also occur during various pathophysiological states. Transcriptional regulation is
the major mechanism that determines the expression and activity of these glucose
transporters in the heart. Other members of the glucose transporter family have also been
reported in the heart, including GLUT3, GLUTS8, GLUT10, GLUT11, and GLUT12 with
various expression level. GLUT3 has been found in both adult and fetal heart. Compared
with GLUT1 and GLUT4, GLUT3 has a much higher affinity for hexose (72, 131).
Although the sequence of GLUT8 shares 29% identical to GLUT1, whether GLUT8
regulates glucose transport in the heart is still unknown. Studies of GLUT8 knockout mice
suggested that GLUTS8 had a role in regulating cardiac atrial activity (146, 203). In zebrafish
embryos, knockdown of GLUT10 causes cardiac abnormalities with a reduced heart rate and
blood flow (254), suggesting that GLUT10 is required for the development of cardiovascular
system. Two splice variants have been described for GLUT11 (43). The long form of
GLUT11 is only detected in liver, lung, trachea, and brain. On the other hand, the short form
of GLUT11, with low-affinity glucose transport ability, is predominantly expressed in heart
and skeletal muscle (43). The glucose transport ability of GLUT11 is inhibited by fructose,
indicating that fructose maybe the major substrate for GLUT11 in the heart. It has been
shown that insulin stimulation causes the translocation of GLUT12 to plasma membrane in
both human skeletal muscle and cultured myoblast, similarly as the insulin-stimulated
GLUT4 translocation (223). However, recent studies demonstrate that GLUT12 functions
primarily as a basal and insulin independent glucose transporter in the heart (244). GLUT12
deficiency in zebrafish during early development shows sign of heart failure and diabetic
phenotype (93). All those data suggest that GLUT12 plays an essential role for basal glucose
uptake especially during development.

GLUT1—GLUT1 is the predominant glucose transporter in the embryonic and neonatal
heart (153, 247). GLUT4 is rapidly upregulated after birth while GLUT1 is downregulated
resulting that GLUT4 being the primary glucose transporter in the normal adult heart. The
expression of GLUT1 is mainly determined by the activity of GLUT1 gene transcription.
Spl and Sp3 are the most well-characterized transcriptional factors that regulate GLUT1
expression in the heart. Sp1 binds to the —102/-82 region of the GLUT1 promoter to
stimulate the transcription during late fetal life. Downregulation of Sp1 is observed during
early neonatal life and minimal expression and/or DNA binding is found during adulthood
(198). During myogenesis, Spl is drastically downregulated resulting in decreased GLUT1
expression and reduced glucose uptake (243). On the other hand, Sp3 is a repressor of
GLUT1 expression in the heart. Sp3 binds to the GLUT1 proximal promoter region and
inhibits the transcription of GLUT1 in muscle cells. It has been shown that the inhibitory
effect of Sp3 is dominant over the stimulatory effect of Sp1 on the transcription of GLUT1
gene (53). The increased ratio of Sp3/Sp1 during myogenesis is essential for the decreased
expression of GLUT1 (53).
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The expression of GLUT1 in the adult heart is regulated by multiple (patho)physiological
stimuli. Chronic hypoxia has been shown to induce GLUT1 expression in the heart and the
upregulation of GLUT1 appears to be protective by preventing cardiomyocytes apoptosis
during hypoxia (138,213). In other cell types, hypoxia-inducible factor-1a (HIF-1a) can
directly bind to GLUT1 promoter (25, 260), suggesting that hypoxia induced GLUT1
upregulation is likely to be mediated by HIF-1a in the heart. Long-term fasting (48 h)
suppresses basal glucose uptake and induced downregulation of GLUT1 expression in the
heart (108). However GLUT4 expression and insulin mediated glucose uptake dose not
change after 48 h fasting, indicating that GLUT4 is the major mediator of insulin stimulated
glucose uptake in the heart (108, 114). Maintenance of fed insulin levels during fasting
prevents the downregulation of GLUT1. On the other hand, raising glucose or free fatty
acids (FFAs) levels attenuates insulin induced GLUT1 upregulation, suggesting that both
insulin exposure and energy status of cardiac muscle are important determinants of cardiac
GLUT1 expression (114). Insulin receptor (IR) knockout mice show decreased GLUT1 level
highlighting the importance of insulin in regulating cardiac GLUT1 expression (12).

It has been shown that the heterodimer of C-Fos and AP-1 regulates the transcription of
GLUT1 in the heart in response to hypertrophic agonists (199). A decreased ratio of
GLUT4/GLUT1 has been reported in patients with left ventricular hypertrophy (171).
Similar observations are also made in animal models of pathological cardiac hypertrophy.
Pressure overload increases total GLUT1 expression but decreases total GLUT4 expression
and these changes are associated with increased distribution of both transporters to the
plasma membrane (233). Meanwhile, basal glucose uptake is increased but insulin-mediated
glucose uptake is similar in hypertrophied and control hearts (233). In neonatal
cardiomyocytes, GLUTL1 transcription is activated by hypertrophy stimuli such as alpha-
adrenergic agonist, which is partially mediated through the RAS-MAPK pathway (153).
Interestingly, in another model of left ventricular hypertrophy created by aortic banding in
neonatal rabbits, there is a reduced glucose uptake without any changes in the expression of
GLUT1 or GLUTA4 (227), suggesting that species difference may reflect diverse regulatory
mechanisms on GLUTS expression. Furthermore, those experimental discrepancies may be
dependent on the extent of cardiac hypertrophy (compensated hypertrophy or transitioned to
heart failure). For example, transition from compensated remodeling to heart failure is
associated with upregulation of GLUT1 in rats after myocardial infarction (187), while
downregulation of GLUT1 and GLUT4 have been observed in end-stage failing human
hearts (182). Upregulation of GLUT1 is also induced by myocardial ischemia. For example,
myocardial ischemia increases GLUT1 mRNA and protein level in both ischemic and
nonischemic regions of the heart in several animal studies (20, 55). Translocation of GLUT1
to the sarcolemma membrane is also observed in canine heart during regional ischemia
(262). Increased GLUT1 expression is also observed in unloaded or denervated heart as well
as in the heart with doxorubicin administration (36, 84, 241). We will discuss the
mechanisms for the ischemia/hypoxia-mediated changes in the expression or translocation
of cardiac GLUTS later.

GLUT4—GLUT4 is expressed predominantly in the postnatal and adult heart. Several
transcriptional factors have been demonstrated to regulate GLUT4 transcription. The
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promoter region containing 2.4 kb DNA segment at the 5’ end of the GLUT4 gene has been
identified to be responsible for regulating endogenous GLUT4 expression as well as its
response to fasting and refeeding in adipose tissue, skeletal muscle and cardiac muscle
(129). Further characterizations show that this region contains a myocyte enhancer factor
(MEF2) binding domain at —466 to —457 bp that is critical for GLUT4 expression in muscle
tissue and for increased GLUT4 expression during skeletal muscle regeneration (128,157).
However, deletion of this region has no effect on exercise or denervation-induced
upregualtion of GLUT4 in cardiac and skeletal muscle (236), suggesting that transcriptional
regulation of GLUT4 may be mediated by different mechanisms in a tissue specific and/or
stimulus specific manner. Meanwhile, in the similar region, thyroid hormone receptor and
MyoD can form a complex with MEF2, which is required for transcriptional activation of
GLUT4 in cardiac muscle (200). Overexpression of peroxisome proliferator-activated
receptor gamma coactivator-1 (PGC-1) can induce GLUT4 mRNA by coactivating MEF2C
in L6 muscle cells (147). In STZ-induced diabetes rat, loss of MEF2A function in muscle
tissue is responsible for the down-regulation of GLUT4 gene expression (156). Furthermore,
a selective loss of MEF2D expression is observed in adipose tissue without any significant
effect on the MEF2A isoform. Overexpression of MEF2A in adipose tissue is not sufficient
to prevent GLUT4 downregulation (156), suggesting a complex mode of GLUT4 regulation
in a tissue specific manner. Another regulatory domain, so called Domain I, which is located
in the region —742 to —712 relative to the initiation site for transcription of GLUT4 gene,
acts together with the adjacent MEF2 binding site in regulating GLUT4 transcription (168).
The Kruppel-like factor 15 (KLF15) is shown to regulate the insulin-sensitive glucose
transporter GLUT4 by interacting with MEF2A (71). However, a GLUT4 promoter lacking
of MEF2-binding site is still expressed in cardiac and skeletal muscle (236), suggesting that
other regulatory mechanisms act cooperatively with MEF2 family to regulate cardiac
GLUT4 expression.

GLUT4 expression is subjected to endocrine and metabolic regulation. Insulin depletion
induces the down-regulation of GLUT4 in the heart. Lipid infusion decreases GLUT4 gene
expression and reduces insulin-stimulated glucose uptake in the heart (242). Increasing
cardiac FFA metabolism by overexpression PPAR-alpha in the heart leads to repression of
GLUT4 protein and mRNA (57). Taken together, these data suggest that fatty acids can
modulate GLUT4 gene expression in the heart. Thyroid hormone is another important
regulator of GLUT4 expression and glucose utilization in the heart. T3 or T4 administration
increases GLUT4 gene expression as well as insulin-mediated glucose uptake in neonatal or
cultured cardiomyocyte (24,70). Recent studies demonstrate that estrogen receptor, ERa has
a positive effect on GLUT4 expression in muscle. ERa knockout mice have decreased
GLUT4 mRNA level in skeletal muscles (8). On the other hand, treatment with ERp agonist
2,3-bis(4-hydroxyphenyl)propionitrile causes downregulation of GLUT4 expression in
skeletal muscle, suggesting that ER has a suppressive role in regulating GLUT4 level (8).
Whether estrogen receptor signaling has an effect on regulating cardiac GLUTS expression
has not been determined yet.

In most rodent models of diabetes (type 1 or type 2), consistent observations have
demonstrated that the expression of GLUT4 is decreased in the heart, associated with the
decline in glucose utilization in the heart (13, 64, 98, 267). Several interventions have been
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shown to reverse the decline in GLUT4 expression that occurs in diabetes. Exercise prevents
the downregulation of GLUT4 in STZ rats (76,167). Vanadyl sulfate or recombinant insulin-
like growth factor-1 administration can also prevent the decline of GLUT4 protein and
normalize blood glucose level in diabetic rats (5,105). Treatment of diabetic rats with an
angiotensin-1 (AT-1) receptor antagonist reverses the diabetes-induced decline in GLUT4
protein in the heart (82). The mechanism for the decreased expression of GLUT4 expression
in the heart is still not clear yet. Loss of insulin signaling can partially explain the
phenotype, since treatment with insulin can normalize GLUT4 expression in insulin
deficient diabetic animals. However, treatment with insulin also normalizes hyperglycemia
and other metabolic defects such as increased FFA and ketones in diabetes, which have been
shown to regulate GLUTS transporter expression. It should be noted that some of the
interventions that normalize the GLUTA4 expression also normalize the blood glucose. As
discussed earlier, GLUT4 expression level is correlated with blood glucose level.
Altogether, these observations suggest that the reduction in GLUT4 content in the heart of
diabetic subjects might be a consequence of the systemic metabolic disturbances.

Extensive studies have been conducted to examine the changes of GLUT4 gene expression
in the heart under various pathophysiological conditions. In hypertrophied hearts, GLUT4
mMRNA and protein level are decreased resulting in the reduction of insulin-mediated glucose
uptake. On the other hand, GLUT1 expression and basal glucose uptake are enhanced (170,
233). Similar observation is also made in patients with compensated LV hypertrophy (171).
In both nondiabetic and diabetic failing hearts from human patients, the expression of
GLUT4 is drastically suppressed (180,181). In response to energetic stress in the heart such
as exercise or ischemia, GLUT4 translocates from intracellular compartment to the plasma
membrane accompanied by the increased glucose uptake (214, 262). Exercise training also
leads to increases in skeletal muscle GLUT4 levels, which has been observed in humans and
rodents (31, 185).

Regulation of glucose transport in the heart

The overall flux of glucose through the facilitative transporters is determined by the
transmembrane glucose concentration gradient, the number of glucose transporter (regulated
by expression), subcellular distribution (regulated by translocation) as well as the intrinsic
activity of glucose transporters.

The intracellular glucose concentration is usually low since intracellular glucose is rapidly
phosphorylated by hexokinase (HK) and metabolized, which creates an inward trans-
membrane concentration gradient driving the glucose entry the cells. Therefore, high
extracellular glucose concentration drives glucose transport into cells, whereas low
extracellular glucose concentration, for example, during ischemia or hypoglycemia,
decreases glucose entry into the cells. Since GLUT1 and GLUT4 are the major glucose
transporters in the heart, the overall expression of those transporters and their relative
distribution on plasma membrane determine the rate of glucose transport in the heart. As we
have discussed above, the most important regulatory mechanism in controlling intracellular
glucose transporter content depends upon the rate of transcription. GLUTSs expression
changes in different developmental stages. The transcriptional regulation of GLUTS is also
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regulated by various pathological stimuli, which occurs relatively slowly, considered as a
long-term regulation of glucose transport. On the other hand, in response to acute ischemic
or insulin stimulation, the primary mechanism for regulating glucose transport is the
redistribution of glucose transporters from cytosolic storage pool to the plasma membrane,
so called translocation (29). To some extent, the glucose transporter translocation also
reflects a decrease in the rate of endocytosis or recycling of glucose transporters into the
intracellular storage pool (201). Glucose transport is also regulated by posttranslational
modification of glucose transporter proteins. In adipocytes, GLUT4 can be phosphorylated
at its C-terminal end in response to catecholamine stimulation. This phosphorylation does
not affect GLUT4 translocation to plasma membrane, but is associated with decreases
glucose uptake (91,113). Inhibition of mitogen-activated protein kinase decreases insulin
stimulated glucose uptake without influencing GLUTA4 translocation (225). These data
suggest that GLUT4 activity can be regulated by phosphorylation dependent mechanism(s).

Molecular mechanisms mediating glucose transporter translocation

Several stimuli including insulin, ischemia, exercise, and catecholamine have been well
documented to mediate GLUTS translocation in the heart. Similar to adipose tissue and
skeletal muscle, the translocation of GLUT4 transporters accounts for the majority of the
transarcolemmal transport of glucose in cardiomyocytes. Under nonstimulated conditions,
majority of GLUT4 stays within intracellular storage vehicles. These membrane vehicles are
considered to be a specialized subcompartment of the post-Golgi network (59). Two distinct
storage pools of GLUT4 transporters exist in cardiomyocytes. The first pool contains
predominantly GLUT4. And the second pool, which contains less amount of GLUT4 with
enriched GLUT1 and secretory carrier membrane proteins, is considered a part of endosomal
compartment (59). Functionally, insulin stimulates GLUT4 translocation in both populations
of GLUTA4. On the other hand, insulin withdrawal leads to reentry of GLUT1 and GLUT4
transporters to the respective pools from which they were translocated (11, 45, 59). In
normal conditions, GLUT4 does not permanently stays in the intracellular membrane
vehicles, but continuously recycles with plasma membrane at very low rates.

Insulin signaling—Insulin so far is the most well-characterized stimulus that mediates
GLUT4 translocation (Fig. 2). A substantial amount of work has been performed to dissect
insulin mediated GLUT4 translocation in adipocytes, which turns out to be similar in the
heart. The binding of insulin to IR activates the tyrosine kinase activity of the receptor,
which leads to the autophosphorylation of IR. The activated IR subsequently binds to and
phosphorylates a series of substrates including the insulin receptor substrate family proteins
(IRS1-4) and the Cbl (16, 17). In skeletal and cardiac muscle, IRS1 binds to the regulatory
subunit p85 of phosphoinositide 3-kinase (P13K) and recruits PI3K to the plasma membrane,
which leads to its activation. The PI3K is considered to be a major player for mediating
insulin-induced glucose uptake (115). In the heart, PI3K appears to be necessary for GLUT4
translocation, since PI3K inhibitor blocked insulin stimulated GLUT4 translocation (49).
Activation of Cbl is responsible for insulin-mediated glucose uptake through PI13K
independent mechanism in adipocytes. However, whether this particular pathway is also
operative in cardiac muscle is still under debate. Upon PI3K activation, the catalytic p110
subunit of PI3K catalyzes the phosphorylation of phosphoinositides to
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phosphatidylinositol-3,4,5-triphosphate, which in turn recruits and activates another kinase,
phosphoinositide-dependent protein kinase 1 (PDK1) in the vicinity of the plasma
membrane. Subsequently, PDK1 phosphorylates PKB/Akt and the two atypical protein
kinase C (aPKC) isoforms, PKCA, and PKCZ, which contribute in parallel to insulin-induced
GLUT4 translocation (155).

There are three different isoforms of Akt including Aktl, -2, and —3. Akt1 is responsible for
mediating cardiomyocyte growth (34). On the other hand, Akt2 mainly mediates the
metabolic effects of insulin (6). Upon activation, Akt phosphorylates the Akt substrate of
160 kDa (AS160) and inhibits its activity. AS160 (also known as TBC1D4) has recently
been identified as a substrate of Akt2 as well (99, 197). As a negative regulator of GLUT4
translocation, AS160 restrains GLUT4 in its intracellular membrane compartment in the
basal stage (112). The insulin-induced phosphorylation of AS160 inhibits its activity and
promotes its dissociation from GLUT4-containing vesicles, an essential step for the fusion
between GLUT4 containing vehicles and plasma membrane (112) (Fig. 2). Therefore,
inhibition of AS160 is required for GLUT4 translocation to the plasma membrane in the
presence of insulin. AS160, exhibiting constitutive GTPase-activating activity, is a negative
regulator of Rab GTPase. When interacting with AS160, Rab GTPase stays in the inactive,
guanosine diphosphate-bound form (148). Phosphorylation of AS160 inactivates its
GTPase-activating function and thereby enables the activation of Rab proteins. Several Rab
proteins including Rab8a, Rab10, and Rab14 have been shown to be involved in insulin-
mediated GLUT4 translocation in adipocytes (87,196). Other Rab proteins, Rab4a and
Rab11a, which are not the substrates of AS160, also participate in GLUT4 vesicles
trafficking in cardiomyocytes (47, 238).

Another parallel pathway that has been suggested to contribute to insulin-stimulated glucose
uptake is the atypical PKCs, although they are much less characterized (Fig. 2). In response
to insulin stimulation, PDK1 phosphorylates and activates two different aPKC isoforms, A
and C. This process also contributes to the insulin-induced translocation of GLUT4 and
increases glucose uptake in adipocytes and skeletal muscle (7, 107, 217). In PKC\-knockout
heart, insulin-stimulated glucose uptake is markedly reduced (54). The activity of PKC( is
required for insulin mediated GLUT4 translocation, although insulin does not further
increase its activity in the heart (132). Therefore, PKC{ seems to play a permissive rather
than a stimulatory role in insulin-mediated glucose uptake in cardiomyocytes (132).
However, some observations show either no significant role or even a negative regulatory
role of aPKC on glucose transport (222,237). Therefore, whether atypical PKCs play a role
in insulin-stimulated glucose uptake is not definitive yet.

Another IR-mediated glucose transport is mediated by Cbl through PI3K independent
pathway (Fig. 2). This regulation has been well characterized in adipocytes. Upon insulin
stimulation, Cbl-associated protein (CAP) interacts with Cbl. The adaptor protein APS helps
the Cbl-CAP complex to be recruited to the IR. Upon phosphorylation of Cbl, the Cbl-CAP
complex dissociates from the IR and translocates to lipid rafts. This step appears to be
essential for glucose transport in response to insulin (2, 9, 127). In vivo, Cbl-deficient mice
display a decrease in adiposity and an improved peripheral insulin action (151). However, in
vitro study demonstrates that knocking down of Cbl in adipocytes has no effect on insulin-
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stimulated glucose uptake or GLUT4 translocation (149), suggesting that Cbl is not required
for insulin mediated glucose transport. Therefore, the importance of the CAP/Cbl pathway
for insulin action on glucose transport is still not clear yet. In skeletal muscle, Cbl seems to
be not involved in regulating insulin-mediated glucose uptake (151). In cardiomyocytes, the
effect of Cbl on insulin signaling is less investigated.

As discussed above, the stimulatory effect of insulin on glucose transport involves a series
of cellular events. Dysregulation of any of these signaling events could disturb insulin
responsiveness and leads to insulin resistance. It is unlikely that relatively modest reduction
of GLUT4 expression significantly contributes to insulin resistance in the heart (39, 40,
212). Evidence indicates, however, that insulin resistance in the heart results from defects in
GLUT4 vesicle translocation rather than changes in GLUT4 gene expression.

Ischemia and exercise—Ischemia and exercise also stimulate GLUTS translocation in
skeletal and cardiac muscle. Similar to skeletal muscle, GLUTSs translocation is induced by
no flow as well as low flow ischemia, associated with enhanced glucose uptake in the heart
(152,262). Although both involve increased translocation of GLUTS, mechanisms
responsible for ischemia or exercise-mediated glucose uptake appear to be distinct from that
stimulated by insulin. Wortmannin, the inhibitor of PI3K can block insulin stimulated
glucose transport but failed to block the translocation of GLUTS in response to myocardial
ischemia or skeletal muscle contraction (49,134). Later studies demonstrate that AMP-
activated protein kinase (AMPK) is likely a mediator of this response. AMPK, an “energy
gauge” of the cell, is activated in response to an increase in the AMP/ATP ratio during
myocardial ischemia and exercise (110, 255). Administration of 5-aminoimidazole-4-
carboxamide-1-beta-3-ribofuranoside, an activator of AMPK, is sufficient to induce GLUT4
translocation and increase glucose transport through P13K-independent pathways (190).
Exercise can also increase AMPK activity and stimulate GLUT4 translocation to the plasma
membrane in the heart (28), implicating AMPK as a mediator of this effect.

Inhibition of AMPK abolished hypoxia induced GLUTS translocation and glucose uptake
(190). Transgenic mice with dominant negative AMPK demonstrate impaired GLUTs
translocation, reduced glucose uptake following ischemia and are more susceptible to
ischemic injury (191, 258). AS160 phosphorylation followed by AMPK activation is
important for regulating GLUT4 traffic in skeletal muscle (109, 229). Nitric oxide (NO)
production is also involved in AMPK mediated GLUT4 translocation in cardiomyocyte
(123). Interestingly, NO production mediated by nitric oxide synthase (NOS) activation is
required for insulin-mediated glucose uptake in adipocyte and skeletal muscle (188). In
another study conducted in adipocyte, NO donors can stimulate glucose transport and
GLUT4 translocation through insulin independent mechanism (228). Since both Akt and
AMPK can phosphorylate eNOS and regulate its activity, NO becomes an important element
in the cross-talk between insulin signaling and AMPK signaling for the regulation of GLUTS
translocation. Mice with genetic disruption of both the eNOS and the nNOS exhibit insulin
resistance (210), highlighting an essential role of NO in the translocation of GLUTA4.
However, the signaling mechanism downstream of NO for the GLUT4 translocation remains
to be defined.
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Contraction and increased workload—Catecholamines can increase glucose uptake
and the translocation of GLUT1 and GLUT4 in perfused heart, thus may play a role in
mediating GLUTSs translocation during exercise and ischemia (50,179). In isolated
cardiomyocytes, both alpha and beta-adrenergic stimulation lead to increases in glucose
uptake, independent of changes in contraction (58). Wortmannin, the PI3K inhibitor can
block the activation of glucose transport induced by alpha-adrenergic stimulation (46), but
beta-adrenergic stimulation of glucose uptake seems to be independent of PI3K activation.

In contracting hearts, increasing workload is associated with increased glucose transporter
translocation and enhanced glucose uptake (179,253). Since calcium is an essential player
for mediating cardiomyocyte contraction, it is reasoned that calcium may mediate glucose
transport in cardiomyocytes. Previous studies have observed no effect or minor effects of
calcium on glucose transport in cardiomyocytes (18, 26). A recent study, however
demonstrates that in neonatal cardiomyocytes blocking calcium response in the presence of
insulin is sufficient to reduce insulin-stimulated glucose uptake and to prevent GLUT4
translocation, suggesting that the effect of insulin on glucose transport can be partially
mediated by calcium (27). On the other hand, calcium is not required for 2,4-dinitrophenol
mediated GLUT4 translocation (172), indicating that calcium is not required for metabolic
stress mediated glucose transport.

In skeletal muscle, activation of AMPK has been shown to regulate GLUTS translocation
during muscle contraction. Similarly, activation of AMPK has been proposed to mediate the
effect of increased workload induced GLUT4 translocation in the heart (28). However, some
studies find no activation of AMPK in response to increased workload either in isolated
perfused hearts or in intact hearts in vivo (10, 270). Instead, PI3K-dependent mechanism
seems to be responsible for the increased glucose uptake in response to increased workload
(10). Therefore, whether AMPK is activated by increased workload in the heart and whether
AMPK is required for mediating the increased glucose uptake in this condition remains
controversial so far. In AMPKa2 knockout mice, contraction-induced glucose uptake is only
partially prevented, although AMPK activation is markedly reduced (133), indicating that
there is another parallel signaling pathway leading to GLUT4 translocation in response to
contraction. Protein kinase D (PKD; also known as novel PKC isoform ) is activated by
contraction. Stimulation of glucose uptake and induction of GLUT4 translocation in
cardiomyocytes by contraction were inhibited by the PKD inhibitors staurosporin and
calphostin-C (133). Another study later demonstrates that in cardiomyocytes, production of
reactive oxygen species by contraction activates PKD, which promotes GLUT4
translocation, separately from AMPK signaling (41).

Mouse Models with Genetically Modified Glucose Transporters

Transgenic mice with overexpression of GLUTs in the heart

Overexpression of the human GLUT1 gene has been shown to increase glucose uptake,
glycolysis, and increased storage of glycogen in both skeletal and cardiac muscle (73, 125).
Cardiac-specific overexpression of GLUT1 (GLUT1-TG) does not alter systemic
metabolism but protects the heart from developing heart failure in pressure overload induced
hypertrophy model as well as prevents ischemic injury (125, 135). Contrary to the
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observations in cell culture, GLUT1-TG adapt to long-term increases in basal glucose
uptake without the development of glucotoxicity in aging animals. However, chronic
increases in myocardial glucose uptake and utilization reduces the metabolic flexibility and
renders the heart susceptible to contractile dysfunction in high fat diet induced obesity (259).
Another study using an inducible overexpression model shows that short-term cardiac
specific induction of GLUT1 at the onset of pressure overload preserves mitochondrial
function and attenuates pathological remodeling, but exacerbates the hypertrophic
phenotype and is insufficient to prevent pressure overload-induced cardiac contractile
dysfunction (173).

Transgenic mice with overexpression of human GLUT4 demonstrate increased rates of
glucose uptake, glycolysis and glycogen in both skeletal and cardiac muscle in the absence
of insulin (14, 77). The GLUT4-TG hearts do not further increase glycolysis in response to
insulin stimulation using langendorff perfusion system (14). But insulin administration
further increases glycogen content and glucose oxidation in GLUT4-TG mice, indicating
that glycolysis is already maximal in GLUT4-TG hearts but glucose entry in response to
insulin contributes to glycogen storage and enhanced glucose oxidation (14). As described
earlier, dysregulation of glucose transporter has been found in several diabetes models,
which raises the question whether overexpression of glucose transporter can improve
glucose homeostasis and rescue diabetic phenotype. Selective overexpression of GLUT4 in
skeletal and cardiac muscle significantly improves whole body insulin action and loweres
the blood glucose level in streptozotocin-induced diabetic mice (121). Low-level tissue-
specific (heart, skeletal muscle, and adipose tissue) expression of the GLUT4 minigene in
transgenic mice improves glycemic control but not obesity, during high-fat diet feeding,
suggesting a possible target for intervention in the treatment of type 2 diabetes (86).
Similarly, overexpression of GLUT4 in db/db diabetic mice demonstrates beneficial effects
in preventing the development of diabetes and maintaining normal cardiac function (13,66).
Collectively, these studies suggest that increased glucose uptake by overexpression of
glucose transporters can maintain whole body glucose homeostasis, correct metabolic
changes systematically, and prevent diabetic cardiomyopathy.

Mutant Mice Deficient of GLUTs

Homozygous loss of GLUT1 is associated with embryonic lethality while GLUT1
heterozygous knockout animals show normal development and growth but with severe brain
dysfunction (80, 248). Mouse embryos with overexpression of GLUT1 antisense construct
are associated with growth retardation and developmental malformations, leading to small
embryo weight (80). The heart, brain, and kidneys of the GLUT1-deficient embryos exhibit
reduced GLUT1 expression and decreased glucose uptake, which is associated with
enhanced apoptosis (80). These data suggest that GLUT1-mediated glucose uptake is critical
for organ formation during developmental stage.

GLUT4-null mice, which lack of GLUT4 in muscle and adipocytes, are viable after birth
(101). They exhibit growth-retarded phenotype and shorter life span associated with cardiac
hypertrophy and dysfunction as well as severely reduced fat mass (101). Surprisingly,
GLUT4 knockout mice are normoglycemic with insulin resistance and hyperinsulinemia in
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the fed state, indicating that GLUT4 is not required for maintaining basal blood glucose
homeostasis. However, lacking GLUT4 causes severe defect on cellular glucose and fatty
acid metabolism as well as cell growth (101). GLUT4-null mice have increased GLUT1 and
GLUT?2 expression in liver and heart, as a potential compensatory mechanism, but
interestingly there is no upregulation of any known facilitative glucose transporter in
skeletal muscle (101,192). The mechanism by which homozygote GLUT4-null mice do not
develop diabetes is still unclear. Current hypothesis is that genetic deletion of GLUT4 may
increase the intrinsic activity and/or enhanced the translocation of existing glucose
transporters (GLUT1 and/or unknown GLUTS). In contrast, heterozygous GLUT4 null mice
develop hyperglycemia and hyperinsulinemia associated with reduced muscle glucose
uptake, hypertension, and morphological alterations in heart and liver (220). Heterozygous
GLUT4 knockout mice also develop diabetes around 6 months of age. Cardiomyopathy
observed in these mice may be a consequence of hypertension and diabetes. Selective
overexpression of GLUT4 in skeletal muscle is sufficient to prevent the development of
diabetic phenotype in heterozygous GLUT4 knockout mice, suggesting that glucose uptake
in skeletal muscle is essential for maintaining the whole body glucose homeostasis (235).

Although homozygous and heterozygous GLUT4 knockout mice develop cardiac
dysfunction under unstressed condition, cardiac specific deletion of GLUT4 does not affect
cardiac function under basal conditions or the overall life span (1, 232). However, deletion
of GLUT4 in the heart causes a moderate hypertrophy even though the systemic metabolism
is unaffected in this model. Furthermore, in contrast to decreased energy reserve status in
most cases of pathological hypertrophy, a higher level of cardiac creatine phosphate was
found in both cardiac specific or systematic GLUT4 deletion mice (232, 251). Basal glucose
uptake was enhanced and increased glycogen content was observed in cardiac specific
GLUT4 knock out mice, partially mediated by an upregulation of GLUT1 (1, 232). Up to 20
h fasting eliminated this compensatory mechanism, which leads to impaired glycolysis and
insufficient ATP production in cardiac specific GLUT4 knockout mice during low flow
ischemia (232). Taken together, these data suggest that GLUT4-mediated glucose transport
represents an important mechanism by which the heart regulates energy metabolism and
growth. This mechanism also plays a critical role for myocardial protection against ischemia
and reperfusion injury (232).

The phenotypes of mouse models with genetically modified GLUTSs are summarized in
Table 2.

Glucose Metabolism in the Heart

When glucose enters the cell, it is rapidly phosphorylated and feed into multiple pathways
(Fig. 3). Glucose phosphorylation by HK is the first regulatory step that drives glucose for
further metabolism. When intracellular glucose is converted to glucose-6-phosphate (G-6-P),
majority of it enters glycolytic pathway and eventually breakdown to pyruvate, which is
further oxidized in the mitochondria. Besides glycolysis pathway, G-6-P is also a substrate
for glycogen synthesis, ribose synthesis, the pentose phosphate pathway (PPP) and the
aldose reductase (AR)/polyol pathway. When G-6-P is converted to fructose-6-phosphate
(F-6-P), it can also enter the hexosamine biosynthetic pathway (HBP). Breakdown of
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glucose not only provides energy supply, also generates metabolic intermediates, which are
essential for regulating cell growth and function. For example, glucose enters glucosamine
pathway and regulates the activity of transcription factors by promoting their O-
GlIcNAcylation (88). The glycolysis pathway is a major player in regulating cellular redox
state, which affects the level of NAD™ and modulates the activity of the NAD*-dependent
enzymes such as Sirtl deacetylase (264). Pyruvate oxidation contributes to the production of
acetyl-CoA, which induces histone modifications, resulting in epigenetic control of gene
expression (252). Moreover, cytosolic acetyl-CoA has been shown to play an important role
in the regulation of starvation-induced autophagy (140).

In the adult heart, a small amount of G-6-P enters intracellular glycogen storage. The size of
the cardiac glycogen pool is greater during the fetal and neonatal stages and glycogen
content drops to about 2% of the myocyte volume in adulthood (37), which is much smaller
than the glycogen content in the liver and skeletal muscle. Dynamic changes of the cardiac
glycogen pool have been observed during physiological and pathological conditions.
Increases in glucose entry, for example, hyperinsulinemia or reduced glucose utilization, for
example, fasting or elevated FFAs in the blood lead to increased glycogen content (158, 205,
218). Breakdown of glycogen provides a critical source of fuel during acute increases of
cardiac work, for example, during adrenergic stimulation and intensive exercise, or during
ischemia (67, 68, 218).

The first step that commits glucose to the glycolytic pathway is mediated by
phosphofructokinase-1 (PFK-1) (Fig. 3), which catalyzes the irreversible conversion of F-6-
P to fructose-1,6-bisphosphate (F-1,6-BP). The activity of PFK-1 is mainly modulated by
allosteric regulation. AMP, ADP, and inorganic phosphate are the positive effectors for
PFK-1, which accelerates glycolytic flux when ATP level drops. On the other hand, ATP,
proton and fructose 1,6-bisphosphate can inhibit PFK-1 activity (166, 219). Citrate,
generated by TCA cycle as well as long chain fatty acids is a negative regulator of PFK-1,
thus, linking mitochondrial oxidative metabolism to glycolysis (63, 92). The most potent
allosteric activator of PFK-1 is fructose-2,6-bisphosphate, which is synthesized from F-6-P
through a reversible reaction catalyzed by phosphofructokinase-2 (PFK-2) (85, 154).
Fructose 2,6-bisphosphate can activate PFK-1 even in the presence of ATP by increasing the
affinity of the enzyme for fructose 6-phosphate and by decreasing the inhibitory effects of
ATP on PFK-1 (219). Conditions that stimulate glycolysis, such as insulin, adrenergic
stimulation can increase the activity of PFK-2 (166, 219). Phosphorylation by AMPK causes
PFK-2 activation, which serves as an essential mechanism to promote glycolysis in ischemia
heart (143). PFK-2 is also allosterically inhibited by citrate, which decreases fructose-2,6-
bisphosphate level and further inhibits PFK-1 activity (154).

Another important regulator for glycolytic pathway is glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), which catalyzes the conversion of glyceraldehyde 3-phosphate
(G-3-P) to 1,3-diphosphoglycerate (1,3-BPG) and NADH. Similarly as most
dehydrogenases, GAPDH activity is inhibited by high level of NADH and proton (150).

Pyruvate kinase catalyzes the conversion from phosphoenolpyruvate to pyruvate and
generates one molecule of ATP, another irreversible step of glycolysis in the heart (Fig. 3).
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Oxidation of pyruvate in the mitochondria completes the process of glucose oxidation. A
highly regulated step in pyruvate oxidation is the irreversible conversion of pyruvate to
acetyl coenzyme A (acetyl-coA) by pyruvate dehydrogenase (PDH) complex.
Phosphorylation of PDH by PDH kinase (PDK) inhibits its activity and it is reactivated by
dephosphorylation. PDK is activated by elevated ratios of acetyl-CoA/free CoA or
NADH/NAD™ and is inhibited by pyruvate (37,139,219). If not oxidized via PDH, pyruvate
can form lactate via lactate dehydrogenase (LDH) reaction coupled with consumption of an
electron from the NADH. This reaction is important for cellular redox state, especially under
conditions of reduced oxidative metabolism. Alternatively pyruvate can be converted to
oxaloacetate or malate catalyzed by pyruvate carboxylase or malic enzyme (ME). The so-
called anaplerotic reaction contributes to maintain the pool size of TCA intermediates and
TCA function in the heart (65). Pyruvate can also contribute to anaplerosis by
transamination with glutamate to form alanine and the TCA cycle intermediate alpha-
ketoglutarate (38, 65).

PPP provides an alternative fate for glycolytic intermediates. PPP contains the oxidative
phase and the nonoxidative phase characterized by a series of enzymatic reactions (Fig. 3).
Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme that controls the
entry of G-6-P into the PPP (78,83). In oxidative phase of PPP, G6PD oxidizes G-6-P
generated from the initial reaction of glycolysis to produce 6-phosphogluconolactone and
one molecules of NADPH. In the nonoxidative phase, ribulose-5-phosphate may be used for
nucleotide synthesis, especially important for cell proliferation and growth. It also can be
used for aromatic amino acid synthesis or converted to F-6-P and glyceraldehydes-3-
phosphate through a series of aldolases and transketolases that reenter the pathway or are
oxidized as fuel (78) (Fig. 3). NADPH generated from the oxidative PPP is used for
maintaining the reduced glutathione level, an important element for cellular antioxidative
defense (48). This reaction is generally considered beneficial, since deficiency of G6PD
causes cells more susceptible to oxidative damage (56). The capacity of the oxidative PPP in
the heart is limited as the basal activity of G6PD is very low (271). However, short-term
treatment of H,0O, increased G6PD activity in adult cardiomyocyte and pharmacological
inhibition of G6PD disrupted intracellular redox balance and subsequently impaired cardiac
function in vitro and in vivo. Antioxidant treatment, but not by ribose supplementation
rescued the functional impairments (89). Collectively, these observations suggest that G6PD
is a critical component of the cellular antioxidant system in adult cardiomyocytes, and
furthermore, that oxidative PPP plays an essential role in regulating cardiac function through
maintaining the capacity of the antioxidant glutathione system.

Glucose metabolism also participates in intracellular signaling transduction through the
HBP. F-6-P generated from the initial steps of glycolysis enters into HBP via glutamine F-6-
P aminotransferase (Fig. 3). The HBP produces uridine diphosphate-N-acetylglucosamine
(UDP-GIcNAC), which serves as the monosaccharide donor for the f-O-linkage of N-
acetylglucosamine (O-GIcNAc) modification of proteins (30, 111). The posttranslational O-
GIcNACc of cellular proteins may cause functional changes, therefore, regulating key cellular
processes. The dynamic change in O-GlcNAc modification is thought to be a stress
response. Zachara et al. demonstrates that O-GIcNAc modification is activated under various
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stresses in multiple cell lines. Augmenting O-GIcNACc levels promotes cell survival, whereas
depressing O-GIcNAc levels reduces survival, suggesting an essential role of O-GIcNAc
modification in regulating cell survival (249, 266). Recently, O-GIcNAc has emerged as a
key player in the primary pathophysiology of many cardiovascular diseases. The effect of O-
GIcNAc in cardiovascular system has been extensively reviewed (30, 111, 141, 265).

Glucose Metabolism in Hypertrophied Heart

It is well documented that hypertrophied hearts exhibit gene expression and metabolic
profiles similar to that in fetal hearts, that is, increased reliance on glucose for fuel
metabolism (180). Since glucose has a higher oxygen efficiency for ATP production, the
shift of substrate preference from fatty acid to glucose is therefore considered beneficial in
the hypertrophied and failing myocardium (106, 165). However, “glucotoxicity” is observed
in cardiomyocytes cultured in high glucose medium (183, 224, 234), raising concerns
whether adult cardiomyocytes in hypertrophied hearts can tolerate enhanced glucose uptake.
In transgenic mice overexpressing insulin-independent glucose transporter GLUT1 in the
heart (GLUT1-TG), the hearts have adapted to long-term increases in glucose usage without
developing dysfunction even in the old age (135). Moreover, the GLUT1-TG mice are
protected from developing heart failure in pressure overload induced hypertrophy model as
well as from ischemia/reperfusion injury (125,135). Clinically, short-term treatment with
CPT1 inhibitors, such as etomoxir and perhexiline, that increases glucose oxidation through
reduction of fatty acid oxidation significantly improves cardiac function in heart failure
patients (116,204). These results suggest that promoting glucose utilization in the
hypertrophied and failing heart could be beneficial. However, a short-term induction of
GLUT1 in cardiomyocytes at the onset of pressure overload-induced hypertrophy failed to
improve contractile function despite the beneficial effects on mitochondria function (173).
Furthermore, the improvements in energetics and contractile function achieved by enhancing
glucose uptake and utilization is not associated with any reduction of cardiac hypertrophy
whereas preventing the shift of substrate preference to glucose decreases pathological
hypertrophy during pressure overload (104, 125). These findings suggest that altered glucose
metabolism in cardiac hypertrophy affects biological processes beyond energy generation. In
this section, we will discuss in detail the changes of glucose metabolism in energy producing
and nonenergy producing pathways in hypertrophied and failing hearts.

A major change of glucose metabolism during cardiac hypertrophy is accelerated glycolysis.
Increased rate of glucose uptake and glycolysis has been reported in multiple animal models
of cardiac hypertrophy (97,162,233,268). Upregulations of GLUT1 expression have been
observed in hypertrophied hearts both in vitro and in vivo (153,233). Although the mRNA
and protein levels of GLUT4 are decreased in hypertrophied hearts of both animal models
and human patients, insulin stimulated glucose uptake is only moderately affected (170, 171,
233). It is likely that the increase of glycolytic flux in cardiac hypertrophy is largely
dependent upon a higher rate of insulin-independent glucose uptake. It has been proposed
that activation of AMPK in the hypertrophied heart, as the consequence of impaired
energetics, is responsible for promoting GLUTS translocation, enhancing glucose uptake and
stimulating glycolysis by phosphorylation/activation of PFK2 (143,162,190,258). However,
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loss of function studies demonstrating the necessity of AMPK activation in mediating
increased glycolysis in cardiac hypertrophy remains outstanding.

Besides alterations in GLUTS expression, no significant changes in expression or capacity of
glycolytic enzymes have been observed in hypertrophied hearts. For example, the activities
(Vmax) of major glycolytic enzymes, including PFK, GAPDH, and LDH did not change in
pressure overload induced hypertrophy (162). Increased reliance on glucose metabolism in
hypertrophied hearts can be partially attributed to impaired fatty acid oxidation, which exerts
a permissive effect on glucose utilization through Randle mechanism (130, 177, 178). In
cardiac hypertrophy and heart failure, downregualtion of genes involved in mitochondria
biogenesis and oxidative metabolism, such as peroxisome proliferator-activated receptor
alpha and PGC-1 and their targets, has been observed and proposed as an important causal
mechanism for decreases in fatty acid oxidation under those conditions (117, 130, 164, 231).
However, increased glycolysis in pathological hypertrophy is not accompanied by increased
rate of glucose oxidation. Several studies have demonstrated that in hypertrophied hearts
there is either no change or a decrease in the glucose oxidation (4,51,245,246), suggesting
an “uncoupling” of glycolysis and glucose oxidation in pathological hypertrophy. Since
PDH is responsible for the oxidative decarboxylation of pyruvate to acetyl-CoA, one
hypothesis is that defects in PDH activity are responsible for the “uncoupling.” Surprisingly,
hypertrophied hearts have normal protein expression of PDH and even have a slightly higher
PDH activity compared with nonhypertrophied hearts (136). The activities of the kinase
(PDK) and phosphatase that regulate PDH activities are not significantly changed in
hypertrophied heart (136), thus, do not provide direct evidence supporting such a hypothesis.

Cytosolic pyruvate is transported into the mitochondria via a monocarboxylate acid/pyruvate
carrier; hence, pyruvate carrier could be a potential mechanism for decreased glucose
oxidation in hypertrophied hearts. However, the expression of the monocarboxylate
transporter-1, facilitating the transport of lactate and pyruvate, increased substantially during
heart failure (94). In isolated mitochondria from hypertrophied and nonhypertrophied hearts,
pyruvate uptake is not found different and the maximal mitochondria oxygen consumption is
similar in two groups when using pyruvate as a substrate (119). Collectively, those data
suggest that pyruvate transport is not likely the player involved in the dysregulation of
glucose oxidation in cardiac hypertrophy.

Increase in anaplerotic flux has been observed in hypertrophied hearts (175,216). The
majority of increased anaplerotic flux comes from malate adapted with elevated expression
of ME (216). The elevated ME activity as well as the increased anaplerotic flux is
considered to be an adaptive response for hypertrophied hearts to maintain normal TCA
cycle flux. However, these metabolic shifts from the normal route of pyruvate oxidation lead
to the reduced ATP production efficiency of carbohydrate (216). Whether anaplerosis
participates in regulating cardiac hypertrophy is not determined yet.

If pyruvate cannot be oxidized, it can be converted to lactate through LDH. Although the
LDH reaction is considered to be near equilibrium, reduced availability of pyruvate for
oxidation might lead to exaggerated conversion of cytoplasmic pyruvate into lactate in
cardiac hypertrophy due to the elevated LDH activity. Consistently shown in experimental
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and human hypertrophied hearts, increased activity of LDH has been documented (19, 60,
184, 215). Several studies also observe that LDH isoform expression shifts toward the
muscle-type subunit in hypertrophied hearts (19, 261), with elevated lactate production (215,
226). Although the production of lactate is increased in hypertrophied hearts, the overall rate
of lactate oxidation is similar to nonhypertrophied hearts (4, 209). It is possible that there is
reduced availability of pyruvate to oxidative metabolism in mitochondria due to the aberrant
LDH activity in the hypertrophied heart.

Under aerobic conditions, NADH generated from glycolysis is transferred to mitochondria
through the malate-aspartate shuttle and a-glycerophosphate shuttle and regenerates
cytosolic NAD™ in the heart (189, 193). Activation of the NADH shuttles has been identified
in glycolytically active fetal hearts to adapt to high production of NADH in the cytosol (206,
207). The capacity of malate-aspartate shuttle, the major form of NADH shuttle in the heart,
is dependent on oxoglutarate/malate carrier gene expression (207). However, no change in
malate-aspartate or a-glycerophosphate shuttle capacity or the expression of its key
components is found in hypertrophied hearts (122, 189).

In addition to glycolysis and pyruvate oxidation, multiple accessory pathways of glucose
metabolism have also been altered in the hypertrophied myocardium. Glycogen metabolism
not only contributes significantly to overall ATP production in normal aerobic hearts but
also plays an essential role in energy metabolism when hearts are exposed to high workload
or ischemia (3, 69, 81, 163). Both normal and pressure-overloaded hearts possess similar
glycogen content at baseline. Myocardial ATP production contributed by glycogen
metabolism is similar in hypertrophied hearts and nonhypertrophied hearts (3, 208).
However, hypertrophied hearts preferentially oxidize glucose from glycogen stores as
opposed to exogenous glucose compared to normal hearts (3). In response to ischemia,
accelerated rates of glycolysis from exogenous glucose and increased rates of
glycogenolysis have been observed in isolated hypertrophied hearts (208, 245). Glycogen
turn over rate is higher in hypertrophied hearts compared with normal hearts during severe
low flow ischemia (245). Despite this, the glycogen metabolism in the hypertrophied hearts
is quite similar as the normal hearts.

Several studies observe an upregulation of PPP in hypertrophied heart (145, 272). The
activity of G6PD, the rate-limiting enzyme of the PPP, is elevated in experimental
hypertrophied models (75,272). However, neither the expression of key enzymes involved
PPP, nor the flux of PPP, are altered in the hearts under pressure overload (120, 263). Of
note, G6PD-deficient mice are more vulnerable to ischemia reperfusion injury (90),
highlighting the importance of PPP against oxidative stress. In response to long-term
myocardial infarction or pressure overload, G6PD deficiency increased oxidative stress and
exacerbated cardiac dysfunction in mice (79), further supporting the hypothesis that lack of
NADPH production by G6PD deficiency reduces glutathione regeneration and disrupts
redox balance in the heart. On the contrary, recent studies suggest that excessive NADPH
derived from the oxidative PPP increase superoxide production and contributes to the
development of heart failure (74, 75). In a desmin-related cardiomyopathy model, aberrant
activation of G6PD contributes to the enhanced reductive stress and cardiac dysfunction
(176). Thus, keeping the redox balance by G6PD reaction is essential for maintaining
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cardiac function. Either excessive production of NADPH (reductive stress) or insufficient
production of NADPH (oxidative stress) via the G6PD reaction could be detrimental to the
heart.

In models of pressure overload and age-related hypertrophy, UDP-GIcNAc concentrations
and levels of key enzymes involved in HBP are greatly increased (62,263). In db/db diabetic
mice, activation of HBP and protein O-GIcNAcylation modulates hypertrophy signaling in
cardiomyocytes (142). Collectively, those data suggest that HBP and/or O-GIcNACc is
involved in the development of cardiac hypertrophy. Facundo et al. demonstrates that NFAT
activation during cardiomyocyte hypertrophy requires O-GIcNAcylation (52), suggesting
that cardiomyocyte hypertrophy may be driven by the direct O-GlcNAcylation of NFAT or
other unknown hypertrophic signaling molecules. In infarction-induced heart failure model,
increased O-GIcNAcylation and O-GIcNACc transferase (OGT) expression is observed in
mice (250). Cardiac-specific deletion of OGT and consequent reduction in cardiac O-
GlIcNAcylation significantly increase myocyte apoptosis and exacerbated cardiac
dysfunction (250), suggesting that O-GIcNAcylation may mediate cell survival signaling
during the development of heart failure.

Beside the posttranslational O-GIcNAcylation, emerging evidence suggested that
accelerating glucose metabolism enhance production of cytosolic acetyl-CoA and regulate
the acetylation of proteins in different cell types (252, 269). During induction of cardiac
hypertrophy, the acetylation level of myosin heavy chain (MHC) isoforms is increased,
providing a possible mechanism for modulating the motor activity of cardiac MHC isoforms
in response to hypertrophy stimuli (195). The posttranslational modifications via
glycosylation and acetylation in cardiac hypertrophy need more attention. Those
modifications are largely regulated by cardiac metabolism and their changes reflect
alteration of cardiac metabolism in response to various stimuli. Therefore, dissecting
signaling events behind those modifications can help us to better understand the relationship
between cardiac metabolism and pathogenesis of cardiac diseases.

Conclusion

In the past several decades, tremendous advances have been achieved in understanding
different types of glucose transporters as well as the cellular and molecular mechanisms
regulating glucose transport in the heart and other tissues. The mechanisms of GLUT4
translocation and consequent stimulation of glucose transport have been extensively studied
in adipose tissue and skeletal muscles. It remains to be determined whether conclusions
obtained from these two organs can be applied to the myocardium. Further investigations on
the cardiac-specific regulatory mechanisms have the potential for developing pharmacologic
or gene therapy capable of modulating glucose transport in the heart under disease
conditions.

Prior research in animal models and patients has consistently demonstrated that heart with
pathological hypertrophy is reprogrammed to a metabolic profile characterized by increased
glycolysis and downregulation in fatty acid oxidation. However, the causes and
consequences of these changes are not well understood. Thus, further elucidation of the
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molecular mechanisms underlying myocardial metabolic phenotype under normal
physiological and disease conditions are warranted, and in particular, the regulatory roles of
nonenergy producing pathways of substrate metabolism need more attention in the future
studies.
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Figure 1.
Schematic model of GLUTS in the plasma membrane with 12 membrane-spanning domains

and 6 exofacial loops. The proposed substrate or cytochalasin B-binding site, and the N-
linked glycosylation site are indicated.
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Figure2.
Major signaling mechanisms mediating GLUT4 translocation in muscle and/or adipose

tissues: insulin (red and green), ischemia/exercise or contraction (blue) stimulated GLUT4
translocation. For insulin signaling cascade, P13-kinase-dependent (green) and independent
(red) pathways are described. APS, adapter protein with Pleckstrin homology and Src
homology 2 domains; CAP, c-Cbl-associated protein; Chl, Casitas B-lineage Lymphoma;
Crk, v-crk avian sarcoma virus CT10 oncogene homolog; IRS1, Insulin receptor substrate 1;
PI13K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-triphosphate; PDK1, 3-phosphoinositide dependent protein
kinase-1; Protein kinase B, Akt; AS160, Akt substrate of 160 kDa; aPKC, atypical protein
kinase C; LKB1, liver kinase B1; CaMKK, calcium/calmodulin-dependent protein kinase
kinase; AMPK, 5 AMP-activated protein kinase; PKD, protein kinase D; NOS, nitric oxide
synthase; NO, nitric oxide.
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Figure 3.

Glucose metabolism pathways in the heart. Changes in the levels of metabolites, key
enzymes, or fluxes during pathological cardiac hypertrophy are shown in red (increased) or
green (unaltered). G6PD, glucose-6-phosphate dehydrogenase; 6-PGL, 6-
phosphogluconolactone; 6-PG, 6-phosphogluconate; NADP+, nicotinamide adenine
dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate;
X-5-P, xylose-5-phosphate; R-5-P, ribose-5-phosphate; AR, aldose reductase; SDH, sorbitol
dehydrogenase; NAD+, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide
adenine dinucleotide; HK, hexokinase; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-
phosphate; PFK-1, phosphofructokinase-1; F-1,6-BP, fructose-1,6-bisphosphate; G-3-P,
glyceraldehyde 3-phosphate; 1, 3-BPG, 1,3-diphosphoglycerate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; PEP, phosphoenolpyruvate; PK, pyruvate
kinase; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; acetyl-coA, acetyl
coenzyme A; PC, pyruvate carboxylase; ME, malic enzyme; TCA, tricarboxylic acid; ETC,
electron transport chain; GFAT, glutamine fructose-6-phosphate aminotransferase; UDP-
GIcNAc, uridine diphosphate-N-acetylglucosamine; OGT, O-GIcNAc transferase.
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