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“…pharmacogenomics has great potential to select subjects more or less prone to 
regulate the SLC2A4 gene and consequently glycemic homeostasis.”
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SLC2A4 gene: a promising target for  
pharmacogenomics of insulin resistance

The SLC2A4 gene
The GLUT4 protein, encoded by the solute 
carrier SLC2A4 gene in humans and Slc2a4 in 
mice and rats, is preferentially expressed in dif-
ferentiated myotubes and adipocytes. Described 
in the early 1990s, GLUT4 is considered the 
insulin-sensitive glucose transporter based on 
its particular characteristic of being inserted in 
membranes of intracellular vesicles, which under 
insulin stimulus translocate to the plasma mem-
brane, increasing the glucose uptake by these 
cells; the basis of postprandial glycemic control.

Insulin-induced GLUT4 translocation is 
described as a much more robust phenomenon 
than it really is in vivo. In vitro translocation 
compares maximal insulin effect with the so-
called basal condition in which insulin is absent. 
Whenever one tries to compare maximal insulin 
effect with basal physiological insulin concen-
trations, GLUT4 translocation is very low [1]. 
Besides, in skeletal muscle, GLUT4 transloca-
tion is also stimulated by muscle contraction, 
and contractile tonus is enough to induce great 
levels of translocation. However, a small rela-
tive translocation of GLUT4 (e.g., small per-
centage related to the total content) is able to 
significantly increase glucose uptake, avoiding 
impaired postprandial hyperglycemia. Unbe-
lievably, several studies concerning GLUT4 
translocation simply analyze the absolute 
amount of GLUT4 in plasma membrane. We 
point out that insulin induces vesicle translo-
cation; and reduction in SLC2A4 expression 
(decreasing GLUT4 density in the vesicles) can 
explain decreased insulin-stimulated plasma 
membrane GLUT4 content, despite a preserved 
translocation system [2]. Finally, although some 
studies have proposed that molecular changes 
in the GLUT4 protein might alter its kinetics 
of transport, no consistent data has confirmed 
this hypothesis [3,4].
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Finally, SLC2A4/GLUT4 expression seems to 
be the main element in tissue glucose disposal; 
and, consequently, in glycemic homeostasis [5]. 
Considering that, investigations should focus on 
the regulation of SLC2A4/GLUT4 expression.

SLC2A4 expression & insulin 
resistance 
To begin with, it is important to ponder that 
insulin resistance (IR) can be defined as and ana-
lyzed according to different points of view, with-
out considering liver involvement. First, IR can 
be characterized in cells by detecting any impair-
ment in the insulin signaling pathway, which not 
obligatorily results in impaired glucose uptake; 
adjustments in SLC2A4 expression and GLUT4 
translocation can preserve normal glucose trans-
port. Second, when SLC2A4/GLUT4 expression 
and insulin-induced glucose uptake are reduced 
in muscle and/or adipose cells, this does not 
guarantee that the plasma glucose clearance 
will be decreased; increased cellularity and/or 
tissue mass can counterbalance the cellular glu-
cose disposal deficit. Finally, to infer about IR 
and impaired glycemic homeostasis, we need 
to analyze whole-body IR, defined by reduced 
insulin-induced plasma glucose clearance, for 
which total tissue GLUT4 content and conse-
quently glucose disposal must be analyzed [6]. In 
non-obese subjects, skeletal muscle is the most 
important territory for insulin-induced glucose 
clearance; however, in obese subjects, adipose 
tissue can also become relevant.

Remarkably, decreased insulin-induced glu-
cose uptake, associated with impaired insu-
lin signaling pathways, have been currently 
related only to impaired GLUT4 translocation; 
however, most studies in this context fail to 
demonstrate that decreased SLC2A4/GLUT4 
expression is not concomitantly involved. Cur-
rently, these studies analyze only the absolute part of
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amount of plasma membrane GLUT4, with-
out considering the total cell/tissue GLUT4 
content. Thus, to understand the participation 
of SLC2A4/GLUT4 in cell/tissue/whole-body 
insulin-induced glucose clearance, different 
types of data ana lysis must be conducted [6].

SLC2A4 expression in obesity  
& diabetes
As soon as the SLC2A4 gene was characterized, 
SLC2A4 mRNA and GLUT4 protein content 
were analyzed in obese and diabetic subjects, and 
controversial results were described. For instance, 
in obese IR subjects, SLC2A4 expression in adi-
pose tissue was described as increased, unchanged 
and decreased. In experimental models of severely 
obese IR animals, GLUT4 was reduced in all insu-
lin sensitive tissues [7], and treatments that improve 
glycemic homeostasis increased GLUT4 content. 
These data depict the important role of SLC2A4 
in the pathophysiology of obesity and diabetes.

“…SLC2A4/GLUT4 expression seems to be the 
main element in tissue glucose disposal…”

Interestingly, studying the development of 
obesity and diabetes mellitus (DM) in mono-
sodium-glutamate-treated mice, we observed 
in adipose tissue that, earlier, when fat gain 
mass is accelerated, Slc2a4 expression increases; 
however, later on, when progression of obesity 
stabilizes and severe IR is established, Slc2a4 
expression decreases [8]. This pattern of Slc2a4 
expression seems to be related to the inflamma-
tory-induced NF-kB activity, a repressor of the 
Slc2a4 gene, and can explain the varied results of 
SLC2A4/GLUT4 expression reported in patients 
with obesity and Type 2 DM (T2DM).

Additionally, several controversial data con-
cerning the SLC2A4 gene and glycemic homeo-
stasis were based only on SLC2A4 mRNA 
quantification, without GLUT4 protein analy-
sis. However, we and others have reported dis-
crepancies between regulation of Slc2a4 mRNA 
and GLUT4 protein. Data suggest that changes 
in Slc2a4 mRNA poly-A tail size, and in some 
specific miRNAs are involved in the post-
transcriptional modulation of SLC2A4 expres-
sion, and investigations in this field should be 
strengthened.

Nevertheless, nowadays it is well accepted that 
IR will culminate in decreased SLC2A4 expres-
sion, not only in obesity and T2DM, but also 
in pregnancy, gestational diabetes, polycystic 
ovary syndrome, some types of hypertension, 
the so-called metabolic syndrome and so on. 

Furthermore, although IR is not involved in the 
etiopathogeny of Type 1 DM, now we know that 
IR may also be present in such conditions; we 
have demonstrated in Type 1 DM rats that IR 
is accompanied by reduced GLUT4 content in 
skeletal muscle under both metabolically dis-
turbed untreated and metabolically controlled 
hyperinsulinized situations [1].

A better comprehension of the role of Slc2a4 
expression in IR was gained when transgenic 
mice models were examined. At a glance, Slc2a4 
knockout mice develop IR [9], and, conversely, 
Slc2a4 overexpression improves glycemic con-
trol of diabetic mice [10]. These data reinforce 
the fundamental role of SLC2A4 expression on 
glycemic homeostasis.

In summary, increasing SLC2A4 expression 
would be desirable as a pharmacological treat-
ment for IR/DM as much as decreasing SLC2A4 
expression would be a valuable preventive 
approach against obesity.

SLC2A4 pharmacogenetic bases
Except for a study in an Indian population in 
which the rs5435 SNP was associated with 
T2DM [11], and a previous genome-wide scan 
performed in caucasians that found the region 
harboring the SLC2A4 gene as associated 
with metabolic syndrome [12], variants in the 
SLC2A4 gene have been uncommonly associ-
ated with T2DM or obesity [13–15]. However, 
controlling SLC2A4 expression in target tissues, 
which can be modulated by genetic variants, is a 
promising intervention to treat these conditions.

Because genes involved in glucose metabolism 
were described as over-represented among genes 
undergoing positive selection during human evo-
lution [16], SCL2A4 diversity was investigated by 
sequencing SLC2A4 and genotyping 104 SNPs 
along an approximately 1 Mb region flanking 
this gene in ethnically diverse individuals (Afri-
cans, Europeans, Asians and Latin Americans) 
[17]. A total of 29 polymorphisms were detected. 
Located in the N-terminal region, upstream of 
exon 7, eight SNPs presenting a minor allele 
frequency (MAF) >5% in at least one popula-
tion were identified (rs5415, rs5417 and rs5418 
[5́ -UTR]; rs222847, rs222849 and rs16956647 
[intron 1]; rs5435 [exon 4] and rs5436 
[intron 6]), along with another 15 SNPs with 
MAF <5%. On the other hand, the C-terminal 
region, downstream of intron 6, harbored only 
six SNPs with MAF <5%. The pattern of genetic 
variation in the N-terminal region (with com-
mon and rare variants) is compatible with neutral 
evolution, but the absence of common variants in 
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the C-terminal region is compatible with natural 
selection decreasing the degree of substitution 
in this region [17]. The functional implications 
of these findings are unknown at the moment, 
but they might be relevant for comprehending 
SLC2A4 gene-expression control.

“…increasing SLC2A4 expression would be 
desirable as a pharmacological treatment for 
insulin resistance/diabetes mellitus as much 
as decreasing SLC2A4 expression would be a 

valuable preventive approach against 
obesity.”

To the best of the authors’ knowledge, the 
only SLC2A4 SNP that has been function-
ally investigated is rs5418 (G/A); the A allele 
eliciting a higher luciferase activity in a gene 
reporter assay than the G allele and being over-
represented in top-level long distance Chinese 
runners (61.8%) in comparison to healthy con-
trols (45.6%) [18]. Interestingly, it was shown that 
healthy Japanese men who are homozygotes for 
the A allele of rs5418 presented significant lower 
HbA1c concentrations than AG+GG carriers 
[19]. Should these data be confirmed, one might 
ask whether T2DM carriers of the A allele could 
present a better metabolic response to exercise or 
even other therapeutic interventions known to 
increase SCL2A4 expression, such as glitazones.

The synonymous rs5435 SNP, located in 
the SCL2A4 coding region and associated with 
T2DM in Indian patients [11], did not influence 
expression of SCL2A4 in muscle tissues of T2DM 
patients [20], but its relation with GLUT4 expres-
sion in adipose tissue was not evaluated. As is 
frequently the case in studies of genetic variants 
in polygenic conditions, the mechanisms underly-
ing the association observed between rs5435 and 
T2DM is not known but could include changes in 
protein folding, linkage disequilibrium with other 
SNP able to destabilize pre-mRNA or activation 
of cryptic splicing sites, among others [11].

The knowledge accumulated so far concern-
ing SCL2A4 transcriptional regulation leads us 
to believe that pharmacogenomics has the poten-
tial to be applied to select subjects more or less 
prone to respond to therapeutic interventions 
that modulate GLUT4 expression. However, the 
future establishment of personalized insulin sen-
sitizer therapy will require much more effort to 
further understand SCL2A4 biology.

Summary
The plain expression of the SLC2A4 gene, guar-
anteeing effective GLUT4 protein expression and 
the consequent insulin-induced glucose uptake by 
skeletal muscle and adipose tissue, plays a fun-
damental role on glycemic control. Insulin resis-
tant condition, a feature of diabetes, is known 
to involve decreased SLC2A4 expression and to 
augment its expression, has a powerful insulin-
sensitizer effect. This makes the SLC2A4 gene an 
important target for the pharmacogenomics of 
IR. Although variants in the SLC2A4 gene were 
not associated with diabetes and obesity in the 
past, recent studies have detected several SNPs in 
its flanking region. For instance, the rs5435 SNP 
was associated with T2DM, and the rs5418 SNP 
was associated with skeletal muscle performance 
and HbA1c levels. Thus, it is clear that pharma-
cogenomics has great potential to select subjects 
more or less prone to regulate the SLC2A4 gene 
and consequently glycemic homeostasis.
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