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ABSTRACT   Insufficient oxygen leads to the cessation of growth in favor of cellular survival. Our

unique model of high-altitude human pregnancy indicates that hypoxia-induced reductions in

fetal growth occur at higher levels of oxygen than previously described. Fetal PO
2
 is surprisingly

high and fetal oxygen consumption unaffected by high altitude, whereas fetal glucose delivery

and consumption decrease. Placental delivery of energy-generating substrates to the fetus is thus

altered by mild hypoxia, resulting in maintained fetal oxygenation but a relative fetal hypoglyce-

mia. Our data point to this altered mix of substrates as a potential initiating factor in reduced fetal

growth, since oxygen delivery is adequate. These data support the existence, in the placenta, of

metabolic reprogramming mechanisms, previously documented in tumor cells, whereby HIF-1

stimulates reductions in mitochondrial oxygen consumption at the cost of increased glucose

consumption. Decreased oxygen consumption is not due to substrate (oxygen) limitation but

rather results from active inhibition of mitochondrial oxygen utilization. We suggest that under

hypoxic conditions, metabolic reprogramming in the placenta decreases mitochondrial oxygen

consumption and increases anerobic glucose consumption, altering the mix of energy-generating

substrates available for transfer to the fetus. Increased oxygen is available to support the fetus,

but at the cost of less glucose availability, leading to a hypoglycemia-mediated decrease in fetal

growth. Our data suggest that metabolic reprogramming may be an initiating step in the

progression to more severe forms of fetal growth restriction and points to the placenta as the

pivotal source of fetal programming in response to an adverse intrauterine environment.
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Studies of fetal growth restriction

A majority of the studies examining the fetal growth restriction
have chosen to investigate the differences between normally
grown fetuses and those whose birth weight is below a particular
cutoff, e.g. the 10th, 5th or 3rd centile on the growth curve. The more
detailed studies have also required additional criteria to distin-
guish small-for-gestational-age fetuses (SGA) from those fetuses
failing to reach their growth potential, defined as intrauterine
growth retardation (IUGR). These criteria include parameters
such as abnormal fetal heart rate, fetal Doppler resistance indices
and fetal distress. In these latter studies, the fetuses are usually
at the extreme of abnormal growth. This presents both advan-
tages and disadvantages for study and interpretation. As a growth
extreme, the group is clearly defined and well separated from the
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normal growth controls. Moreover abnormalities in many growth
parameters such as concentrations of metabolites or growth
factors are maximized by comparison with the normal growth
group. The disadvantage of investigating this extreme of fetal
growth is the likely presence of multiple abnormalities in metabo-
lism, gene expression and morphology, some of which may be
causal while others are the consequence of fetal growth reduc-
tion. In human studies especially, where only a single sampling
point is available, distinguishing between cause and effect is
frequently problematic.
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Current studies of chronic (altitude-induced) hypoxia
and fetal growth

In contrast to the investigations described above, we will de-
scribe in this article our studies on the effects of chronic (altitude-
induced) hypoxia on human pregnancy, placental function and the
resultant decrease in fetal growth. In these studies the initiating
agent is clear and well defined. The difference is that while there
are significant reductions in fetal growth as a result of chronic
hypoxia, these pregnancies are normal by all other standards and
the degree of growth reduction does not generally extend into the
SGA/IUGR range. Instead the entire birth weight distribution is right
shifted such that mean birth weights are reduced, and ~ 10% of
infants fall into the SGA category vs. 2.5% at sea level (Yip, 1987;
for a more recent review see Moore, 2003), using appropriate sea
level standards (Williams et al., 1982). We are looking therefore at
a “gray” area between normal fetal growth and extreme growth
restriction where we believe it is possible to dissect out the initiating
mechanisms in growth reduction without the overlying complica-
tions of the multiple alterations observed in clinically significant
IUGR. As a result of detailed ultrasound measurements enabling
calculation of uterine and umbilical volumetric blood flows, we have
been able, for the first time, to generate data on the supply to and
the consumption by the fetus of the energy-generating substrates,
oxygen and glucose. The results of these studies led us to develop
a model of growth reduction consistent not only with our data but
also with the other, more extreme forms of growth restriction. As
part of this model we also introduce into perinatal biology the
concept of placental metabolic reprogramming, a mechanism
which results in the delivery of an altered mix of metabolic sub-
strates to the fetus in hypoxic conditions. Metabolic reprogram-
ming has only recently emerged within the hypoxia literature and
has thus far been confined to fields such as tumor biology (Koumenis
and Wouters, 2006; Pouyssegur et al., 2006) and muscle molecu-
lar physiology (Aragones et al., 2008; Mason et al., 2007).

Although the mechanisms we describe are likely to be appli-
cable to animal as well as human systems, we have in large part
focused on the human data supporting changes in fetal growth as
a result of metabolic reprogramming rather than to write an
extensive review of the broader array of experimental animal
models. We have, referenced the experimental animal literature
where data on the human is unavailable or minimal.

Glucose and fetal growth

Studies on the association between fetal glycemic status and
fetal growth have clearly shown that a reduced fetal blood glucose
concentration is associated with fetal growth restriction (Bagga et
al., 1990; Delmis et al., 1992; Economides and Nicolaides, 1989;
Hubinont et al., 1991; Marconi et al., 1996; Nicolini et al., 1989;
Setia et al., 2006; Soothill et al., 1987). In particular, the studies by
Marconi et al., indicate that over gestation there is an increase in
the maternal arterial-fetal venous glucose gradient and that this
gradient is increased in IUGR as a consequence of lower fetal
umbilical venous glucose concentration (Marconi et al., 1996). An
important corollary to these observations is the confirmation that
there is minimal gluconeogenesis in the fetus during conditions of
normal growth and that this is unchanged in IUGR (Marconi et al.,
1993). Hence fetoplacental glucose is derived entirely from mater-

nal supply, and the difference in umbilical venous to arterial
concentrations represents fetal glucose consumption.

Fetal growth decreases as a result of hypoglycemia. In animal
models, hypoglycemia due to maternal hyperinsulinemia (Gruppuso
et al., 1981; Lueder et al., 1992) or EGF deficiency (Kamei et al.,
1999) leads to fetal growth restriction. These conditions also lead
to increasing protein breakdown as oxidation of amino acid carbon
substitutes for loss of glucose. Similarly, ovine growth restriction
models show fetal hypoxia, hypoglycemia, hypoinsulinemia and
protein breakdown associated with the reductions in fetal growth
(Carver et al., 1997; Hay, 2006; van Veen et al., 1987; Wallace et
al., 2004), but whether hypoglycemia precedes a fall in the growth
trajectory has not been established. There is less directly appli-
cable data available for the human. Rosenn and Miodovnik showed
that maternal hypoglycemia in diabetics induced by
(over)administration of insulin results in fetal hypoglycemia and
reductions in fetal growth (Rosenn and Miodovnik, 2000). Other
reports link maternal hypoglycemia to reductions in fetal growth
(Khouzami et al., 1981; Langer et al., 1986; Sokol et al., 1982; Van
Assche and De Prins, 1983), although some studies focus on SGA
rather than IUGR fetuses. In aggregate these data support that
fetal hypoglycemia is strongly associated with fetal growth restric-
tion. It is thus widely acknowledged that relative hypoglycemia is
present in the IUGR fetus, but a clinically significant hypoglycemia
in utero has not been defined. There have been no large-scale
studies of fetal growth in relation to glucose concentrations at birth,
again because underlying pregnancy complications make it diffi-
cult to attribute reductions in fetal growth specifically to hypoglyce-
mia.

Oxygen, hypoxia and fetal growth

Oxygen is a primary substrate for energy generation and there-
fore crucial for fetal and placental growth. An insufficient O2 supply
leads to the cessation of growth in favor of cellular survival. In

Maternal characteristics 
400 m 
n=90 

3600 m 
n=80 p values 

Gestational age at ultrasound (weeks) 38.0 ± 0.2 37.9 ± 0.2 p=0.70 

Age (years) 28 ± 1 32 ± 1 p<0.0001 

Gravidity 2.7 ± 0.2 2.7 ± .3 p=0.98 

Parity 1.3 ± 0.2 1.2 ± -/2 p=0.64 

Height (cm) 159 ± 1 157 ± 1 p=0.12 

Non-pregnant weight (kg) 60 ± 1 60 ± 1 p=0.65 

Non-pregnant Body Mass Index (kg/m2) 24 ± 1 24 ± 1 p=0.60 

Weight gain with pregnancy (kg) 12 ± 1 13 ± 2 p=0.05 

Mean arterial blood pressure (mm Hg) 93 ± 1 97 ± 1 P<0.0005 

Infant characteristics 
 
 

  

Birth weight (grams, (unadjusted values) 3480 ± 39 3167 ± 44 p <0.0001

Birth weight (grams, adjusted values) 3485 ± 20 3168 ± 30 p <0.0001

Placental weight (g) 470 ± 10 489 ± 13 p = 0.25 

Birth/placental weight ratio 7.6 ± 0.2 6.7 ± 0.2 p < 0.0001

Clinically assessed gestational age at birth (weeks) 38.7± 0.1 38.5 ± 0.2 p = 0.29 

Birth length (cm) 50.5 ± 0.2 48.6 ± 0.2 p < 0.0001

Head circumference (cm) 34.8 ± 0.2 34.5 ± 0.2 p = 0.21 

Abdominal circumference (cm) 34.3 ± 0.2 33.8 ± 0.2 p =0.04 

Sex ratio M/F 46/44 32/48 p = 0.19 

TABLE 1

MATERNAL AND NEONATAL CHARACTERISTICS (MEAN±SEM)
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pregnancy this is exemplified by fetal metabolic and circulatory
adaptations during hypoxia to ensure adequate O2 supplies to brain
and heart, at the cost of restricted fetal growth. The association of
lowered fetal PO2 with growth restriction is well documented. The
>19,000 births reported by the Richardson group in Canada showed
that fetal PO2 declined in a stepwise manner by ~ 2 mmHg per
decrement with increasing severity of fetal growth restriction (<8th

centile, <2nd centile) (Lackman et al., 2001). The specific mecha-
nisms by which O2 deficiency affects growth have not been eluci-
dated. The general assumption has been that when supply of a major
energy-generating substrate such as O2 is limited, fetal growth is
reduced to enable cell/tissue survival. It would be predicted therefore
that pathophysiologies which alter fetal O2 availability would also
alter fetal growth. Thus decreased pre-placental levels of oxygen
caused by high-altitude residence, cyanotic heart disease or anemia
have all been shown to produce decreases in fetal growth (Kingdom
and Kaufmann, 1997; Moore et al., 1998; Shime et al., 1987). At the
level of the placenta, reduced uteroplacental perfusion leading to
fetal hypoxia contributes to preeclampsia and/or fetal growth restric-
tion (Aardema et al., 2001; Bower et al., 1993; Campbell et al., 1986;
Konje et al., 2003; Lunell et al., 1984; Lunell et al., 1979; Zamudio et
al., 1995), frequently associated with shallow or inadequate placen-
tation (Brosens et al., 1972; Labarrere and Faulk, 1994; Meekins et
al., 1994). Similarly, altered placental structure, diffusional distance
or reduced fetoplacental perfusion have been associated with de-
creased oxygen transfer and reduced fetal growth (Aardema et al.,
2001; Ferrazzi et al., 2000; Giles et al., 1986; Kreczy et al., 1995;
Mayhew et al., 2004; Meekins et al., 1994; Todros et al., 1999).
Although the relationship between hypoxia and decreased fetal
growth is clear, the specific mechanism by which growth reduction
takes place has not been described.

The high altitude model

We have carried out a program of investigation comparing fetal
growth at low altitude (LA) and high altitude (HA), a natural experi-
ment comparing maternal and neonatal parameters from pregnan-
cies exposed to normoxia or hypobaric hypoxia over the entire
gestational course. The demographic and clinical characteristics of
the mothers and the neonates from LA and HA are summarized in
Table 1. In general, maternal characteristics were very similar
between altitudes; the only differences were that the women in the
study at HA were slightly older, slightly shorter and showed an
increased mean arterial blood pressure, the latter consistent with
prior studies in North America (Palmer et al., 1999). The infant
characteristics showed a clear reduction in birth weight at HA,
amounting to 304 ± 43 g (mean ± SEM), after adjustment for maternal
age and parity, gestational age and fetal sex. Despite this substantial
reduction in birth weight, there was no change in placental weight
between altitudes, and thus there was a decreased birth/placental
weight ratio. The HA infants had a lower birth length than the LA
infants and tended to have decreased abdominal circumference,
indicative of reduced third trimester growth.

Altitude, blood flow and oxygenation

Prior to delivery (4±1 day, range, 0–10), maternal uterine artery
diameters and Doppler blood flows were assessed as described
(Palmer et al., 1992; Zamudio et al., 2007b). The results showed that

there was a reduction in uterine diameter and a decrease in the
mean blood flow velocity at HA. This data was used to calculate the
total uterine volumetric blood flow, which decreased by 25%, from
690 ± 35 ml/min/kg uterine contents (fetal and placental weight) at
LA to 514 ± 32 ml/min/kg at HA (p < 0.01). In a similar manner,
calculations of umbilical venous volumetric blood flows were made
using ultrasound measurements of the umbilical vein diameter and
blood flows. Umbilical blood flow decreased from 101 ± 3 ml/min/
kg fetal weight at LA to 82 ± 4 ml/min/kg at HA (p<0.001).

At the same time as the ultrasound measurements were made,
arterialized maternal blood was drawn for blood gas measure-
ments and for analysis of hematocrit and hemoglobin. Umbilical
arterial and venous blood samples were obtained from the doubly-
clamped cord at elective cesarean section delivery for assessment
of the same parameters. The calculated values for uterine oxygen
delivery and fetal oxygen consumption are summarized in Fig. 1.
What is apparent is that despite the differences in uterine blood flow
and arterial PO2, oxygen delivery to the placenta does not differ
between altitudes. Perhaps even more importantly, O2 delivery to
the fetus (10.1 ml/min/kg at 400 m, 9.7 ml/min/kg at 3600 m,
p=0.46) and O2 consumption by the fetus do not differ between the
altitudes, despite differences in umbilical blood flow and umbilical
venous PO2. This is due in large part to the increased hemoglobin
observed in the maternal and fetal circulations at HA. Given that
maternal arterial PO2 is reduced by >30 mmHg, our finding that
umbilical venous PO2 is reduced by only 3 mmHg at 3600 m was
very surprising. Moreover the fetal PO2 we report is well within the
range of values reported at sea level (Postigo et al., 2009; Zamudio
et al., 2007b).

Blood glucose and fetal glucose consumption

Blood samples obtained at the time of ultrasound measure-
ments (maternal) or at delivery (fetal) were assayed for glucose
and the results are shown in Fig. 2 with the calculated values for the
maternal delivery and fetal uptake values (Zamudio et al., in press).

O2 consumption 
= 6.0 ± 0.2 
ml/kg/min

A rterial PO2 = 90 mm 
Hg

Umbilical venous PO2 = 30.2 ± 0.7 mm Hg

Umbilical arterial PO2 = 16.6 ± 0.5 mm 
Hg

L ow altitude

O2 delivery
= 26.2 ± 1.3

ml/kg/min

Fetus 
3485 g

470 g

O2 consumption 
= 6.1 ± 0.2 
ml/kg/min

A rterial PO2 = 60 mm Hg

Umbilical venous PO2 = 27.7 ± 0.7 mm Hg

Umbilical arterial PO2 = 15.8 ± 0.6 mm                 
Hg

H igh altitude

O2 delivery
= 25.6 ± 1.2 

ml/kg/min

Fetus 
3168 g

489 g

Fig. 1. Oxygen delivery and consumption at low and high altitude.

Summary of the data calculated from blood flow and blood gas measure-
ments describing maternal and fetal oxygenation, maternal oxygen
delivery and fetal oxygen consumption at 400 m (low) and 3600 m (high)
altitude.
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It is apparent that maternal arterial glucose concentrations are
similar between altitudes, but the venous concentrations are
reduced at HA compared to LA (Fig. 2A). Therefore maternal
extraction of glucose is increased in the HA pregnancies.
Uteroplacental delivery of glucose is not different between alti-
tudes (Fig. 2B, p=0.11). By contrast, both fetal umbilical venous
and arterial glucose concentrations are lower at HA (Fig. 2C),
although the venous-arterial difference is the same. Most impor-
tantly, the fetal consumption of glucose at HA is decreased by
35% under conditions of chronic hypoxia (Fig. 2D).

Modeling growth restriction in chronic (altitude-in-
duced) hypoxia

The primary results obtained from these investigations show
that although birth weight is significantly reduced at HA, there is
no alteration in fetal oxygen consumption under conditions of
chronic hypoxia. Despite the sizeable decrease in maternal
arterial PO2 and the probable reduction in intervillous PO2, the fall
in umbilical venous PO2 is proportionately much smaller than
might be predicted. In contrast, there is a highly significant
reduction in umbilical venous and arterial glucose concentrations
(p<0.0001) and a decrease in the rate of glucose consumption at
HA. These results raise two primary questions.

1) Given that fetal oxygen delivery and oxygen consumption
are unaltered in conditions of chronic hypoxia, why do HA fetuses
still show growth reduction?

2) What is the mechanism behind these reductions?
We expected that hypoxic conditions would lead to a reduction

in oxygen consumption and a compensatory increase in glucose
consumption as the rate of anerobic glycolysis is increased to
make up for decreased oxidative metabolism. This reciprocal
relationship was not apparent however, since there was no
change in fetal oxygen consumption. Instead the obvious candi-
date for reduced fetal growth is the decrease in fetal blood glucose
levels and the decrease in fetal glucose consumption. As noted

above, fetal hypoglycemia is associated with hypoxia in a variety
of conditions and fetal hypoglycemia, in the absence of hypoxia,
can produce fetal growth restriction, so such a scenario is plau-
sible. By extension, therefore, the problem becomes a question of
how fetal glucose delivery and consumption are decreased at HA
despite the fact that maternal glucose delivery to the placenta
does not differ between altitudes. Clearly there must be increased
placental glucose consumption at HA, but why is it increased
when there is apparently adequate oxygen to support oxidative
metabolism? Our challenge was to develop a model which can
account for the metabolic changes between the normoxic and
chronically hypoxic placenta, consistent with reductions in fetal,
but not placental growth.

Hypoxia responses and metabolic reprogramming

We believe that the answer to this challenge lies in the concept
of metabolic reprogramming. Traditionally, hypoxia triggers a
number of responses, common to most tissues and cells, re-
sponses designed either to increase tissue and cellular O2 supply
or to enhance cellular survival under hypoxic conditions (Fig. 3).
The first response consists of increased angiogenesis and eryth-
ropoiesis which, in the placenta, results in increased villous
capillary density (Zamudio, 2003), and elevated secretion of
angiogenic or hematopoietic factors such as VEGF and erythro-
poietin (Zamudio et al., 2006; Zamudio et al., 2007c). The second
type of response, which enhances cell survival, is the metabolic
adaptation to augment the energy supply via non-oxidative (i.e.
anaerobic) pathways. In the placenta this process has been
demonstrated most clearly by an increase in glucose consump-
tion and concomitant lactate production during hypoxia (Cannell
et al., 1988; Illsley et al., 1984; Kay et al., 2007) as well as
upregulation of glucose transporters (Baumann et al., 2007;
Esterman et al., 1997) and other key elements of the glycolytic
pathway (Fukasawa et al., 2004). The third response is broadly
defined as “demand reduction” and consists of the attenuation of
energy-requiring processes which are not essential to cellular
survival, including gross energy demands such as fetal move-
ment (Hooper, 1995). At the tissue level, however, the primary

HypoxiaHypoxia

Angiogenes isAngiogenes is
E rythropoies isE rythropoies is

IncreasedIncreased
glycolys isglycolys is

DemandDemand
reductionreduction

MetabolicMetabolic
reprogrammingreprogramming

MetabolicMetabolic
reprogrammingreprogramming

Fig. 2. Glucose delivery and consumption at low and high altitude.

(A) Maternal arterial and venous glucose concentrations at 400 m (low;
red) and 3600 m (high; blue) altitude. (B) Uteroplacental delivery of
glucose at 400 m and 3600 m, normalized per kg of uterine contents. (C)

Umbilical venous and arterial blood glucose concentrations at 400 m and
3600 m. (D) Fetal uptake of glucose at 400 m and 3600 m, normalized per
kg fetus.

Fig. 3. Responses to hypoxia. Cellular responses to hypoxia, including
the recently described “metabolic reprogramming”.

B

C D

A
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means of demand reduction is the inhibition of transcription,
translation and related processes which rely on protein synthesis,
such as cellular growth and proliferation (Hochachka and Lutz,
2001). Although the mechanisms regulating demand reduction
have not yet been examined in the placenta, their operation in
pathological conditions can be inferred from the decreased pla-
cental growth often observed in conditions associated with re-
duced O2 delivery, such as fetal growth restriction and preeclamp-
sia (Aardema et al., 2001; Han, 1993; Pardi et al., 2002). That is
why the altitude model is of particular importance: placental
growth is maintained, in the face of chronically reduced fetal
growth that does not reach the level seen in pathological IUGR,
or even clinical SGA in most cases. This implies the absence of
placental demand reduction, despite chronic hypoxia. This is
consistent with the concept that the high-altitude pregnancies fall
into a group intermediate to the more frequently studied paradigm
of normal versus severe IUGR pregnancies, a group where early
reductions in fetal growth occur as a result of altered substrate
delivery by the placenta.

To these traditional responses can be added another response
to decreased O2, “metabolic reprogramming”, described first in
the tumor biology literature (Brahimi-Horn and Pouyssegur, 2006;
Koumenis and Wouters, 2006; Pouyssegur et al., 2006) and more
recently in muscle biochemistry (Aragones et al., 2008; Mason et
al., 2007). Although comprised of several different and separate
mechanisms (see below), collectively metabolic reprogramming
produces a hypometabolic state characterized by a reduction in
oxygen consumption that increases cellular oxygen availability. It
is a reversible metabolic switch from carbohydrate oxidation to
anaerobic glycolysis, driven by hypoxia. Each of the specific
mechanisms, by different means and with different temporal
responses, decreases oxidative metabolism. It is not a forced
increase in anaerobic glycoysis due to irreversible losses in
mitochondrial oxidative metabolism as characterized by the
Warburg effect. Neither does this decrease in oxygen consump-
tion arise from substrate (O2) limitation. Rather it is a direct result
of processes which actively limit cellular O2 consumption.

Metabolic reprogramming mechanisms

Metabolic reprogramming consists of mechanisms which cause
(1) the direct inhibition of mitochondrial oxygen consumption, (2)
the diversion of carbohydrates away from oxidative pathways and
(3) a reduction in mitochondrial mass, described briefly below.
Each of the relevant mechanisms discussed below are associ-
ated with increased levels of Hypoxia Inducible Factor 1α (HIF-
1α). Of critical importance to the model we propose here is that
HIF-1α levels are doubled in the high altitude placenta, with
concomitant increases in multiple target genes (Ietta et al., 2006;
Nevo et al., 2006; Soleymanlou et al., 2005; Zamudio et al.,
2007c).

Direct inhibition of mitochondrial oxygen consumption
In the first category of metabolic reprogramming systems are

two specific mechanisms which directly inhibit mitochondrial
oxygen consumption (Fig. 4). The first of these is the reversible
inhibition of complex IV of the mitochondrial electron transport
chain, cytochrome c oxidase, by nitric oxide (NO) which acts as a
competitive inhibitor for O2 binding to cytochrome c (for a review,

see Erusalimsky and Moncada, 2007). The IC50 for NO decreases
substantially as O2 concentrations decrease, such that a drop in
cellular O2 levels from 30 μM to 10 μM decreases the IC50 for NO
from 60 nM to 20 nM, well within the range of measured endog-
enous, cellular NO levels (Malinski and Taha, 1992; Shibuki,
1990). As a result, with decreasing O2 concentration, endog-
enous NO will increasingly compete for binding to cytochrome c
oxidase, decreasing oxygen consumption and leading to in-
creased cellular oxygen availability (Hagen et al., 2003). In many
cell types, NOS isoforms (eNOS, iNOS) are reported to be
upregulated by hypoxia via a HIF-1-mediated mechanism (Coulet
et al., 2003; Gao et al., 2005; Hellwig-Burgel et al., 2005; Land and
Rae, 2005; Lu et al., 2006; Matrone et al., 2004; Melillo et al.,
1997; Min et al., 2006; Semenza et al., 1997), thus increasing the
production of NO at the same time that oxygen concentration is
falling. Thus in vivo, NO and HIF-1 appear to act together to
diminish the effects of hypoxia.

The second mechanism involves the enzyme succinate dehy-
drogenase (SDH; Fig. 4). SDH is a component protein of the
tricarboxylic acid (TCA) cycle, not only catalyzing the conversion
of succinate to fumarate but also functioning as complex II in the
mitochondrial electron transport chain, enabling transfer of elec-
trons from FADH to ubiquinone. Under hypoxic conditions, where
HIF-1 levels are elevated, expression of the SDH B subunit
(SDHB) is suppressed, resulting in the inhibition of complex II of
the electron transport chain (Dahia, 2006; Dahia et al., 2005),
decreasing oxygen consumption and leading to increased oxy-
gen availability. In addition, the inhibition of complex II increases
levels of succinate (Guzy et al., 2008; King et al., 2006), which
acts as a competitive inhibitor of the enzyme regulating HIF-1α
degradations, the prolyl hydroxlase domain-containing protein
(PHD)(Lu et al., 2005; Stolze et al., 2006). Thus, under hypoxic
conditions, increased HIF-1 results in the suppression of SDHB
expression, leading to increased succinate concentrations which,
in turn, stabilize the increased level of HIF-1 (MacKenzie et al.,
2007; Selak et al., 2005). This mechanism represents not only an
oxygen sparing mechanism but also a means by which HIF-1 can
be stabilized in the chronically hypoxic conditions documented in
the HA placenta (Zamudio et al., 2007c).

Fig. 4. Hypoxia inducible factor1 (HIF-1)-mediated inhibition of

mitochondrial electron transport. Mechanisms which reduce mito-
chondrial oxygen consumption. (A) Nitric oxide (NO) inhibition of mito-
chondrial electron transport chain complex IV, cytochrome c oxidase,
stimulated by HIF-1. (B) Inhibition of mitochondrial electron transport
chain complex II (succinate dehydrogenase, SDH) mediated by HIF-1
suppression of SDH subunit B expression.
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Diversion of metabolic substrate from oxidative to anaero-
bic metabolism

The second category of metabolic reprogramming systems
consists of two mechanisms which alter the flux of glucose
carbon away from oxidative metabolism (Fig. 5). Pyruvate
dehydrogenase (PDH) is a multisubunit enzyme which forms
the gateway to the TCA cycle, converting pyruvate, the terminal
metabolite of the glycolytic pathway, to acetyl CoA, through an
irreversible reaction which directs carbon into the TCA cycle.
The balance between aerobic and anaerobic metabolism is
controlled in large part by PDH and thus it is under tight
regulation. Pyruvate dehydrogenase kinase (PDK) inhibits PDH
by phosphorylation of the PDH E1 regulatory subunit (Sugden
and Holness, 2003), blocking carbon entry into the TCA cycle
and forcing carbon flux from glucose toward lactate rather than
providing reducing equivalents for oxidative metabolism. PDK
consists of four isoforms which show differential activity to-
wards the three phosphorylation sites on PDH (Kolobova et al.,
2001); all the isoforms are capable of inactivating PDH by
phosphorylation of site 1, however only PDK1 also phosphory-
lates both sites 2 and 3, which appear to regulate PDH phos-
phatase (reactivation) activity. Most importantly, the PDK1
isoform is significantly induced by hypoxia (Kim et al., 2006;
Papandreou et al., 2006) so that under hypoxic conditions the
increased expression of PDK1 leads to PDH inhibition. This
decreases the flux through the TCA cycle, reducing the sub-
strate availability for oxidative metabolism, thus decreasing
oxygen consumption and leading to increased oxygen avail-
ability (Papandreou et al., 2006). This is a HIF-mediated pro-
cess which, in addition to increasing oxygen availability, attenu-
ates ROS production and increases cell survival (Kim et al.,
2006; Papandreou et al., 2006).

The second of the diversion mechanisms is complementary
to the alterations in PDH activity regulated by PDK and involves
the enzyme lactate dehydrogenase (LDH). LDH catalyses the
reversible interconversion of pyruvate and lactate at the end of
the glycolytic pathway (Fig. 5). Most tissues express both the A
(or M/muscle) and B (or H/heart) isoforms. The primary differ-
ence between the A and B isoforms is the binding of pyruvate.
The A isoform preferentially catalyzes conversion of pyruvate
to lactate, whereas the B isoform preferentially catalyses the
reverse reaction (Markert, 1984; Read et al., 2001). The gene
encoding LDHA has HIF-1-binding hypoxia response elements
in its promoter sequence and responds to hypoxia by HIF-1-
mediated upregulation of LDHA expression (Firth et al., 1995;
Semenza et al., 1996). The upregulation of LDHA serves to
channel pyruvate, the product of the glycolytic pathway, to-
wards generation of lactate rather than providing substrates for
the TCA cycle via conversion to acetyl CoA, thus decreasing
oxygen consumption and leading to increased oxygen avail-
ability. The combination of HIF-upregulated LDHA and PDK will
diminish substantially the supply of reducing equivalents to the
mitochondrial electron transport chain.

Changes in mitochondrial mass
The third category of metabolic reprogramming systems

encompasses mechanisms which alter cellular mitochondrial
mass. Changes in mitochondrial mass, while a much slower
response than those outlined above, have been observed

under hypoxic conditions. These changes will be the sum of
mitochondrial biogenesis and mitochondrial autophagy, both of
which appear be regulated by hypoxia. Recent reports have
shown that when HIF-1 is elevated mitochondrial mass is
decreased whilst when HIF-1 is suppressed, mitochondrial
DNA is increased relative to nuclear DNA (Zhang et al., 2007).
In the former case mitochondrial biogenesis is decreased by
HIF-1 mediated inhibition of expression and activity of the C-
MYC transcription factor, leading to reduced expression of the
PPAR-γ coactivator 1β (PGC-1β) and decreased biogenesis
(Fig. 6)(Zhang et al., 2007). Mitochondrial O2 consumption and
ROS production are decreased simultaneously. This report is
consistent with the model of hypoxia in which HIF-1 upregulation
stimulates a hypometabolic state, including decreased cellular
respiration (Semenza, 2007; Zhang et al., 2007). The other
factor contributing to mitochondrial mass is autophagy, a pro-
tein and organelle degradation process which has been ob-
served in response to both hypoxia and nutrient deprivation
(Hamacher-Brady et al., 2007; Yan et al., 2005; Zhu et al.,
2007). Mitochondrial autophagy in response to hypoxia was
recently reported as a HIF-1 dependent adaptive metabolic
response, which decreases O2 consumption and ROS genera-
tion and as a result, prevents cell death (Zhang et al., 2008).
The mechanism by which hypoxia induces mitochondrial au-
tophagy appears to involve the apoptosis-related protein, BNIP3
(Bcl-2/adenovirus E1B 19kDa interacting protein 3) (Mellor and
Harris, 2007; Tracy and Macleod, 2007) as well as components
of the autophagic machinery, including Bcl-2 and the Bcl-2
interacting protein, Beclin-1 (Fig. 6). In combination, HIF-1-
mediated changes in biogenesis and autophagy will favor a
reduction in cellular mitochondrial mass, decreasing oxygen
consumption and leading to increased oxygen availability.

Hypoxia and HIF-1 mediation of metabolic repro-
gramming

Cellular responses to hypoxia, are governed largely via the
activation of gene transcription through the binding of the

Fig. 5. Diversion of glucose carbon flux away from oxidative metabo-

lism. (A) HIF-1 stimulation of the inhibition of pyruvate dehydrogenase
(PDH) through pyruvate dehydrogenase kinase (PDK)-mediated phos-
phorylation. (B) HIF-1 stimulation of the expression of the lactate dehy-
drogenase A subunit.
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hypoxia-inducible factor-1 (HIF-1) to the hypoxia response
elements on numerous genes (Semenza, 1998). Under normoxic
conditions, the prolyl hydroxylase domain-containing proteins
or PHDs utilize molecular O2 and the TCA cycle intermediate,
2-oxoglutarate, as substrates in reactions which hydroxylate
two proline residues on HIF-1α while converting 2-oxoglutarate
to succinate and CO2 (D’Angelo et al., 2003). The proline
hydroxylation provides sites for the ubiquitination of HIF-1α by
the von Hippel Lindau (VHL)/E3 ubiquitin ligase complex;
ubiquitination of HIF-1α in turn targets the protein for rapid
proteasomal degradation. Under hypoxic conditions the sub-
strate limitation imposed by a decreased oxygen concentration
reduces PHD activity, decreasing the rate of HIF-1α degrada-
tion and increasing HIF-1 levels. Although O2 concentration is
the primary effector, activity of the PHDs is also modulated by
metabolic intermediates (succinate, oxaloacetate, pyruvate)
and by agents such as nitric oxide (NO) and reactive oxygen
species (ROS) which alter the redox status of the non-heme
iron in the catalytic core (Cash et al., 2007; Lu et al., 2005; Pan
et al., 2007).

The elevation of HIF-1 by hypoxia appears to be the central
regulatory element for metabolic reprogramming. HIF-1 in-
creases the expression of endothelial nitric oxide synthase
(eNOS) and the extent of eNOS phosphorylation (Chen and
Meyrick, 2004; Dedkova et al., 2004; Shi et al., 2002), HIF-1
suppresses SDHB (Dahia et al., 2005), stimulates expression
of PDK and LDHA (Firth et al., 1995; Kim et al., 2006; Papandreou
et al., 2006; Semenza et al., 1996) and is involved in the
regulation of mitochondrial mass via inhibition of biogenesis

(Zhang et al., 2007) and the stimulation of mitochondrial au-
tophagy (Zhang et al., 2008).

Metabolic reprogramming and placental function

We postulate that within the range of PO2 we observe in our
high-altitude fetuses, metabolic reprogramming mechanisms are
activated in the placental syncytiotrophoblast. As described above,
activation of these mechanisms leads to decreased oxygen
consumption and increased cellular availability of oxygen. We
predict that that in the placenta, hypoxia-stimulated metabolic
reprogramming will lead to (1) decreased O2 consumption and to
(2) increased glucose consumption. The altered syncytial con-
sumption of O2 and glucose produced by metabolic reprogram-
ming will lead to an increased intrasyncytial level of O2 and a
decreased intrasyncytial concentration of glucose. As the placen-
tal transfer of these substrates takes place by transsyncytial
diffusional mechanisms, the altered syncytial levels alter placen-
tal-to-fetal gradients, increasing oxygen transfer and decreasing
glucose transfer to the fetal circulation. This change in the
availability of energy substrates, while resulting in the mainte-
nance of fetal oxygenation, will also result in a relative fetal
hypoglycemia that, in turn, appears to drive the reduced fetal
growth observed under conditions of mild-moderate hypoxia.

Evidence supporting placental metabolic reprogram-
ming

The data obtained from studies of high altitude pregnancy is
consistent with the operation of metabolic reprogramming in
conditions of chronic hypoxia. Umbilical venous PO2 was reduced
by only 10% under hypoxic conditions, despite a 33% decrease in
uterine arterial PO2, and fetal oxygen delivery and consumption
were unchanged, consistent with the maintenance of oxygen
transfer predicted by the operation of metabolic reprogramming
mechanisms. By contrast, umbilical venous glucose concentra-
tion was decreased by 18% under conditions of chronic hypoxia,
while fetal glucose consumption was reduced by 35%, consistent
with increased placental glucose consumption in the face of
oxygen sparing caused by metabolic reprogramming. As a result,
birth weight was reduced by 9% while placental weight was
unchanged.

In addition to this data, there is further evidence to support the
possibility of placental metabolic reprogramming. Recent data
shows that there is a clear increase in HIF-1α protein in syncy-
tiotrophoblast cells in vivo under conditions of chronic hypoxia, as
demonstrated both by Western blotting and by immunohistochem-
istry (Zamudio et al., 2007c). Other markers of hypoxia are also
elevated in samples from HA pregnancies, including maternal
erythropoietin and VEGF (Zamudio et al., 2007c), maternal and
placental sFlt1 (Nevo et al., 2006) and increased syncytial eryth-
ropoietin and transferrin receptor (Zamudio et al., 2006). Global
patterns of placental gene expression are markedly similar in the
high altitude placentas, placental explants incubated in 3% oxy-
gen and in preeclampsia, a disease in which placental HIF and
HIF gene targets such as TGFβ3) levels are elevated (Caniggia
et al., 2000; Soleymanlou et al., 2005). In addition, nitric oxide
generation appears also to be upregulated, as demonstrated
indirectly by the increase in the staining for nitrotyrosine observed

Fig. 6. Pathways of hypoxia inducible factor1 (HIF-1)-mediated alter-

ations in mitochondrial biogenesis and autophagy. The partial signal-
ing pathways by which hypoxia, via HIF-1, alters the rates of (A) mito-
chondrial biogenesis and (B) mitochondrial autophagy (from Zhang et al.,
2008; Zhang et al., 2007).
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in placental sections obtained from HA pregnancies (Zamudio et
al., 2007a).

Implication for studies of fetal growth restriction

The placenta is positioned at the beginning of the fetoplacental
supply line, thus placental O2 consumption and transfer are
crucial components of the fetal response to hypoxia. Not only is
the placenta the conduit for transfer of O2 to the fetus, but it is also
an active metabolic organ that consumes up to 40% of total
uterine O2 uptake (Carter, 2000). Changes in substrates used in
placental energy generation will thus have significant effects on
the extent and mix of the primary energy substrates (glucose and
O2) delivered to the fetus. Our novel extension to the placenta of
the metabolic reprogramming model developed in solid tumors
argues that these processes are beneficial in normal physiology,
supporting increased placental O2 transfer and decreased glu-
cose transport, which in turn promote fetal survival at the cost of
limiting fetal growth. The diagram in Fig. 7 illustrates our
conceptualization of these processes, although not an exact
delimitation of the initiation points. At the normal intervillous PO2
level of 6-8% (Jauniaux et al., 2001; Soothill et al., 1986) both
placental and fetal growth are in the normal range as reflected by
normal rates of protein synthesis, stable syncytial ATP levels and
normal fetal blood glucose. As intervilllous PO2 drops below 5%
there is an increase in syncytial HIF-1 which stimulates metabolic
reprogramming, including oxygen sparing, which in turn main-
tains fetal oxygenation at the cost of increased placental glucose
consumption. Excess placental glucose consumption maintains
syncytial ATP levels and energy-intensive processes such as
protein synthesis and placental growth, but leads to decreased
transfer to the fetus and a drop in fetal blood glucose levels. This
is associated with mild growth restriction as the reduced glucose
supply (and consumption) leads to a reduced growth stimulus. As
intervillous PO2 drops further, there is continued oxygen sparing
and a further increase in placental glucose consumption leading
to a greater drop in fetal blood glucose and moderate growth
restriction. Finally as intervillous PO2 reaches low levels (<2%),
the supply of energy substrates affects placental function, leading
to decreased syncytial ATP levels, inhibition of protein synthesis
and compromised function, including the transfer functions sup-
plying the fetus. At this point, the restrictions in oxygen and
glucose supply to the fetus are exacerbated not only by placental
metabolic abnormalities and decreased transport function but

also, in the case of chronic hypoxia,
by structural abnormalities as pla-
cental growth is not only reduced
but modified by the hypoxic envi-
ronment.

Conclusions

The data generated from the high
altitude model and the metabolic
programming model gives us the
opportunity to look at the mid-sec-
tion of the model presented in Fig. 7,
an area that has hitherto not re-
ceived detailed cellular, molecular
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Fig. 7. Model of growth restriction processes stimulated by hypoxia.

or integrative physiological attention. It is critical to define the
earliest changes that occur in fetal growth restriction, so that we
may develop biomarkers that would refine our ability to engage in
nutritional or other interventions, to assess longer term fetal risk
and the timing of delivery, and to avoid unnecessary pre-term
deliveries where fetal growth is compromised, but placental
function is adequate. Perhaps as interesting is the impetus this
concept gives to placental programming of adult health. The
alteration in the mix of energy-generating substrates envisioned
in this model suggests that the placenta plays a pivotal role in
regulating the fetal growth response to an abnormal intrauterine
environment. If further research validates this model, the idea
that the placenta is a major component in fetal programming
raises interesting diagnostic and therapeutic possibilities. If low-
ered fetal glucose concentrations are the earliest detectable step
in decreased fetal growth, the rapid advances in metabolomics
and imaging techniques such as magnetic resonance imaging
may make non-invasive detection of cord blood glucose concen-
trations very useful diagnostically. This model also raises the
possibility of a simpler therapeutic modality for early fetal growth
restriction, given the greater accessibility of placental metabolic
systems.
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