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Introduction

This review discusses three aspects of maternal-fetal glu-

cose transfer, the transplacental mechanisms by which trans-

fer takes place, the regulation of placental glucose transporters,

and the role of placental glucose transporters in the patho-

physiology of fetal growth disorders. We first describe what

appears to be the consensus with respect to glucose trans-

porter expression and distribution in the human placenta,

concentrating on the trophoblast. The second element in the

review concerns what little we know of the factors regulating

glucose transporter expression and activity in the placenta.

Although the list of factors modulating glucose transporter

expression and activity is extremely long and varied, most

of these factors have not been examined in the placenta. We

have therefore focused on those agents that appear to regu-

late transporter expression and activity in circumstances

relevant to the regulation of fetal growth. The final section

examines glucose transporter expression and activity in patho-

physiologies related to fetal growth and the potential con-

sequences for glucose transfer.

This review is restricted to human pregnancy and cells and

tissues from the human placenta. Although there are data con-

cerning glucose transporters in the placenta or trophoblast

of other mammalian species, these data are fragmentary, and

as yet it is not possible to assemble a unified schema con-

taining information on cell-specific transporter expression,

distribution, and regulation. Furthermore, the marked dif-

ferences in placental structure and function between human

and other mammalian species confound extrapolation of

this limited animal data to humans, and precludes signifi-

cant conclusions regarding transporter function.

Transplacental Transfer of Glucose

Glucose is a primary energy source for the fetus. The absence

of significant gluconeogenesis in the fetus means that the

fetus must obtain this vital nutrient from maternal plasma.

The high fetal demand for glucose, especially during the

third trimester, when fetal growth is maximal, necessitates

the presence of a rapid, high-volume system for maternal-

fetal transfer of glucose. The low permeability of syncytio-

trophoblast plasma membranes and the minimal cross-sec-

tional area of syncytial paracellular channels do not provide

sufficient transfer capacity to satisfy fetal demand (1,2); thus,

a carrier-mediated transport system is necessary to fulfill

fetal needs.

Maternal-fetal glucose transfer is regulated by several

factors: glucose supply, placental glucose metabolism, and

placental glucose transporter density. Glucose supply is

determined by both blood glucose concentration and blood

flow. Glucose transfer across the placental barrier is a rela-

One of the primary regulators of maternofetal glucose
transfer is the density of glucose transporter proteins
in the placenta. These transporters, members of the
GLUT gene family of facilitated-diffusion transporters,
are embedded in the microvillous (maternal-facing) and
basal (fetal-facing) membranes of the syncytiotropho-
blast, the main placental barrier layer. Eight members
of this family have been described in human placental
tissue, but only GLUT1 protein has been identified in
the syncytium, where its distribution is asymmetric.
The microvillous membrane contains markedly more
transporter than the basal, and, as a result, the basal
membrane acts as the rate-limiting step in transplacen-
tal glucose transport; thus, changes in the density of
basal membrane GLUT1 will have a significant impact
on transplacental glucose flux. What little is known about
syncytial GLUT1 expression is restricted to factors
associated with fetoplacental growth and metabolism;
GLUT is inversely regulated by glucose concentration
and basal membrane GLUT1 is positively regulated by
insulin-like growth factor I, placental growth hor-
mone, and hypoxia. In vivo, basal membrane GLUT1
is upregulated over gestation, increased in diabetic preg-
nancy, and decreased in chronic hypoxia, while micro-
villous membrane GLUT1 is unaffected. The contrast
between in vitro and in vivo regulation and the spe-
cific changes in GLUT1 distribution suggest more com-
plex regulatory interactions than those yet described.
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tively rapid process compared to either the supply of (mater-

nal) glucose or removal of (fetal) glucose from the site of

transfer. Thus, glucose transfer can be defined as a flow-

limited phenomenon, i.e., limited by movement to and from

the transfer site (3). Alterations in the maternal or fetal plasma

glucose concentration will change the maternal-fetal glu-

cose concentration gradient, resulting in an altered rate of

glucose transfer (in the absence of changes in placental

metabolism). Thus, changes in blood glucose, such as those

seen in maternal circulation as a result of diabetic hypergly-

cemia, will serve to alter delivery of glucose to the fetus.

Alterations in blood flow, such as the reduction in utero-

placental blood flow observed frequently in intrauterine

growth retardation (IUGR), will also alter supply, leading

to a change in glucose transfer to the fetus (3). Glucose

transfer is also affected by the metabolic status of the pla-

centa; alterations in the supply of other energy-generating

substrates, such as the reduction in oxygen delivery under

hypoxic conditions, will produce changes in the placental

metabolic demand for glucose, leading to alterations in mater-

nal-fetal transfer (4). Finally, glucose transfer is also modu-

lated by the number of functional transporters. The transport

rate will depend on the transporter density on the membranes

delimiting the two compartments (i.e., the syncytiotropho-

blast microvillous and basal membranes), and on the total

surface area of these membranes. While these regulatory

mechanisms are interdependent, the goal of this report is to

review the localization, function, and regulation of glucose

transporter proteins in the glucose transfer process and the

extent to which this process is affected by conditions that

produce abnormal fetal growth.

Glucose Transporters in Placenta

Term Trophoblast

The main barrier layer in the human placenta is the syn-

cytiotrophoblast, composed of nonmitotic, multinuclear cells

that possess an epithelial structure comprising the microvil-

lous (maternal-facing) and basal (fetal-facing) membranes.

Most investigations of syncytial glucose transporters have

been performed on membranes derived from term placen-

tal tissue. The initial conclusions drawn from these inves-

tigations have been that the transporters present in both

microvillous and basal membranes are sodium-independent

moieties operating by facilitated diffusion (5–7). Further

investigations have shown the presence of sodium-indepen-

dent transporters in the human placenta belonging to the

GLUT family of glucose transporter proteins, a group of

integral, transmembrane proteins that contains (at least) 12

isoforms (GLUT1–GLUT12) (8). While many of these iso-

forms have been identified in human placental tissue, it is

important to note that the only transporter present in the syn-

cytium as a functional protein near term is the GLUT1 iso-

form (9,10). Current information on the distribution of GLUT

glucose transporter isoforms is summarized in Table 1. GLUT1

is found in both membranes, with an approximately three-

fold higher quantity in the microvillous membrane compared

with the basal (10). This asymmetric expression of GLUT1

is paralleled by the measurements of transport activity that

show a similar disparity between microvillous and basal mem-

branes. Note here, however, that both the measurements of

expression and activity were made per unit of membrane pro-

tein; when membrane folding on the microvillous or brush

Table 1

GLUT Glucose Transporter Isoform Distribution in the Human Placenta
a

GLUT isoform Protein mRNA

GLUT1 Syncytiotrophoblast, cytotrophoblast, endothelium, Syncytiotrophoblast, cytotrophoblast,

vascular smooth muscle, stromal cells endothelium, vascular smooth muscle,

stromal cells

GLUT3 First trimester: extravillous trophoblast, cytotrophoblast; First trimester: ND; third trimester:

third trimester: endothelium syncytiotrophoblast, cytotrophoblast,

endothelium

GLUT4 Stromal cells Stromal cells

GLUT8 ND Term homogenate/distribution unknown

GLUT9 ND Term homogenate/distribution unknown

GLU10 ND Term homogenate/distribution unknown

GLUT11 ND Term homogenate/distribution unknown

GLUT12 First trimester: extravillous trophoblast cytotrophoblast, First trimester: extravillous trophoblast,

syncytiotrophoblast; third trimester: vascular smooth muscle, cytotrophoblast, syncytiotrophoblast;

stromal cells third trimester: vascular smooth muscle,

stromal cells

a
ND, not done.
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border surface is taken into account (11), the difference in

GLUT1 expression or transport activity between the two epi-

thelial faces is magnified substantially, potentially reach-

ing a level of 15- to 20-fold. This asymmetry has significant

implications for changes in microvillous or basal membrane

transporter content, as discussed in the last section of this

review. GLUT1 is also found in the mononuclear, undiffer-

entiated cytotrophoblasts, the cells that are the precursor to

the syncytiotrophoblast (12,13).

The other isoform that has been mentioned frequently in

connection with the syncytiotrophoblast is GLUT3. Although

initial reports identified GLUT3 as being present in the

term syncytium, most subsequent analyses have not found

GLUT3 protein in either microvillous or basal membranes,

nor has it been detected in term cytotrophoblast cells (9,

10,12), although it has been identified in placental endothe-

lium (14). Despite the absence of GLUT3 protein in the syn-

cytiotrophoblast, GLUT3 mRNA has been identified in term

cytotrophoblast and in the syncytium, with a distribution

similar to that of GLUT1 (14,15). A recent report also noted

GLUT4 in plasma and intracellular membrane fractions of

JAr choriocarcinoma cells; however, the levels of expres-

sion were extremely low compared with those of GLUT1

and GLUT3 in the same cells (16), suggesting that GLUT4

does not contribute significantly to cellular glucose uptake

in these cells. The majority of the GLUT4 was localized to

low-density microsomes, a distribution that was not altered

by insulin treatment, suggesting that GLUT4 is not subject

to the regulation by insulin. GLUT4 has not been identified

in membranes from primary syncytio- or cytotrophoblast

cells; thus, it is unlikely that GLUT4 makes any apprecia-

ble contribution to trophoblast glucose uptake in vivo, espe-

cially at term.

Preterm Trophoblast

Unlike term trophoblast, GLUT3 protein has been ob-

served in trophoblast cells from first-trimester tissue (17)

as well as in choriocarcinoma cell lines obtained from early

placental tissue (12,13,16). The presence of GLUT3 in first-

trimester tissue and in these choriocarcinoma lines sug-

gests that GLUT3 may be an important transport component

early in gestation. It is well known that GLUT3 has a lower

binding constant for glucose (18,19), and it is possible that

early in gestation, when the maternal circulation is not yet

fully established, the presence of GLUT3 may be important

for fetoplacental nutrition. Where trophoblast is in contact

with maternal blood lacunae, the lower circulatory turnover

may result in a reduction in blood glucose concentrations

below those normally observed in the maternal circulation.

A higher-binding-affinity transporter such as GLUT3 would

permit continued uptake of glucose under conditions of

decreased substrate concentration. Later in gestation, once

the maternal circulation is established and intervillous space

glucose concentrations approximate those in the maternal

peripheral circulation, this type of transporter would no longer

be necessary.

Clarson et al. (12) have suggested that GLUT3 may be a

feature of dividing trophoblast cells; thus the protein would

not be observed in syncytiotrophoblast; and its expression

in cytotrophoblast might be expected to decrease over ges-

tation as increasing numbers of cytotrophoblast exit the

cell cycle, preparatory to incorporation into the syncytium.

The expression of GLUT3 protein in the preterm period

and the continuing expression of GLUT3 mRNA at term sug-

gest some form of active regulation that suppresses expres-

sion of the protein. Indeed, there is evidence that the level

of GLUT3 mRNA in term trophoblast responds actively to

stimuli such as hypoxia (20), supporting the idea of a trans-

lational block. We have preliminary evidence suggesting that

increased expression of GLUT1 may be one means whereby

GLUT3 expression is decreased; overexpression of GLUT1

appears to correlate with a reduction in GLUT3 expression

in BeWo choriocarcinoma cells (unpublished data). Interest-

ingly, following induction of cellular differentiation by 8-

bromo-cyclic adenosine monophosphate (cAMP), GLUT1

but not GLUT3 expression was stimulated in BeWo chor-

iocarcinoma cells (17). The same group reported opposite

effects of 8-bromo-cAMP on GLUT1 mRNA transcription

in a murine model (21), emphasizing again the difficulty of

extrapolating data obtained in animal models to the human.

The only other isoform to be examined in detail in the

trophoblast is GLUT12. Gude et al. (22) have measured

GLUT12 expression in first-trimester and term tissue. They

concluded that, whereas this isoform is expressed in first-

trimester syncytial and villous cytotrophoblast, it is absent

at term in these cells. It is possible that GLUT12, like GLUT3,

performs tasks that are vital to trophoblast function in early

gestation but that are superfluous to placental function later

in gestation.

Nontrophoblastic Transporter Expression

and Other Placental Glucose Transporters

The GLUT3 isoform is expressed in placental endothe-

lial cells, along with GLUT1 (14). There is preliminary evi-

dence suggesting that its localization within the vasculature

may be more specific. Head et al. (23) found that GLUT3

was expressed in endothelial cells only in the arterial sec-

tions of the placental vasculature. It is tempting to specu-

late that its presence there may relate to its higher binding

affinity; blood returning from the fetus contains reduced

levels of glucose, and the presence of GLUT3 may aid in

extraction under conditions of reduced blood glucose concen-

tration. This, in turn, may decrease the glucose concentra-

tion of blood flowing to placental exchange sites, increasing

the transplacental gradient and maximizing transplacental

transfer.

A variety of other GLUT transporter isoforms have been

identified in the placenta. GLUT4 and GLUT8–12 have all
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been identified elsewhere in the placenta through either

measurements of protein or mRNA. GLUT4 has been local-

ized to stromal cells in the villous tissue (24). GLUT12 has

been localized to the vascular smooth muscle and villous

stromal cells at term (22). The distribution of GLUT8–11

in the human placenta is unknown at this time; experiments

describing expression of these isoforms were performed

on RNA extracted from tissue homogenates, precluding cell-

specific localization (25–29).

Placental Glucose Transporter Regulation

The ubiquitous nature of GLUT1 has encouraged stud-

ies investigating the regulation of its expression in a variety

of cell types. These investigations have defined multiple

regulatory mechanisms and a broad range of regulatory fac-

tors. GLUT1 protein levels can be altered by changes in

transcription rate (30,31), by stabilization of GLUT1 mRNA

(32,33) or protein (34), or by recruitment of presynthesized

GLUT1 protein from intracellular stores to the cell surface

(35,36). GLUT1 expression is influenced by a wide range

of extracellular agents, including growth factors, cytokines,

and steroids; however, few investigations have been car-

ried out examining GLUT1 regulation in trophoblast. We

next summarize and discuss GLUT1 regulatory mechanisms

and pathways in the trophoblast.

Regulation by Glucose

Several studies have investigated the effect of extracellu-

lar glucose concentration on GLUT expression in tropho-

blast. The conclusion drawn from in vitro studies is that an

inverse relationship exists between extracellular glucose con-

centration and the expression and activity of the GLUT1

transporter system. Under hypoglycemic conditions (0–1

mM glucose), GLUT1 mRNA and protein are upregulated

in primary trophoblast (13,37). Conversely, hyperglycemia

(20–25 mM glucose) decreased GLUT1 mRNA and protein

(13,37,38). In the JAr choriocarcinoma cell line, both

GLUT1 mRNA and glucose transporter activity were aug-

mented under hyperglycemic conditions, whereas the level

of GLUT3 transcripts was decreased (39). Under similar

hyperglycemic conditions, no changes in protein expression

or glucose uptake were observed in the JEG-3 cell line, a

more differentiated trophoblast-derived, choriocarcinoma

cell line (13,38). These findings raise the possibility that

GLUT1 glucose transporter expression is regulated not only

in a cell-specific manner, but also depends on the degree of

trophoblast cell differentiation, as observed in other cell types

(40). This point is supported by the changes observed in the

distribution of GLUT3 in trophoblast cells over gestation,

changes that appear to parallel the alterations in degree of

trophoblast differentiation.

It is possible that changes in glucose transporter activity

reflect altered cell metabolism, because hyperglycemia has

been shown to inhibit proliferation rates and mitochondrial

activity in BeWo, JAr, and JEG-3 choriocarcinoma cell lines

(41). In fact, there is evidence suggesting that there are short-

term regulatory influences that can act through nontran-

scriptional mechanisms to alter transporter activity, either

through substrate effects or through the action of growth

factors (35,42). We demonstrated a suppression of GLUT1

expression in primary syncytial cells following exposure

to 20 mM glucose and an elevation of GLUT1 expression

following exposure to 0 mM glucose, but no differences were

observed at glucose concentrations between these extremes.

Nevertheless, transport activity was inversely related to glu-

cose concentration over the entire concentration range (13).

These findings, together with the observations made by Hahn

et al. (38) of substantial decreases in transport rates associ-

ated with only a relatively modest decrease in GLUT1 pro-

tein levels, are suggestive of additional, posttranscriptional

mechanisms modulating the activity of the GLUT1 trans-

port system. Recently, an electron microscopic study indi-

cated translocation of GLUT1 from the cell surface to the

intracellular compartment of primary trophoblast cells in

response to hyperglycemia (43), one example of a potential

posttranscriptional mechanism. Another study, reported

in preliminary form, suggests that human growth hormone

(GH) also regulates transporter activity in a short-term man-

ner, by nontranscriptional mechanisms (44), similar to pre-

vious reports in other tissues (40,45). Glucose has the potential

to regulate the transcription of genes encoding for glyco-

lytic and lipogenic enzymes (46–48). One question that is

still unclear and applies to both transcriptional and post-

transcriptional regulation is, What is the actual messenger

involved in producing these changes in expression? It is pos-

sible that the regulatory agent may be glucose itself; how-

ever, it is also possible that downstream metabolites may

also be involved in the regulatory mechanisms (35).

Insulin

Insulin has been shown to upregulate GLUT1 in a vari-

ety of different cell types, via mechanisms that include the

Akt/PKB and mitogen-activated protein kinase (MAPK)

pathways (30,31,36,42). However, there is little evidence

of insulin-stimulated effects on trophoblast glucose trans-

porters. Although insulin receptors are plentiful on the basal

membrane in the first trimester, at term these receptors

are sparsely distributed on the microvillous membrane and

absent from the basal membrane (49). Brunette et al. (50)

reported that pretreatment of placental tissue with insulin

and Mn
2+

 enhanced glucose uptake in microvillous vesicles

subsequently isolated from the tissue. Insulin enhanced

trophoblast protein kinase B and MAPK phosphorylation

in JAr cells in vitro, but no changes were observed in glu-

cose uptake rates (16). Increased GLUT1 expression and

glucose uptake following insulin treatment were reported

previously in the first-trimester trophoblast-derived ED27
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cell line (51,52). These data must be treated with caution,

however, because this cell line appears, while having a

distinct phenotype, to be genetically identical to the HeLa

cell line (53). In the placental dual-perfusion model, insu-

lin had no effect on glucose uptake, despite concentrations

an order of magnitude higher than maternal physiologic

insulin levels (~10 µU/mL) during pregnancy (54). When

insulin was increased by three orders of magnitude over

physiologic (12.5 mU/mL), glucose transport was stimu-

lated in superfused microcarrier cultures of choriocarci-

noma cells (55). At such high concentrations, however, the

possibility of insulin effects mediated through the type 1

insulin-like growth factor (IGF) receptor cannot be ruled out

because insulin binds to the type 1 IGF receptor, although

with a lower binding affinity than IGF-1 (56,57). Finally,

although the presence of GLUT4 has been reported in JAr

cells, primarily in the intracellular, low-density microsomal

fraction, neither GLUT4 translocation nor glucose uptake

was affected by insulin treatment (16), despite its stimula-

tory action on mitogenesis.

IGF-1/Placental GH

IGF-1 has been implicated in the regulation of glucose

transporters in a number of cells and tissues (32,58–61). The

signaling pathways by which IGF-1 exerts its actions are sim-

ilar in part to those employed by insulin, including the PI-3

kinase/Akt1 and the MAPK pathways (62,63), although there

is also some divergence (61,63). IGF-1 and insulin appear

to act through similar transcription factors, including activa-

tor protein (AP-1) and hypoxia-inducible factor-1/2 (HIF-

1/2) (64–66). Placental growth hormone (PGH) is similar

in structure to pituitary GH but lacks a 13 amino acid sequence

such that it is unable to bind to prolactin receptors. It is

secreted only into the maternal circulation and in a tonic

fashion, unlike the cyclic secretion of GH. Production of

PGH is detectable by 20 wk of pregnancy, and its concen-

tration increases linearly in the maternal circulation to term,

completely replacing maternal pituitary GH (67,68). Mater-

nal IGF-1 levels appear to be regulated positively by PGH

(69). The factors (or factor) regulating PGH secretion are

not yet clear; Patel et al. (70) demonstrated in vitro that PGH

secretion was downregulated by glucose, but McIntyre et al.

(71) have shown in vivo that PGH secretion correlates with

maternal glycemic status. Both IGF-1 and PGH are also

associated with fetal growth and placental nutrient trans-

port (71–74). We have investigated the effects of IGF-1 and

GH on glucose transporters in BeWo cells and demonstrated

a substantial upregulation of GLUT1 mRNA and protein

expression, increases that are paralleled by increases in cel-

lular glucose uptake and epithelial transfer (75). IGF-1 and

GH showed similar effects on basal membrane GLUT1 in

a placental explant model (75). While PGH presumably acts

via receptors on the microvillous membrane, it is not yet

clear whether the trophoblast response to IGF-1 is mediated

via the receptors on both microvillous and basal membranes

(i.e., response to maternal and fetal circulating IGF-1).

Hypoxia

Regulation of GLUT1 by hypoxia has been extensively

studied in a variety of tissues. In hypoxic conditions, GLUT1

gene transcription is increased through the HIF pathway as

a result of decreased degradation of the HIF-1 transcription

factor (76). Furthermore, hypoxia and inhibitors of oxida-

tive phosphorylation decrease GLUT1 transcript degradation

(77). A number of studies have investigated the trophoblast

response to low oxygen tension. Most of these studies were

concerned with the role of hypoxia on the differentiation of

the trophoblast and its potential for invasion of the mater-

nal spiral arteries. Only a few reports on the regulation of

placental or trophoblast glucose transport by hypoxia have

been published (20,78,79), in part because of the problems

associated with assessing the oxygen concentrations to which

trophoblast cells are exposed during normal pregnancy. There

are only a few studies reporting oxygen measurements at the

maternal-fetal interface (80–82). The consensus is that the

partial pressure of oxygen (PO
2
) rises from below 20 mmHg

at <10 wk of gestation to between 40 and 60 mmHg by mid-

gestation. It is important to realize, however, that because

of mixing and shunting, the intervillous space contains a

mixture of arterial and venous blood, and thus trophoblast

cells may be exposed to a range of oxygen pressures. For

practical use and as a well-established reference point, nor-

moxia has most commonly been defined for cells exposed

to 21% partial oxygen tension (120–130 mmHg), although

an O
2
 concentration of 10% may be a more realistic value.

Hypoxia has usually been defined as a concentration between

1 and 5% O
2
. Following exposure to 14 mmHg of PO

2
 (~1%

O
2
), GLUT1 and GLUT3 transcription were stimulated in

trophoblast isolated from term placenta (20). It was also

reported that both glucose consumption and lactate produc-

tion were increased under hypoxic conditions, while glu-

cose uptake was reduced. Our results in BeWo cells show

that GLUT1 and GLUT3 protein are upregulated follow-

ing exposure to cobalt or desferroxamine (agents that simu-

late hypoxia) or to 1% O
2
, as early as 12 h after treatment,

and remain elevated for at least 72 h (83). These data con-

firm that isolated trophoblast cells respond to hypoxia in a

manner similar to a variety of other cells types, increasing

GLUT levels in both the acute and chronic phases.

Placental Glucose Transporters and Fetal Growth

This section discusses the increasing volume of infor-

mation relating to changes in placental glucose transporter

expression and activity in common perinatal pathologies

and the potential consequences of such changes. However,

it is important to ask first, Do changes in glucose trans-

porter expression and activity have any effects on transpla-

cental glucose transfer, and, if so, to what extent? In the
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absence of such information, observed alterations in expres-

sion and activity, while noteworthy, have unknown physio-

logic significance.

Rate-Limiting Step in Glucose Transport

The localization of GLUT1 glucose transporters in the

human placental syncytium described earlier shows a level

of expression on the microvillous or maternal-facing sur-

face that is severalfold above that observed on the syncytial

basal membrane (9,10). This asymmetric localization led

to the hypothesis that the basal membrane is the rate-limit-

ing step in transsyncytial transport of glucose. Although

this may be a fairly obvious conclusion, confirmation of

this role for the basal membrane has been hindered by a

lack of understanding of the intrasyncytial glucose trans-

port and metabolic processes. Could steps such as glucose

phosphorylation or dephosphorylation become rate limit-

ing in transfer of glucose across the syncytial epithelium?

Is it possible that glucose being transported across syncytial

cells might bypass these steps, following a channel directly

from apical (microvillous) to basolateral (basal) surfaces,

another potential rate-limiting transport step?

To address these questions, the effects of variation in

microvillous or basal membrane glucose transporter activ-

ity on transepithelial glucose transport have been deter-

mined (4). The BeWo choriocarcinoma cell line was used

as a model because it also shows an asymmetry in glucose

transporter expression, transport across the apical mem-

brane being approximately fourfold higher than that across

the basal membrane. These experiments demonstrated that

changes in carrier-mediated transepithelial transport were

proportional to basal membrane glucose transport activity.

Conversely, carrier-mediated transepithelial glucose trans-

port was relatively insensitive to changes in microvillous

membrane glucose transport activity. These data strongly

support the hypothesis that in such an asymmetric transport

system, the basal membrane is the rate-limiting step in

glucose transport. The probability that the basal membrane

is the rate-limiting step in glucose transport is even greater

in the primary placental syncytium since the asymmetric

distribution of transporters and transport activity is more

pronounced than that observed in BeWo cells (10).

There are significant consequences for the identification

of the basal membrane as the rate-limiting step. Changes in

the expression of glucose transporters at this surface will

produce proportionate changes in the transsyncytial flux of

glucose. Given the high degree of permeability of the cap-

illary endothelium (84–86), the transsyncytial flux of glu-

cose is therefore likely to equate to the transplacental flux

of glucose. Thus, changes in syncytial basal membrane glu-

cose transport activity will have a profound impact on trans-

placental glucose transfer. Alterations in microvillous

surface activity will be of little consequence unless trans-

porter activity is reduced to a level similar to that on the

basal membrane.

Gestational Development

Longitudinal studies have demonstrated increases in GLUT1

expression over gestation (10,37,87). Although the asym-

metry in the distribution of glucose transporters and glucose

transport activity was first observed in term placental tissue,

a similar asymmetry in transporter distribution was observed

in preterm placental tissue (10); expression of GLUT1 on

the microvillous membrane was unchanged over the late sec-

ond and third trimesters, whereas basal membrane expres-

sion increased by approx 50% over the same period (10).

It has long been recognized that the supply of glucose to the

fetus increases substantially over the second half of preg-

nancy, paralleling the growth of the fetus. Part of the increase

in glucose supply is attributable to the increase in uteropla-

cental and umbilical blood supply but by itself is insufficient

to account for the increase in glucose supply necessary to

meet fetal demand. It is therefore probable that the increase

in the basal rate-limiting glucose transport step accounts

for a significant portion of the increased supply of glucose

to the fetus in the latter part of gestation.

Glucose Transport in Diabetic Pregnancy

The primary manifestation of diabetes is the increase in

plasma glucose concentration due to the alterations in glu-

cose homeostasis. Although diabetes is a maternal condi-

tion, during pregnancy the changes in maternal glycemic

status are transmitted to the fetus as a result of the passive,

facilitated-diffusion placental transport system by which

maternal-fetal glucose transfer takes place. Analysis of pla-

cental glucose transporter expression and activity in dia-

betic pregnancy has been described in two recent studies

(88,89). Microvillous and basal membrane GLUT1 expres-

sion and glucose transporter activity were determined in pla-

cental tissue from women with pregestational (White Class

B) and gestational diabetes (White Class A1, diet controlled;

and A2, insulin controlled). The expression of GLUT1 glu-

cose transporters and glucose transport activity in the micro-

villous membrane was unchanged between control subjects

and all groups with diabetes. Basal membrane transporter

expression and transport activity were increased by 97 (88)

and 59% (89), respectively, in women with pregestational

diabetes. In the former study, basal membrane transporter

expression and activity were also increased to a similar extent

in both classes of women with gestational diabetes, whereas

no such changes were observed in the latter study. The rea-

sons for the difference between the studies with respect to

women with gestational diabetes is not clear, but it may be

related to gestational age at diagnosis or the duration and

degree of maternal glycemic control exerted following diag-

nosis. What is clear, however, is that in at least one group

of women with diabetes, maternal hyperglycemia provoked

an increase in basal membrane glucose transporter expres-

sion and activity. Interestingly, although there was a dem-

onstrated increase in transporter expression and activity at
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(term) delivery, maternal glycemic status was not abnormal

at term or in the weeks immediately prior to delivery. In both

studies, mothers were euglycemic, as determined by plasma

glucose and HbA
1c

 measurements. Thus, the response of the

placental glucose transporter system appears to be remote

from the maternal diabetic stimulus. The mechanism whereby

this response is transmitted and sustained is not yet apparent;

nevertheless, the consequence of this change, according to

the basal rate-limiting step model, will be to increase mater-

nal-fetal glucose flux in women with diabetes. As already

noted, a variety of studies have also been performed to inves-

tigate directly the effects of hyperglycemia on trophoblast

GLUT1 expression and glucose transporter activity. The con-

clusion from these studies is that under hyperglycemic con-

ditions, transporter expression and activity are suppressed

compared with that in euglycemic control subjects. This

outcome is contrary to the in vivo observations in women

with diabetes, suggesting that the in vivo regulation of glu-

cose transporters may be considerably more complex than

a simple effect of hyperglycemia.

The prediction of an increased flux in women with dia-

betes is at odds with recent in vitro perfusion studies. In the

first of these studies, measurements of glucose transport in

tissues from women with gestational diabetes treated by die-

tary intervention showed a decreased maternal-fetal trans-

fer compared with control, nondiabetic tissue (90). In the

second study, women with diabetes who were insulin treated

showed a greater rate of maternal-fetal transfer compared

with those treated by dietary intervention, although, in this

report, neither group was different from the control group

(91). Microvillous and basal membrane transporter expres-

sion and activity measurements were not performed in these

studies, and, thus, it is difficult to know whether these women

with diabetes showed an increase in basal membrane expres-

sion and activity similar to those reported previously (88,

89). The apparent contradiction between the measurements

of glucose transporter expression and activity, on the one

hand, and the in vitro perfusion data, on the other hand, does

raise a significant question. To what degree are the results

observed in humans with diabetes the result of treatment to

normalize glycemic status as opposed to the effects of the

original maternal diabetic stimulus? In the absence of un-

treated diabetes, this may be a difficult question to resolve.

Glucose Transport in Hypoxia

For almost all studies concerning fetoplacental hypoxia

in vivo, the hypoxic insult is associated with another pathol-

ogy, such as preeclampsia or diabetes, precluding analysis

of the consequences of a hypoxic insult alone. There is, how-

ever, one model that permits such an approach—the high-

altitude pregnancy model, in which studies are performed

on placental tissue obtained from women with normal preg-

nancies, residing at high altitude, in a condition of chronic

hypoxia (i.e., reduced PO
2
). We have performed measure-

ments of GLUT1 glucose transporter expression in micro-

villous and basal membranes of placental tissue obtained

from pregnant women residing at 3100 m and compared

them with expression in membranes from pregnancies at a

moderate altitude (1600 m). In these studies, we found no

changes between expression of microvillous GLUT1 between

the two groups. However, mean basal membrane GLUT1

expression was reduced by 40% (92). Moreover, basal mem-

brane GLUT1 expression was significantly correlated with

birth weight in the high-altitude group, whereas no corre-

lation was found for the moderate-altitude group. These

data suggest a response to chronic hypoxia opposite to that

observed in vitro, i.e., a reduction in GLUT1 compared to

the increase in expression in the in vitro experiments. It is

possible, however, that the reduced blood flow that is also

observed in pregnancy at high altitude (93) may lead to reduc-

tions in circulating growth factors with consequent effects

on placental glucose transporter expression.

Glucose Transport in IUGR

Measurements of fetal plasma glucose in IUGR have

consistently shown a decreased concentration of glucose in

IUGR fetuses (94,95). A decreased expression of glucose

transporters has been suggested as one possible mechanism

by which fetal plasma glucose concentration is reduced.

However, studies investigating placental transporter expres-

sion and activity in human IUGR are limited. An initial

study carried out in our laboratory showed that glucose

transporter expression and activity in both preterm and term

IUGR was unchanged when compared with that of age-

matched controls, on both microvillous and basal membranes

(10). This study examined transporters in idiopathic IUGR,

identified solely by low birth weight (<3rd centile), raising

the possibility that the subjects were a heterogeneous group,

encompassing different etiologies that might or might not

demonstrate a glucose transporter response. A recent, more

detailed study, however, has reported very similar results

(96), showing that in well-defined IUGR, no changes in

microvillous or basal membrane glucose transporter expres-

sion or activity were present compared with age-matched,

normally grown controls, at any level of severity of IUGR.

As described earlier, multiple in vitro studies examining

the effects of hypoglycemia on transporter expression and

activity have shown that reduced levels of glucose lead

to an upregulation of transporter expression or activity,

although the thresholds at which these changes occur are not

clearly defined. Extrapolation of these in vitro results to the

in vivo situation are complicated by the fact that while fetal

plasma glucose levels appear to be decreased in IUGR, the

glucose concentrations existing in the syncytiotrophoblast

in vivo are not known. With a relatively normal maternal

plasma glucose concentration, it is possible that intrasyn-

cytial glucose concentrations in IUGR are close to those in

normal pregnancies.
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Contrasts Between In Vivo and In Vitro Studies

One of the themes that emerges from consideration of

the data that we have described is the contrast between those

results using tissue obtained in vivo, from diabetic preg-

nancies, in hypoxia and IUGR, and the results obtained by

in vitro experimentation. The data obtained from diabetic

pregnancies (increased syncytial basal membrane GLUT1

expression) are the obverse of results obtained in vitro under

hyperglycemic conditions (reduced trophoblast GLUT1).

The results obtained for chronic hypoxia in vivo (decreased

basal, unchanged microvillous GLUT1 expression) differ

significantly from those obtained for hypoxia using iso-

lated, in vitro methods (increased cellular GLUT1 expres-

sion). The absence of alterations in trophoblast GLUT1 in

IUGR contrasts with the increased expression of GLUT1

observed in vitro under hypoglycemic conditions. It is clear

that although the results from in vitro research provide valu-

able insights into the role of individual effectors of glu-

cose transporter expression and activity, the results in vivo,

obtained under conditions in which these effectors might

be predicted to play a role, are not consistent with the in vitro

results. It is probable that in vivo, as might be expected,

there are multiple factors influencing transporter expres-

sion and activity. As we become better able to define the

variety of agents that affect glucose transporters, it may

be possible to sum the effects of these agents and reach an

understanding of the complex factors that modulate not

only glucose transporters but also other nutrient transport-

ers such as the amino acid transporters. For example, the

role of hypoxia in IUGR has not been examined with any

rigor. Although the definitions of IUGR are much improved

over those relying simply on birth weight, the other ele-

ments, relating to blood flow alterations and fetal distress/

fetal metabolic condition, are primarily clinical in nature

and do not address the potential extent of chronic hypoxia

that may underlie some of the changes we observe in placen-

tal tissue collected from IUGR pregnancies. To do so will

require parallel assessment of clinical and biochemical mark-

ers of hypoxia.

Another contrast between in vitro and in vivo research

observations is the difference in structural and spatial orga-

nization of the syncytiotrophoblast. Most in vitro research

has been concerned with overall effects on trophoblast cells,

combining measurements of microvillous and basal mem-

brane transporters. Demonstration of the different roles played

by microvillous and basal glucose transporters in transepi-

thelial transport suggests that the simple reporting of global

changes in cellular expression and activity are insufficient

to permit analysis of the physiologic significance of such

changes. Another domain in which spatial effects may be

important is the site of action of effectors or messengers. It

is clear that receptor expression can differ between syncy-

tial microvillous and basal membranes for agents such as

insulin, IGF-1, and PGH (49,57,97), and, thus, the syncy-

tial responses mediated by these receptors may differ depend-

ing on the source of the stimulus, maternal or fetal. More-

over, it is unknown whether the binding of a growth factor

such as IGF-1 has the same effect when binding to the basal

membrane as it does when binding to the microvillous mem-

brane. Among the factors affecting the response to IGF-1

are the presence of insulin receptors that can hybridize with

the type 1 IGF receptors (98) and the presence of differing

quantities of IGF-binding proteins on the opposing plasma

membranes (57). Studies on integrated models will become

much more important as we are forced to examine not only

the effects of multiple factors but also at the effects of

spatial differences in the pathways that regulate transporter

expression.
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