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Glucose transporters: physiological and pathological roles
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Abstract Glucose is a primary energy source for most cells

and an important substrate for many biochemical reactions. As

glucose is a need of each and every cell of the body, so are the

glucose transporters. Consequently, all cells express these im-

portant proteins on their surface. In recent years developments

in genetics have shed new light on the types and physiology of

various glucose transporters, of which there are two main

types—sodium–glucose linked transporters (SGLTs) and fa-

cilitated diffusion glucose transporters (GLUT)—which can

be divided into many more subclasses. Transporters differ in

terms of their substrate specificity, distribution and regulatory

mechanisms. Glucose transporters have also received much

attention as therapeutic targets for various diseases. In this

review, we attempt to present a simplified view of this com-

plex topic which may be of interest to researchers involved in

biochemical and pharmacological research.
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Introduction

Glucose is a key energy source for most living cells. Due to its

polar nature and large size, glucose molecules cannot traverse

the lipid membrane of the cell by simple diffusion. Instead, the

entry of glucose molecules into the cells is effected by a large

family of structurally related transport proteins known as glu-

cose transporters. Two main types of glucose transporters

have been identified, namely, sodium–glucose linked trans-

porters (SGLTs) and facilitated diffusion glucose transporters

(GLUTs)

Structure of SGLTs and GLUTs.

Sodium–glucose linked transporter-1 (SGLT1) was the first

SGLT to be discovered and extensively studied. It comprises

14 transmembrane helices of which both the COOH and NH2

terminals face the extracellular space. All members of the

SGLT family are 60- to 80-kDa proteins containing 580–718

amino acids.

GLUTs are proteins comprising 12 membrane-spanning

regions with intracellularly located amino and carboxyl termi-

nals. The amino acid sequence of GLUT proteins has been

found to show 28–65 % identity against GLUT 1. Based on

this and multiple sequence alignment studies, three subclasses

(Class I, II and III) of facilitative transporters have been

identified.

Function/physiology of SGLTs and GLUTs

Sodium–glucose linked transporters symport (transport in the

same direction) glucose in conjunction with sodium ions.

SGLTs do not directly utilize ATP to transport glucose against

its concentration gradient; rather, theymust rely on the sodium

concentration gradient generated by the sodium–potassium

ATPase as a source of chemical potential. SGLTs are present

on the luminal surfaces of cells lining the small intestine where
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they absorb glucose from dietary sources. They are also found

in renal tubules where they facilitate the re-absorption of glu-

cose from the glomerular filtrate. A summary of the main

SGLT types is provided in Table 1.

Facilitative glucose transporters (GLUTs)

The GLUTs transport glucose across the plasmamembrane by

means of a facilitated diffusion mechanism.

Class I facilitative glucose transporters

Class I facilitative glucose transportors are represented by

GLUT1 to GLUT4, among which GLUT2 is expressed main-

ly in beta cells of the pancreas, liver and kidney. GLUT2 acts

as a glucose sensor in beta cells of marine organisms, but

human beta cells express mainly GLUT1. The function of

glucose sensing has two components: (1) entry of glucose into

the cell mediated by GLUTs and (2) metabolism of glucose

through phosporylation by glucokinase. In vitro animal and

clinical studies have shown that the primary pancreatic beta

cell sensor is glucokinase and not GLUT1 or GLUT2 (Efrat

et al. 1994). In hepatocytes, GLUT1 is associated with the bi-

directional transport of glucose controlled by hormones, such

as thyroid hormone. GLUT2 on the hepatocyte membrane

regulates the entry and exit of glucose to and from the cell,

respectively, and as such controls hepatic glucose metabolism;

in contrast GLUT2 in intestinal brush border cells and kidney

tubule cells is associated with the absorption and reabsorption

of glucose respectively.

GLUT3 is mainly present in the brain. It has high affinity

for glucose, a property which is consistent with its function to

transfer glucose into cells having a higher requirement of glu-

cose. GLUT4 is an insulin-responsive glucose transporter that

is found in the heart, skeletal muscle, adipose tissue, and brain.

It is present in the cytoplasm of cells in vesicles from which it

is translocated to the plasma membrane under the influence of

insulin. Such insulin-directed recruitment of GLUT4 results in

a 10- to 20-fold increase in glucose transport (Bryant et al.

2002).

Class II facilitative glucose transporters

This class of glucose transporters has four members, namely,

GLUT5, GLUT7, GLUT9 and GLUT11. GLUT5 is primarily

a fructose transporter located on cells of the small intestine,

testes and kidney where it plays important physiological and

pathological roles. GLUT7 has a high affinity for both glucose

and fructose and is located in cells of the small intestine,

colon, testis and prostate (Li et al. 2004). GLUT9, which has

multiple isoforms in humans (Phay et al. 2000), is expressed

mainly in the proximal tubule of the kidney and in the liver

and placenta. GLUT11 closely resembles fructose transporter

GLUT5 (42 % sequence homology). Three isoforms of

GLUT11, namely, GLUT11A, -B and -C, have been identified

in humans (Sasaki et al. 2001), with GLUT11A present in

heart, skeletal muscle and kidney cells, GLUT11B present in

placenta, adipose tissue and kidney cells and GLUT11C pres-

ent in adipose tissue, heart, skeletal muscle and pancreas cells.

Unlike GLUT5, GLUT11 facilitates the transport of both glu-

cose and fructose. Of note, the gene for this transporter is

absent from the rodent genome (Scheepers et al. 2005).

Class III facilitative transporters

There are five known Class III glucose facilitative trans-

porters, namely, GLUT6, GLUT8, GLUT10, GLUT12 and

GLUT13 (HMIT). The glycosylation site in the transporters

of this class is located on loop 9, in contrast to Class I and II

transporters in which it is located on loop 1 (Asano et al.

1991).

Table 1 Types and major characteristics of sodium–glucose linked transporters

SGLT type Location Function Nature

SGLT1 Apical membranes of small intestinal cells Absorption of glucose from intestinal content High affinity

Straight cells (S3 cells) of proximal tubule of nephron Reabsorption of remaining glucose

from urine filtrate

High affinity, low capacity

SGLT2 Proximal convoluted tubule of nephron (S1 and S2 cells) Reabsorption of bulk plasma glucose

from glomerular filtrate

Low affinity, High capacity

SGLT3 Intestine, testes, uterus, lung, Brain, thyroid Function as glucose sensor for controlling

glucose levels in gut and brain

-a

SGLT4 Intestine, kidney, liver, brain, lung, uterus, pancreas Absorption and/or reabsorption of mannose,

1,5- anhydro D-glucitol, fructose and glucose

Low affinity

SGLT5 Kidney cortex Transport of glucose and galactose -a

SGLT6 Brain, kidney, intestine Preferred substrate is D-chiro-inositol High affinity for myo-inositol

and low affinity for glucose

SGLT, Sodium–glucose linked transported (sodium-dependent glucose transporter)
aNature not known
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GLUT6 ismainly expressed in brain and spleen cells and in

peripheral leukocytes. Godoy et al. (2006) reported that GLU8

is predominantly expressed in testis germinal cells. It is a low-

affinity glucose transporter that is located intracellularly.

However, its translocation to the membrane is not mediated

through insulin (Lisinski et al. 2001).

GLUT8 is a high-affinity transporter of glucose, while fruc-

tose and galactose inhibit this transport. Although the translo-

cation of GLUT8 is hormonally regulated, it is not regulated

by insulin (Shin et al. 2004). It is mainly distributed brain and

testis cells. It is believed to facilitate sugar transport through

intracellular membranes, such as the mitochondrial

membrane, endoplasmic reticular membrane and lysosomal

membrane. This notion is supported by the observation of

Schmidt et al. (2009) that Slc2a8 knockout mice were viable

and exhibited near normal growth, althoughmild alterations in

cells of the brain, heart and sperm were evident. The sperm

cells of these mice had reduced ATP levels and low motility

(Schmidt et al. 2009).

GLUT10 is located in cells of tissues—for example, skel-

etal muscle, heart, lung, brain, placenta, kidney, liver and pan-

creas. GLU12 is expressed in cells of adipose tissue, small

intestine, skeletal muscle and placenta. It exhibits sequence

similarity with GLUT10, but in many respects it resembles

GLUT4. Similar to GLUT4, insulin is able to induce translo-

cation of GLUT12 to the cell membrane in skeletal muscle

(Stuart et al. 2009). However, a recent study using isolated

cardiomyocytes of healthy and T1DM rodents showed that

GLUT12 expression on the surface of cardiomyocytes is not

insulin dependent, indicating a role of basal glucose transport-

er for GLUT12 (Waller et al. 2013).

HMIT (H+-driven myoinositol transporter) or GLUT13 is

expressed in adipose tissue and kidney cells. It is also predom-

inantly expressed in the brain, especially in the hippocampus,

hypothalamus, cerebellum and brain stem. It is mainly located

intracellularly, and its translocation occurs by depolarization

or protein kinase C activation in neuronal cells (Uldry and

Thorens 2004). Distinct from other GLUTs, this transporter

is associated with the transport of inositol-3-phosphate. In the

brain, myo-inositol is the precursor of phosphotidyl inositol,

which is an important regulator of various signaling pathways.

Deregulation in this pathway has been shown to be associated

with various psychiatric disorders (e.g. bipolar disorder).

Diseases associated with SGLTs and GLUTs

Genetic variations in SGLT1 that cause defective SGLT1 pro-

tein result in an autosomal recessive disorder called glucose–

galactose malabsorption. This disorder is characterized by se-

vere watery diarrhea on oral administration of lactose, glucose

or galactose. SGLT2, which is the main glucose transporter in

kidney tubules, reabsorbs glucose from glomerular filtrate. In

individuals with a genetic defect in the SGLT2 gene this reab-

sorption of glucose is impaired, leading to he excretion of high

concentrations of glucose in urine. Mutation of this gene is

associated with altered transforming growth factor beta 1 ac-

tivity and arterial tortuosity syndrome (ATS) characterized by

connective tissue disorders, with elongation and tortuosity of

the major arteries (e.g. the aorta), skin and joint abnormalities,

micrognathia and elongated face (Lin et al. 2006).

The activity of SGLT is increased threefold in the brush

border membrane vesicles of the intestine of diabetic subjects,

with the potential for an increased capacity of glucose absorp-

tion in diabetic subjects (Dyer et al. 2002). Cardiac sarcolem-

mal SGLT1 expression, which is mediated through leptin, was

found to be increased in Type 2 diabetes mellitus (T2DM) and

ischemia and decreased in Type 1 DM (T1DM). These SGLT1

levels were found to be correlated to insulin levels. Insulin

stimulates SGLT1 activity mediated through protein kinase

C activation, which in turn leads to the recruitment of SGLT1

to the plasma membrane. Increased levels of SGLT1 lead to

increased uptake of glucose in cardiomyocytes of T2DM pa-

tients (Banerjee et al. 2009).

Glucose present in bile is reabsorbed later in intrahepatic

bile ducts by SGLT1 and GLUT1. This reabsorbed glucose

provides an osmotic gradient for the movement of water from

bile, thus reducing bile volume. Due to their higher blood

sugar concentration, diabetic patients also have high bile glu-

cose concentrations. An increase in glucose transport causes a

reduction in bile flow and vice versa, which likely explains the

low bile secretion observed in diabetic subjects (Lazaridis

et al. 1997).

SGLT1 is expressed in epithelial cells of salivary glands

and is responsible for reabsorbing ductal water and reducing

the amount of water and saliva which is secreted. Increased

SGLT1 expression has been observed in the luminal mem-

brane of salivary gland ductal cells of diabetic and hyperten-

sive animals, leading to the proposal that this increase in

SGLT1 expression results in reduced salivary flow in diabetic

and hypertensive subjects, which in turn increases their prone-

ness for oral complications (Sabino-Silva et al. 2009).

Some studies have indicated an immunological protective

role of SGLT1 in gastrointestinal infections. Palazzo et al.

(2008) reported that mice given oral glucose demonstrated

complete protection against a lethal dose of endotoxin. This

protective effect of SGLT1 was observed to be mediated

through the anti-inflammatory cytokine interleukin-10.

GLUT2 gene mutations may result in severe Fanconi–

Bickel Syndrome characterized by fasting hypoglycemia,

postprandial hyperglycemia, elevated cholesterol level,

hepatorenal glycogen accumulation leading to hepatomegaly,

proximal renal tubular dysfunction and dwarfism (De Vos

et al. 1995).

Insulin resistance in T2DM is characterized by decreased

ability of the skeletal muscle cells to utilize extracellular
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glucose. GLUT4 levels were found to be normal in skeletal

muscles of such patients, indicating that it their translocation

to membrane which is impaired, possibly due to a defect in

insulin signaling mechanism or abnormal accumulation of

GLUT4 in the membrane compartments (Garvey et al. 1998).

Recent years has seen increasing amounts of fructose being

added to many foods, and this trend has resulted in researchers

focusing on the role of fructose and its transporters in diseases

such as DM, obesity, hypertension and nonalcoholic fatty liver

disease. In T2DM, the synthesis of GLUT5 mRNA is stimu-

lated and the abundance of GLUT5 protein is increased in

skeletal muscle; the opposite trend occurs in adipose tissue.

This effect can be reversed by pioglitazone. Obesity as well as

hypoxia stimulates the expression and activity of GLUT5 in

adipose cells. Hypertension causes an increase in the expres-

sion and activity of GLUT5 in the kidney, but decreases in the

small intestine. Gastrointestinal infection and inflammation

decrease the expression and activity of GLUT5 in the small

intestine (Douard and Ferraris 2008). Three isoforms of

GLUT9 were observed to be upregulated in diabetic mice

(Keembiyehetty et al. 2006). The gene for GLUT10 is located

on chromosome 20 at a known T2DM locus. However, dif-

ferent studies have failed to prove any correlations between

T2DM and GLUT10 polymorphism.

Disease treatments that exploit GLUTs and SLGTs

The excessive growth of malignant cells of a tumor requires

high energy, which comes in the form of glucose. Isselbacher

(1972) showed that there is an overexpression of glucose

transporters in several types of tumor cells. One proposal is

that the evasion of apoptosis in tumor cells is due to stabiliza-

tion of SGLT1 on the tumor cell membrane by epidermal

growth factor receptor (EGFR). This proposal led to the de-

velopment of a novel chemotherapeutic strategy in which the

cytotoxic drug was linked to D-glucose, resulting in better

penetration of the drug into the tumor cell. Another approach

is to inhibit glucose transport through glucose transporter into

the tumor cell. D-Allose, a rare sugar, has been shown to in-

terfere with D-glucose transport in head and neck carcinomca

cells, thus inhibiting their growth (Mitani et al. 2009). Anti-

sense oligonucleotides against GLUT5, which can block ex-

pression of GLUT5 in tumor cells, were found to reduce cell

proliferation in two breast cancer cell lines MCF-7 and

MDAMB-231 (Chan et al. 2004). GLUT11, GLUT4 and

GLUT8 have also been found to play important roles in the

growth of malignant cells of multiple myeloma and have been

proposed as important therapeutic targets (McBrayer et al.

2012).

As SGLT1 plays an important role in secretary diarrhea,

this mechanism is used to prevent dehydration by oral rehy-

dration therapy (ORT). It is estimated that one adult patient

may require 80 L of intravenous fluid over 5 days to prevent

dehydration. This nearly impossible goal can be achieved sim-

ply by giving an oral solution of sodium chloride–glucose.

The glucose is absorbed along with two sodium ions through

the SGLTand water will follow by osmosis. It was this knowl-

edge which led the WHO/UNICEF to recommend a new for-

mulation of oral rehydration salts for use in ORT.

SGLT2 is also a potential target for the treatment of DM. A

novel approach in DM treatment is to reduce blood glucose

levels by increasing its excretion through the kidney. Glucose

in tubules is reabsorbed through SGLT2; thus, inhibiting

SGLT2-mediated reabsorption would lead to the excretion of

higher levels of glucose in the urine. Phlorizin (an inhibitor of

SGLT2) has shown to reduce blood sugar levels in diabetic

animals without producing hypoglycemia. The first drug of

this class, Dapagliflozin, developed by AstraZeneca Pharma-

ceuticals, was approved by the U.S. Federal Drug Adminis-

tration on 8 January 2014 for use in T2DM patients.

Conclusion

The significance of glucose transporters in biology is apparent

as they are the gateways to one of the most important mole-

cules of life, namely, glucose. Apart from its role in normal

physiology, glucose is the central culprit in diseases such as

DMmellitus. Concomittant with advances in DM therapeutics

is the continuing search for innovative approaches for blood

sugar control. The role(s) of glucose transporters will become

more and more prominent as new antidiabetic drugs are ap-

proved and become available in the clincal setting. Drugs

targeted against glucose transporters are also potential

anticancer agents.
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