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Abstract

There is evidence from animal and human studies that changes in the balance of essential polyunsaturated
fatty acids may alter the early stages of adipose tissue development. Consistent with these observations,
cellularity of human adipose tissue from obese patients depends on the age of obesity onset. Under
isoenergetic conditions, pups from wild-type mice mothers fed a linoleic acid (LA) diet were 40% heavier
1 week after weaning than those from mothers fed a LA/a-linolenic acid (LNA) diet, and the weight
difference was maintained at the adult age. The LA-induced enhancement of fat mass was abolished in mice
invalidated for the cell-surface prostacyclin receptor (ip '~ mice), demonstrating the critical role of
arachidonic acid and the prostacyclin receptor in excessive adipose tissue development. Changes observed
over recent decades in the fatty acid composition of dietary fats observed in breast milk and formula milk, i.e.
an increase in LA with slight or no change in LNA content, in concert with a positive energy balance, may be
responsible at least in part for the dramatic rise in the prevalence of childhood overweight and obesity. Since
prevention of obesity appears critical to avoid difficult if not insurmountable health problems in the future,
the composition of dietary lipids should be reconsidered from the very beginning of the food chain.
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polyunsaturated fatty acid, WT: wild-type.

Introduction

ongitudinal and cross-sectional studies in
Lrodents and humans have shown a close

relationship between hypercaloric diets, i.e.
high-fat diets in most cases, and fat mass enlarge-
ment leading to overweight and obesity. It appears
that, in addition to a positive energy balance,
qualitative changes in the fatty acid composition
of ingested fats have occurred, but possible effects
of such changes have been so far disregarded.
Recent evidence favours the possibility that changes
in the balance of essential polyunsaturated fatty
acids (PUFAs), i.e. linoleic acid-enriched diets and
high linoleic acid (LA)/a-linolenic (LNA) ratios,
enhance adipose tissue development during foetal
life and infancy. These life periods show the highest
adaptability and vulnerability to external factors. In
contrast to saturated fat intake, which has been
associated with an increased risk of coronary heart
disease (1), little attention has been paid to potential
effects of differences in dietary PUFAs and long-
chain fatty acids (LCFAs) in promoting adipose
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tissue development. The aim of this short review is
to discuss this point.

Non-equivalence of fatty acids acting as
adipogenic hormones

In preadipocytes, exogenous fatty acids acting as
adipogenic hormones via peroxisome proliferator
activated receptors (PPARs) are implicated in
stimulating adipocyte formation (adipogenesis),
thus providing a molecular link between excess of
lipid intake, enhanced flux of fatty acids entering
adipose tissue and increased fat mass (1).

Various key events take place during adipogenesis
(Fig. 1). Up-regulation of the expression of
CCAAT/enhancer binding protein-f and -6 (C/
EBP-B and C/EBP-9) leads to increased expression
of PPAR-y (2), and gene invalidation has clearly
shown the importance of these transcriptional
factors in adipose tissue development (3-5). To
activate the expression of C/EBP-B and C/EBP-9
genes, at least two redundant cell-surface receptor/
ligand systems are functional in preadipocytes, i.e.
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Fig 1. Redundant pathways and long-chain fatty acids (LCFAs) implicated in adipogenesis. At least two cell-surface receptor/ligand systems
concur to up-regulate the expression of CCAAT/enhancer binding protein-f3 (C/EBPB) and C/EBPS [i.e. prostacyclin receptor (IP)/prostacyclin,
and leukaemia inhibitor factor (LIF) receptor/LIF, and to promote adipogenesis. In preadipocytes, arachidonic acid (ARA) favours the
synthesis of prostacyclin, which is then released. Thus, ARA via prostacyclin triggers a key event, plays a unique role in activating the protein
kinase A pathway by means of IP, and enhances the differentiation process. Furthermore, prostacyclin is assumed to bind to peroxisome
proliferator activated receptor-p/d (PPARP/S). Other dietary LCFAs act as activators/ligands of PPARP/6 and PPARYy. Upon terminal
differentiation, LIF is no longer produced. Production of prostacyclin and other prostaglandins ceases and is accompanied by reduced
expression and loss of functional IP. In addition to ARA metabolites synthesized through cyclooxygenases (COXs) at early step(s), ARA
metabolites synthesized through lipoxygenases (LOXs) as ligands of PPARY are also implicated at later step(s). Epidermal (keratinocyte) fatty
acid binding protein (e-FABP/Mall) in preadipocytes and also adipocyte fatty acid binding protein (a-FABP/aP2) in adipocytes are assumed to

bind and transport LCFAs. TG: triglycerides.

prostacyclin receptor (IP)/prostacyclin and leukae-
mia inhibitory factor (LIF) receptor/LIF. Both
ligands are secreted from preadipocytes and act
externally in a paracrine/autocrine manner (6—S).
Prostacyclin synthesis takes place from arachido-
nic acid (ARA), the most naturally abundant long-
chain PUFA of the n-6 series, which is a metabolite
of the LA pathway (9-11). Antibodies added
externally directed against prostacyclin strongly
diminish the adipogenic effect induced by ARA.
Of the other natural fatty acids (saturated, mono-
unsaturated and other PUFAs), including the iso-
mer of ARA of the n-3 series, only ARA triggers
cyclic adenosine monophosphate (cAMP) produc-
tion through prostacyclin production and activates,
via the IP receptor, the protein kinase pathway,
which regulates in part the expression of C/EBP-8
and C/EBP-8. Eicosapentaenoic acid (EPA) and to
a lesser extent docosahexaenoic acid (DHA),
although inactive as cAMP-elevating agents, inhibit
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the stimulatory effect of ARA on cAMP production
(12). The short-term intracellular production of
cAMP and the long-term adipogenic effect, both
triggered by ARA, are blocked by cyclooxygenase
inhibitors (9). Prostacyclin, in the form of its stable
analogue (carba)prostacyclin, mimics both the
short- and long-term stimulatory effect of ARA
(10), as shown in both rat and human primary
preadipocytes (11, 13).

Several additional observations demonstrate that
prostacyclin arising from ARA metabolism is a
potent adipogenic hormone. Three features of such
effects are particularly important: (i) it is active
within a critical temporal window, i.e. at the
precursor cell stage only (11, 13); (ii) through
activation of the cell-surface receptor IP and the
protein kinase A pathway, it rapidly up-regulates
the expression of the early transcription factors C/
EBP-B and C/EBP-8, which in turn up-regulate the
expression of PPAR-y (6); and (iii) exposure of



white adipose tissue to (carba)prostacyclin ex vivo
and in vivo triggers the formation of new adipocytes
within a few hours (14).

Based on these data, nutritional experiments have
been performed to investigate whether a LA-en-
riched diet modulates fat mass through an increased
flux of LA metabolites, e.g. ARA, and whether
LNA counteracts this effect. Under isoenergetic
conditions, comparative experiments were per-
formed with wild-type (WT) mice and mice invali-
dated for the cell-surface prostacyclin receptor
(ip~'~ mice). These studies showed that (i) pups
from WT mothers fed an LA diet are 40% heavier
1 week after weaning than those from mothers fed
an LA/LNA diet; the ratios of n-6 PUFAs versus n-
3 PUFAs were 59/1 for the LA diet and 2/1 for the
LA/LNA diet, respectively; (ii) the weight difference
between mice fed LA and those fed LA/LNA diets
is maintained at the adult age; and (iii) the LA-
induced enhancement of fat mass is abolished in
ip’/ ~ mice, demonstrating the critical role of ARA
and the prostacyclin receptor in excessive adipose
tissue development (12). These studies show that
PUFAs of the n-6 and n-3 series are not equipotent
in promoting adipogenesis in vitro and adipose
tissue development in vivo.

Relevance to childhood and adult obesity

Considering the adipogenic role of LA-enriched diet
and the counteracting effect of LNA in rodents, one
key question to be addressed in humans is whether
the balance of PUFAs has changed over the decades
such as it could favour excessive adipose tissue
development. With respect to childhood, compara-
tive US data between the National Health and
Nutrition Survey II (1976—1980) and the NAHNES
IIT (1988—-1994) indicate that the adiposity indices
for 6—11-month-old infants of all races has in-
creased by 1.9- and 1.7-fold for boys and girls,
respectively (15). These data appear to exclude
sedentarity at that age as a cause of increased
adiposity, but rather suggest that qualitative nutri-
ent changes have occurred during gestation and/or
lactation, and are consistent with changes in the
fatty acid composition of mature breast milk and
infant formulae over the past few decades. Indeed, a
time-increase in LA content and/or a time-decrease
in LNA content have been reported in breast milk of
women living in major industrialized countries of
the Western world, leading to an increase in the LA/
LNA ratio. Importantly, on a long-term basis the
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ARA and DHA content of breast milk is more
closely related to their dietary intake than to LA
and LNA intakes. The ARA/DHA ratio has
increased significantly in the past 25 years in North
America, Europe and Australia, the highest values
being found in the USA (16). Regarding formula
milks, since 1995 manufacturers have limited the LA
content and have changed that of LNA to match the
ratio found in human milk to date. However, the LA
content in formulae is still high and greatly variable,
ranging between 10 and 30%, i.e. between the
adequate level and the highest level reported in
breast milk (16). In adults, the daily fatty acid
intake in France has increased by 40% in the past
four decades. Moreover, changes in the intake of n-6
and n-3 PUFAs, with a striking increase in the LA/
LNA ratio, are also observed. In France, from 1960
to 2000, a disproportionate increase in the con-
sumption of LA (2.5-fold) and ARA (2.3-fold) has
been estimated. During the same period, the con-
sumption of LNA has decreased by 40%, leading to
a 2.9-fold and a 4.2-fold increase in the ratios of n-6/
n-3 PUFAs and LA/LNA, respectively. These pro-
found alterations can be traced in the food chain
and appear to be due to changes in human food
habits as well as in the feeding pattern of breeding
stock (16).

In summary, qualitative changes, acting in con-
cert with an excess of fat intake and a positive
energy balance, should have favoured excessive
adipose tissue development. Since the prevention
of obesity appears critical to avoid difficult if not
insurmountable health problems in the future, the
n-3/n-6 ratio of dietary lipids should be reconsid-
ered from the very beginning of the food chain.
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