Mechanisms for conjugated linoleic acid-mediated reduction in fat deposition
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ABSTRACT: Potential mechanisms for the de-
creased fat deposition observed after oral administra-
tion of conjugated linoleic acids (CLA) to mice, rats,
hamsters, humans, and pigs will be reviewed. Most
mechanisms are based on experiments with rodents or
rodent-derived cells. Administration of CLA results in
an increased metabolic rate in intact mice, but not in
rats or sows. There is a decreased respiratory quotient
in mice and rats, suggesting increased fat oxidation.
Bovine milk-fat synthesis is decreased. Rat adipocyte
size is smaller, but cell number is unchanged. In mice,
there is increased adipocyte apoptosis. In 3T3-L1 pread-
ipocytes, a clonal cell line derived from rodents, CLA
decreases proliferation. Human, but not porcine, pread-
ipocyte proliferation was inhibited by CLA. Differentia-
tion of 3T3-L1 preadipocytes was diminished by CLA
in two laboratories, but increased in a third laboratory.
In porcine and human preadipocytes, CLA acutely in-
creased lipid deposition, but lipid content quickly
reached a plateau. Peroxisome proliferator-activated
receptor-v (PPAR~), a key transcription factor in adipo-

cyte differentiation, requires an activating ligand; CLA
are ligands for PPAR~. The concentration of PPAR~y
mRNA increases during adipocyte differentiation. In
CLA-treated differentiating preadipocytes in culture,
the PPARy mRNA concentration was decreased, in-
creased, or not significantly changed, providing little
evidence for modulation of differentiation through this
mechanism. However, CLA might act as an agonistic
or antagonistic ligand for PPAR~ to control differentia-
tion. The primary CLA isomer in ruminant tissues is
cis 9, trans 11-CLA. Most synthetic CLA preparations
contain a considerable amount of trans 10, cis 12-CLA,
in addition to 9,11-CLA. The 10,12-CLA is responsible
for the body composition changes in mice and for the
decreased bovine milk-fat synthesis. The two CLA iso-
mers equally reduced lipid deposition in porcine preadi-
pocytes, whereas there is evidence for both a preferen-
tial effect of 10,12-CLA and no isomer distinction in
human preadipocytes. Elucidation of the mechanism(s)
for a CLA-mediated reduction in fat deposition remains
elusive and may be species-specific.

Key Words: Adipocytes, Dienoic Fatty Acids, Differentiation, Energy Metabolism,
Lipid Metabolism, Tissue Proliferation

©2002 American Society of Animal Science. All rights reserved.

ICorrespondence: 1100 Bates Street (phone: 713/798-7128; fax:
713/798-7130; E-mail: mersmann@bcm.tmc.edu).

2This presentation would not be possible without the generous
contribution of unpublished data by the following investigators: Mike
Azain, Dale Bauman, Frank Dunshea, Ching-Yuan Hu, Michael Mc-
Intosh, Scott Mills, Jess Miner, Jack Odle, Michael Pariza, Fred
Parrish, and Steve Smith. I thank each of you. I also thank Leslie
Loddeke for editorial assistance. This review does not pretend to be
comprehensive, but presents the author’s interpretation of the cur-
rent literature, including numerous unpublished observations. The
review was completed in July, 2001. The reader should consult the
literature of 2001 and 2002 to learn of updates in this rapidly ex-
panding field.

3This work is a publication of the USDA/ARS Children’s Nutrition
Research Center, Department of Pediatrics, Baylor College of Medi-
cine, Houston, Texas. This project has been funded in part with
federal funds from the USDA/ARS under Cooperative Agreement No.
58-6250-6001. The contents of this publication do not necessarily
reflect the views or policies of the USDA, nor does mention of trade
names, commercial products, or organizations imply endorsement
from the U.S. government.

Received July 27, 2001.

Accepted April 25, 2002.

J. Anim. Sci. 80(E. Suppl. 2):E126-E134

Introduction

Conjugated linoleic acids (CLA) are geometric and
positional isomers of the 18-carbon fatty acid with two
cis double bonds, linoleic acid (C18:2; cis9, cisl12).
Among the many CLA isomers, the two isomers most
studied for their biological effects are cis 9, trans 11-
CLA (9,11-CLA), the predominant isomer produced in
ruminant mammals, and trans 10, cis 12-CLA (10,12-
CLA), one of the two predominant isomers, along with
9,11-CLA in most synthetic CLA preparations. The
CLA have many interesting and unique biological prop-
erties compared to the common unsaturated fatty acids.
Among the biological properties of CLA is the reduction
of fat deposition in various mammalian species and
chickens. Chemical and biological properties of CLA
have been reviewed (Pariza et al., 2000, 2001; Yurawecz
et al., 1999).
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Before exploring potential mechanisms that might
contribute to the CLA-mediated decrease in fat depo-
sition, it is important to understand that there are
conflicting data regarding some of the variables mea-
sured. This is not unexpected, because studies both
in vitro and in vivo have many subtle as well as and
not-so-subtle differences. In animal studies, the spe-
cies varies, and, even within species, the breed or
strain varies. The age, sex, and husbandry conditions
(cage/building type and size, temperature, lighting re-
gime, etc.) may all be quite variable. The composition
of the feed is variable, even within species. Prepara-
tions diverge in percentage of CLA, CLA isomer com-
position and concentration, and the concentrations of
other fatty acids. In cell culture, the cell type, medium
composition, exogenous additions, and timing of vari-
ous additions to the culture are highly variable. Fi-
nally, the choice of measurement times (blood sam-
pling, tissue harvest, cell harvest from cultures, etc.)
is extremely variable. For measurement of some vari-
ables, the timing may be critical (e.g., the changes in
some mRNA and some enzymes are transient).

Fat Deposition

It might be expected that the response to CLA would
differ among species because the patterns of lipid me-
tabolism are species-specific. This variability includes
sites of de novo fatty acid synthesis, composition of
lipids and lipoproteins, concentration and dynamics
ofindividual lipoproteins, endocrine and genetic regu-
lation of lipid metabolism, and depot sites for fat depo-
sition. In spite of these qualifications, a CLA-mediated
reduction in fat deposition has been observed in sev-
eral species.

In mice fed CLA, there was reduced fat deposition
at multiple sites. The effects have been observed in
many laboratories, in several strains, and in both
male and female mice.

The reduction in fat depot weight is approximately
50% after feeding 0.5 or 1.0% CLA for 4 wk (Park et
al., 1997; West et al., 1998; Miner et al., 2001). In
one study where mice were fed CLA for 5 mo, the fat
weights in several depots were <5 to <30% of the fat
weights in the control animals (Tsuboyama-Kasaoka
et al., 2000).

Fat deposition decreased in rats fed CLA (Azain et
al., 2000; Stangl, 2000; Yamasaki et al., 1999). In one
study using both male and female rats, the decrease
in fat deposition was restricted to female rats, with
little or no response in male rats (M. J. Azain, personal
communication). Reduced fat deposition has also been
reported in hamsters (de Deckere et al., 1999) and
chickens (Simon et al., 2000; Szymczyk et al., 2001).

In pigs, feeding of CLA caused a reduction in fat
deposition (Dugan et al., 1997). Several additional
studies, usually but not always conducted during the
latter portion of growth (—-50 kg to —100 kg), confirmed
the decrease in fat deposition (Ostrowska et al., 1999b;
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O’Quinn et al., 2000a,b) (F. R. Dunshea, personal com-
munication). One study (Ostrowska et al., 1999b)
clearly indicated that the decrease in fat deposition
was related to the dose of CLA fed. Several recent pig
feeding trials detected only a slight decrease or no
decrease in fat deposition (M. J. Azain; L. A. Gatlin
and J. Odle; R. L. Thiel-Cooper and F. C. Parrish;
each by personal communication). No distinguishing
feature in any of these trials suggests a reason for the
lack of a substantial CLA effect. Perhaps in strains of
pigs with reduced backfat thickness, further reduction
does not occur to preserve the important metabolic
functions of adipose tissue, or a reduction is not detect-
able. Regardless, a no-effect response is expected in
a certain percentage of cases when an exogenous com-
pound is administered. Such a lack of effects probably
is the consequence of variables that are not controlled
between trials, and may lead to less than the initial
fervor for the positive responses. I would judge that
“the jury is still out” regarding the pragmatic efficacy
of CLA in pigs, because both positive and no-response
results have been observed. Certainly, CLA is effica-
cious in pigs under some circumstances, as indicated
by multiple positive results, and especially by the
dose-related response.

In human adults fed CLA for periods up to 100+ d,
the decrease in both weight and body fat was marginal
or nonexistent (Berven et al., 2000; Blankson et al.,
2000; Zambell et al., 2000) (M. W. Pariza, personal
communication). Compared to animal studies in sev-
eral different species, the dose of CLA was low in
human trials, being 3 to 4 g/d in most trials and <7
g/d at the highest concentration administered. A 70-
kg human with a CLA intake of 3 or 4 g/d can be
compared to a 70-kg pig. The 70-kg pig is expected to
eat 2.5+ kg/d, so that at 1% CLA in the diet, the CLA
intake would be 25+ g/d. Even at 0.25% CLA, the low-
est CLA dose used in experiments with multiple spe-
cies, the pig would take in 6+ g CLA/d; the 0.25%
CLA dose usually does not elicit a response in animal
studies and is above the dose in most human trials.
Animal trials for testing effects of CLA on fat deposi-
tion are in growing animals, whereas the human stud-
ies are in adults; the question in human studies is
whether CLA administration will decrease existing
fat depots, whereas the question in animal studies is
whether CLA will decrease deposition of fatin growing
animals. Of course, in growing humans, the question
also is whether CLA will decrease fat deposition. I see
no evidence of efficacy for CLA use in humans to lower
fat stores, at least with the CLA doses used.

Isomers of CLA

There is increasing evidence that the CLA isomer
causing changes in fat accretion and lipid metabolism
is 10,12-CLA and not 9,11-CLA (Martin et al., 2000;
Park et al, 1999; K. Hargrave and J. L. Miner, per-
sonal communication). In addition, milk-fat in dairy
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cows was decreased by 10,12-CLA rather than by 9,11-
CLA (Baumgard et al., 2000). Lipoprotein lipase
(LPL) activity in 3T3-L1 cells was decreased by treat-
ment of the cells with 10,12-CLA but not by treatment
with 9,11-CLA (Lin et al., 2001; Park et al., 1999). As
additional enzymatic or receptor systems are studied,
it might be expected that all will not exhibit specificity
for a single CLA isomer. Furthermore, because of spe-
cies variation in protein structure, the isotopic speci-
ficity of a particular enzyme or receptor may be spe-
cies-specific.

Mechanisms

Preadipocyte Proliferation

One mechanism to increase fat deposition is to in-
crease the number of adipocytes. Differentiated adipo-
cytes do not proliferate, but preadipocytes proliferate
and have the potential to differentiate and then fill
with lipid to expand a fat depot. In rodent-derived
clonal preadipocytes (3T3-L1 cells), cell proliferation,
measured by cell counts and DNA synthesis, was de-
creased 10 to 50% by treatment with <25 to 100 pM
CLA in a dose-related fashion. This has been observed
in three different laboratories (Brodie et al., 1999;
Satory and Smith, 1999; Evans et al., 2000). In human
preadipocytes treated with 50 wM CLA in culture,
there was a 25% decrease in cell proliferation (R. L.
McNeel and H. J. Mersmann, unpublished data). The
synthesis of DNA, during incubation in vitro of adi-
pose tissue removed from pigs fed CLA, was decreased
(V. L. Adams and S. B. Smith, personal communica-
tion). On the other hand, cell proliferation in human
preadipocytes treated with 10 wM CLA was not de-
creased (J. M. Brown and M. McIntosh, personal com-
munication). In cultured porcine preadipocytes
treated with 50 wM CLA, there was no evidence of a
reduction in cell proliferation (R. L. McNeel and H.
J. Mersmann, unpublished data). Thus, preadipocyte
proliferation is decreased by CLA in some circum-
stances. There is little evidence regarding this mecha-
nism in vivo, although cell number in adipose depots
was not decreased in rats fed CLA (Azain et al., 2000).

Preadipocyte Differentiation

Adipocyte differentiation has been reviewed multi-
ple times (Brun et al., 1997; Mandrup and Lane, 1997,
Fajas et al., 1998). The generally accepted model for
adipocyte differentiation indicates that when preadi-
pocytes are presented with the appropriate milieu of
differentiation factors, i.e., growth factors and hor-
mones, they begin to differentiate. Initially, the tran-
scription factors, CCAAT/enhancer binding protein /3
(C/EBPp) and C/EBPJ, are increased. These factors
stimulate an increase in another transcription factor,
peroxisome proliferator-activated receptor v (PPAR~),
which in turn causes an increase in C/EBPa. Genes
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for several proteins characteristic of the adipocyte
phenotype have response elements for either PPAR~y
or C/EBPa so that transcription of these phenotypic
genes is initiated to increase differentiation. After
translation of genes for anabolic adipocyte lipid me-
tabolism, the cells begin to fill with lipid.

The transcription factor, PPAR~, does not function
alone, but forms a heterodimer with another tran-
scription factor, retinoid x receptor o (RXRa). The
PPAR~-RXRa heterodimer must be activated. The na-
ture of the physiological activator of PPAR~is unclear,
but fatty acids bind to PPAR~ and activate it (Tonto-
noz et al., 1994; Kliewer et al., 1997). Because CLA
bind to PPAR~ and activate it (Houseknecht et al.,
1998; Belury and Vanden Heuval, 1999), they may
function, at least in part, as ligands for PPAR~.

Iffewer preadipocytes differentiate into mature adi-
pocytes, there would be a decrease in the population
of cells with the potential to fill with lipid and conse-
quently expand the fat mass. Two laboratories ob-
served a dose-related decrease in preadipocyte differ-
entiation of CLA-treated rodent-derived 3T3-L1
clonal cells (Brodie et al., 1999; Evans et al., 2000; J.
M. Brown and M. McIntosh, personal communica-
tion). Differentiation was measured by accumulation
of oil red O-stained material (OROSM), glycerol-P
dehydrogenase activity, cell size, or triacylglycerol
concentration. A decrease in these differentiation end
points could also represent decreased triacylglycerol
synthesis in already differentiated cells. Human pre-
adipocyte differentiation, using a thiazolidinedione
compound as a PPAR~ ligand, was inhibited by treat-
ment with 10 pM CLA, but treatment with 100 pM
CLA did not inhibit differentiation (Brown et al.,
2001b; J. M. Brown and M. McIntosh, personal com-
munication). These latter data suggest the dose rela-
tionship for CLA effects on differentiation may not
be linear or hyperbolic, but more complex in nature.
Differentiation of porcine preadipocytes was not af-
fected by addition of 5 to 35 wM CLA (C.-Y. Hu, per-
sonal communication).

The mRNA concentrations for the key transcription
factors in adipocyte differentiation, PPAR~y and C/
EBPa, were decreased in 3T3-L1 cells differentiating
in the presence of CLA (Brodie et al., 1999), although
researchers in another laboratory did not observe a
decrease in PPARy mRNA concentration (Evans et
al., 2001). The transcription factor, sterol regulatory
element binding protein 1c, also known as adipocyte
determination and differentiation-dependent factor 1
(ADD1), is also implicated in adipocyte differentia-
tion. It increases PPAR~y and enzymes associated with
fatty acid and triacylglycerol synthesis (e.g., fatty acid
synthase and glycerol-phosphate dehydrogenase). An
increase in fatty acids provides potential ligands for
PPAR~, as well as substrates for membrane and triac-
ylglycerol biosynthesis (Kim and Spiegelman, 1996;
Kim et al., 1998). Porcine preadipocytes treated with
CLA had reduced ADD1 mRNA and protein concen-
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trations (S. T. Ding and H. J. Mersmann, unpub-
lished data).

One laboratory (Satory and Smith, 1999) indicated
an increase in preadipocyte differentiation of 3T3-L1
cells measured by glucose incorporation into lipids
and verified by OROSM. There is no obvious cause for
the opposite effects in different laboratories using the
same clonal cell line (i.e., CLA-induced inhibition vs
stimulation of differentiation). The use of ethanol as
a vehicle to add CLA to the culture medium by Satory
and Smith (1999) was suggested as a cause for the
stimulation of lipid synthesis in CLA-treated cells (Sa-
tory and Smith, 1999). I do not believe the presence
of ethanol can explain this observation because the
stimulation is related to the CLA concentration and
ethanol was present at a low and constant concentra-
tion in all plates, including the controls. Furthermore,
in porcine stromal-vascular cells (i.e., preadipocytes),
addition of 50 pM CLA (without ethanol) plus differ-
entiation factors caused a 5+ times increase in OR-
OSM after 2 d, compared to the control cells without
CLA (R. L. McNeel and H. J. Mersmann, unpublished
data). The OROSM did not continue to increase at 5
or 7 d in the CLA-treated porcine cells as it did in
the control cells. Human preadipocytes treated with
differentiation medium + CLA also acutely accumu-
lated OROSM (R. L. McNeel and H. J. Mersmann,
unpublished data). In this case, the human control
cells, i.e., without CLA, did not differentiate at all. In
both porcine and human preadipocytes, there was a
very slight numerical, but not statistical, increase in
PPAR~y mRNA concentration at the early stages of
differentiation when OROSM was dramatically in-
creased. I propose that the stimulation of the porcine
and human cell accumulation of OROSM results from
the CLA acting as a ligand for PPAR~y at the early
stages of differentiation when the capacity to synthe-
size PPAR~ ligands (perhaps fatty acids or fatty acid
derivatives) is limited. This hypothesis is supported
by the observations that CLA can activate PPAR
(Houseknecht et al., 1998; Belury and Vanden Heuval,
1999); that the PPARy mRNA (Ding et al., 1999) and
protein (Kim et al., 2000) are both present in porcine
preadipocytes at initiation of differentiation; and that
human preadipocytes, in specific culture conditions,
do not differentiate unless an exogenous PPAR~y li-
gand is added (Zen-Bio Inc., Research Triangle Park,
NC; verified by R. L. McNeel and H. J. Mersmann,
unpublished data).

At this time, the possibility cannot be excluded that
the observed increase in OROSM does not represent
differentiation, but is the result of uptake of CLA by
the porcine and human cells with subsequent incorpo-
ration into triacylglycerol, using existing enzymatic
machinery and measured as OROSM. If this hypothe-
sis is valid, the capacity to synthesize triacylglycerol
must be considerable at the initiation of differentia-
tion, because most cells have visible OROSM at 2 and
7 d for porcine and human cells, respectively. The
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hypothesis is not supported by the low amount of glyc-
erol-P dehydrogenase activity (the initiating enzyme
for triacylglycerol synthesis) at the beginning of dif-
ferentiation in porcine preadipocytes (Suryawan et
al., 1997).

I also speculate that the reason CLA does not con-
tinue to stimulate differentiation in porcine preadipo-
cytes is that as the cells differentiate, they have in-
creased capacity to synthesize long-chain fatty acids
that are more potent and(or) more efficacious ligands
for PPAR~. Under this circumstance, the CLA be-
comes an inhibitor through competitive binding to
PPAR~. The human preadipocytes have only limited
or no capacity to synthesize fatty acids. However, the
same type of competition with CLA is possible if the
cells’ capacity to take up fatty acids from the medium
increases during differentiation, as expected by the
increase in LPL during differentiation. In 3T3-L1 cells
differentiated with a thiazolidinedione PPAR~ligand,
CLA inhibited the differentiation, and the CLA inhibi-
tion was reversed by addition of linoleic acid (Brown
et al., 2001a; Evans et al., 2001). These observations
are compatible with the concept of competition be-
tween CLA and other ligands, including fatty acids,
for PPAR~. Another possible mechanism for CLA-me-
diated inhibition of differentiation is a decrease in
ADD1 as observed in differentiating porcine preadipo-
cytes (S. T. Ding and H. J. Mersmann, unpublished
data).

Overall, I conclude that CLA decreases preadipo-
cyte differentiation, at least under some circum-
stances. Certainly there is evidence to the contrary
and even evidence that CLA might stimulate differen-
tiation under some circumstances. There is little or
no evidence for CLA modulation of differentiation in
vivo, but the observations of decreased fat deposition
invivo suggest that there is no evidence for continuous
CLA-mediated stimulation of differentiation in vivo.
Of course, the pig growth trials with no change in
fat deposition in the presence of CLA suggest that if
decreased differentiation is a mechanism in vivo, it
may not be consistent, at least in pigs.

Energy Expenditure

A potential mechanism, operative at the whole-ani-
mal level, to decrease fat deposition would be an in-
crease in energy expenditure. To be effective, this
would have to occur without increased feed consump-
tion. In mice fed both low-fat and high-fat diets, CLA
treatment caused an increase in energy expenditure
(West et al., 1998, 2000). Several other laboratories
reported no change in energy expenditure in mice
(Tsuboyama-Kasaokaet et al., 2000; Miner et al.,
2001), rats (Azain, et al., 2000), or pigs (Muller et al.,
1999, 200).

Although not clearly established, uncoupling pro-
tein 2 may function to disconnect energy conservation
from substrate oxidation. Thus, heat production
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would increase and energy conservation would de-
crease. This protein was increased in white and brown
adipose tissue from mice fed CLA (Tsuboyama-Ka-
saoka et al., 2000); however, in another study, the
protein was increased in brown, but not white adipose
tissue (West et al., 2000).

Increased energy expenditure may be a mechanism
to decrease fat deposition in some CLA-treated ani-
mals, but it does not appear to be a universal mecha-
nism operative across species or even a consistent
mechanism in mice.

Fatty Acid Oxidation

An increase in fatty acid oxidation might be ex-
pected to reduce the availability of fatty acids for syn-
thesis of triacylglycerol, and consequently decrease
fat deposition. A decreased respiratory quotient (RQ)
represents increased fat oxidation. A decreased RQ
was observed in mice fed a low-fat diet containing
CLA, but not in mice fed a high-fat diet containing
CLA (West et al., 1998). In pigs and sows, dietary
CLA did not affect the RQ (Muller et al., 1999, 2000).
Carnitine palmitoyltransferase is the enzyme respon-
sible for initiation of the transport of fatty acids into
the mitochondrion for oxidation. Activity of this en-
zyme was increased in white and brown adipose tissue
of rats fed CLA (Rahman et al., 2001) and in adipose
tissue and muscle of mice fed CLA (Park et al., 1997).
As with many potential mechanisms, the evidence for
increased fatty acid oxidation being a factor in the
CLA-mediated reduction in fat deposition is restricted
to individual studies.

Adipose Tissue Lipid Synthesis

Because much of the growth of adipose tissue, in
many species, is by cell hypertrophy resulting from
increased accretion of triacylglycerol in adipocytes,
inhibition of adipocyte lipid synthesis would decrease
fat deposition. There was decreased milk fat in dairy
cows (Loor and Herbein, 1998; Chouinard et al., 1999;
Baumgard et al., 2000) and sows (M. J. Azain, per-
sonal communication) fed CLA. There was decreased
glucose incorporation into adipose tissue lipids in av-
erage-lean, but not high-lean pigs fed CLA (M. Heck-
art, S.Donkin, and S. Mills, personal communication).
The activity of glycerol-P dehydrogenase and(or) the
amount of triacylglycerol deposited was decreased in
CLA-treated 3T3-L1 cells (Brodie et al., 1999; Evans
et al., 2000; J. M. Brown and M. McIntosh, personal
communication). The activity of phosphatidate phos-
phohydrolase, perhaps the rate-limiting enzyme in
triacylglycerol synthesis, was decreased in adipose
tissue of CLA-fed rats (Rahman et al., 2001). In sup-
port of these observations of decreased lipid synthesis,
the transcript concentrations for fatty acid synthase
and acetyl-CoA carboxylase were decreased in adipose
tissue from mice fed CLA (Tsuboyama-Kasaoka et al.,

Mersmann

2000), and the fatty acid synthase mRNA was de-
creased in adipose tissue from average-lean, but not
high-lean pigs fed CLA (M. Heckart, S. Donkin, and
S. Mills, personal communication).

Lipoprotein lipase (LPL) is synthesized in the adipo-
cyte and migrates to the endothelial cell surface,
where it functions to cleave fatty acids from circulat-
ing lipoproteins. The fatty acids can then enter the
adipocyte to be oxidized or to serve as building blocks
for complex lipid synthesis, including the storage de-
pot lipid, triacyglycerol. A decrease in LPL activity
would decrease the fatty acid available for triacylglyc-
erol synthesis and thus would decrease lipid deposi-
tion. Although very low concentrations of CLA cause
an increase in LPL activity in 3T3-L1 cells, higher
concentrations inhibit the enzyme activity (Park et
al., 1997, 1999; Lin et al., 2001). Plasma triacylglyc-
erol concentration was increased in pigs fed CLA, sug-
gesting less uptake of lipids (Ostrowska et al., 1999a).

Mouse (Tsuboyama-Kasaoka et al., 2000), rat
(Azain et al., 2000), and pig (V. L. Adams and S. B.
Smith, personal communication) adipocyte cell size
was decreased in animals fed CLA. A decrease in adi-
pocyte size suggests a decrease in anabolic lipid me-
tabolism in those cells.

There are data that do not support the concept of
decreased adipose tissue lipid synthesis. There was
no decrease in deuterated water incorporation into
lipids in vivo, in mice fed CLA (West et al., 2000).
Also, there was no decrease in adipose tissue malic
enzyme or glucose-6P dehydrogenase activities (en-
zymes supporting de novo fatty acid biosynthesis) in
rats fed CLA (Rahman et al., 2001). Although LPL
activity decreased in 3T3-L1 cells treated with 100
pM CLA, it increased in cells treated with 10 uM CLA
(Lin et al., 2001). Glucose incorporation into lipids
increased in 3T3-L1 cells treated with CLA (Satory
and Smith, 1999), and lipid deposition increased in
porcine and human preadipocytes in vitro (R. L.
McNeel and H. J. Mersmann, unpublished data).

Overall, there is a great deal of evidence that lipid
synthetic processes are decreased in adipose tissue
from CLA-treated animals or cells. This suggests that
genetic or metabolic regulation of these synthetic
pathways may provide a mechanism by which CLA
decreases fat deposition, at least in many situations.
It does not exclude the possibility that all of these
effects are secondary responses and not the primary
mechanism by which CLA lowers fat deposition.

Lipolysis

The sequential release of fatty acids from triacyl-
glycerol, or lipolysis, is the highly regulated process of
lipid degradation in the adipocyte. Increased lipolysis
would be expected to lead to decreased fat deposition.
The lipolytic rate of CLA-treated 3T3-L1 cells was
almost double that of control cells (Park et al., 1997,
1999). Plasma nonesterified fatty acid concentration
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was elevated in pigs fed CLA, suggesting an increased
rate of lipolysis (Ostrowska et al., 1999a). Acute incu-
bation of human preadipocytes with CLA did not in-
crease the lipolytic rate, although isoproterenol stim-
ulated lipolysis in these cells, indicating they had the
capacity for lipolysis (J. M. Brown and M. McIntosh,
personal communication). Increased lipid degradation
may contribute to decreased fat deposition in CLA-
treated cells or animals, but at this time, there are
only a few studies.

Stearoyl-CoA Desaturase

This enzyme catalyzes the conversion of long-chain
saturated fatty acids to monounsaturated fatty acids.
The usual substrates are palmitic acid (C16:0) and
stearic (C18:0) acids, which are converted to palmito-
leic acid (C16:1) and oleic acid (C18:1), respectively.
The mRNA concentration for stearoyl-CoA desaturase
(SCD) was decreased in mice fed CLA (Lee et al.,
1998). The mRNA concentration was also decreased
in average-lean, but not in high-lean pigs fed CLA (M.
Heckart, S. Donkin, and S. Mills, personal communi-
cation). Numerous studies demonstrated modified
fatty acid composition in various tissues of animals
fed CLA or cells treated with CLA. There was either
increased C16:0 and(or) C18:0 concentration coupled
with decreased C16:1 and(or) C18:1 concentration, or
a decreased C16:1 to C16:0 and(or) a decreased C18:1
to C18:0 ratio. This modification in fatty acid composi-
tion strongly suggests inhibition of SCD activity in
3T3-L1 cells (Satory and Smith, 1999), mice (Lee et
al., 1998), rats (Yamasaki et al., 1999; Azain et al.,
2000), pigs (O’Quinn et al., 2000a) (L. A. Gatlin and
J.Odle; V. L. Adams and S. B. Smith, personal commu-
nications), and in dairy cow (Loor and Herbein, 1998;
Chouinard et al., 1999; Baumgard et al., 2000) and
sow (Bee, 2000) milk. The decrease in monounsatur-
ated fatty acids coupled with an increase in saturated
fatty acids is expected to decrease membrane fluidity,
and could modify the function of multiple membrane
bound structural and enzymatic proteins. Thus, inhi-
bition of SCD may be a primary mechanism in CLA-
fed animals, initiating many of the other metabolic
changes observed in specific aspects of metabolism of
the adipocyte or of other tissues.

There is evidence of inhibited SCD in both male and
female rats fed CLA (M. J. Azain, personal communi-
cation). However, in these studies, only the female
and not the male rats had decreased fat deposition
after feeding CLA. This observation suggests that in-
hibition of SCD may not be pivotal to the mechanism
for decreasing fat deposition in CLA-fed animals.

Eicosanoids

These molecules are powerful, positive and negative
regulators of multiple aspects of metabolism. Linoleic
acid (C18:2-cis 9, cis 12) is metabolized to arachidonic
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acid (C20:4-cis 5, cis 8, cis 11, cis 14), a major precursor
of eicosanoid molecules. One might postulate that
CLAs (cis 9, trans 11-C18:2 or trans 10, cis 12-C18:2)
would be metabolized in a fashion similar to linoleic
acid (cis9, cis12-C18:2). For example, 10,12-CLA
might be metabolized to the arachidonic acid analog,
C20:4-cis 5, cis 8, trans 12, cis 14. Given this hypothe-
sis, linoleic acid and CLA would compete for the same
enzymes. In animals deficient for linoleic acid, it
would be expected that more CLA would be converted
to eicosanoid molecules. If eicosanoids are the media-
tors of CLA effects, the response to CLA would be
expected to be greater in animals that are linoleic
acid-deficient than in control animals with adequate
linoleic acid. In mice deficient for linoleic acid, the
CLA treatment led to a greater decrease in fat deposi-
tion than in control mice, supporting the hypothesis
that eicosanoid molecules mediate at least some of the
CLA effects (K. Hargrave and J. L. Miner, personal
communication). At this time, there are too few data
to firmly conclude that the mechanism for the CLA-
mediated reduction in fat deposition is mediated
through eicosanoids.

Leptin

This protein is produced by the adipocyte, is se-
creted into the plasma, and provides satiety signals
to the hypothalamus. The amount of leptin produced
is related to the size of the adipocyte, and the plasma
concentration is related to the adipose tissue mass.
Plasma leptin was reduced in mice (DeLany et al.,
1999), rats (Rahman et al., 2001), and humans (Me-
dina et al., 2000) treated with CLA. However, there is
little evidence of increased feed consumption in CLA-
treated mice or rats, as might be expected when the
plasma leptin concentration is lowered. My interpre-
tation is that the decreased leptin concentrations re-
sult from the decreased adipocyte size and(or) de-
creased adipose tissue mass present in CLA-treated
animals.

Apoptosis

Increased adipocyte apoptosis, the process of cellu-
lar degradation, could contribute or even be a primary
cause for the decreased fat deposition in CLA-treated
animals. Mice treated with CLA for 7 to 9 d had in-
creased adipocyte DNA fragmentation, an evidence
for increased apoptosis (Tsuboyama-Kasaoka et al.,
2000; Miner et al., 2001). Confluent 3T3-L1 clonal
preadipocytes treated with 100 pwM CLA had more
cells with condensed nuclei, also an evidence for in-
creased apoptosis (Evans et al., 2000). Increased
apoptosis may be a fundamental mechanism to yield
an apparent decrease in cell proliferation and differ-
entiation, and ultimately to decrease fat deposition in
CLA-treated animals or cells. A word of caution must
be inserted, because CLA can be quite toxic to cells,
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as observed by several investigators. Thus, at some
concentrations, CLA may produce a toxic environ-
ment, so that increased apoptosisis a secondary mech-
anism or perhaps an artifact. The role of CLA toxicity
to cells in vivo has not been investigated.

Tumor Necrosis Factor-o

Tumor necrosis factor-a (TNFa) is a major media-
tor of the inflammatory response, and has multiple
biological effects. Among these effects are decreased
adipocyte differentiation (Petruschke and Hauner,
1993), increased lipolysis, and decreased LPL activity
(Hauner et al., 1995). The TNFa mRNA concentration
was decreased in adipose tissue from mice fed CLA,
and might be a driving force for the increase in
apoptosis (Tsuboyama-Kasaoka et al., 2000). A de-
crease in TNFa would be expected to decrease lipolysis
and increase LPL activity; potentially, both of these
effects would produce more fat deposition, not less.
Whether TNFa has a primary role in the CLA-medi-
ated decrease in fat deposition awaits further investi-
gation.

Conclusions

At this time, there is evidence for multiple mecha-
nisms to execute the CLA-mediated reduction in fat
deposition observed in numerous species and in cul-
tured cells. The evidence, so far, does not indicate a
primary mechanism to explain the effects of CLA on
fat deposition. Some mechanisms are found only in a
single species or even in a single laboratory, sug-
gesting they probably are not universal mechanisms,
but may be applicable only under specific conditions.
Although a potential mechanism, such as decreased
adipocyte lipid synthesis, that is, de novo fatty acid
synthesis, triacylglycerol synthesis, lipoprotein lipase
activity, is observed in a considerable number of stud-
ies across species, there are some negative results.
Furthermore, a complex and multiple-step process
such as lipid synthesis is probably not the focus for a
primary mechanism in cells and animals treated with
CLA. The CLA-mediated modulation of lipid synthesis
probably is an effect rather than a cause. The body
of evidence to support several possible mechanisms
(decreased plasma leptin, increase adipocyte
apoptosis, increased plasma TNF«) is very small at
this time. The generalized mechanism for CLA-medi-
ated effects on fat deposition may lie in a more funda-
mental step, such as modulation of the transcription
factors, PPAR~ or ADD1, which in turn, could affect
multiple metabolic pathways. The inhibition of SCD,
perhaps controlled by PPAR~, is an interesting possi-
bility because it would alter membrane and complex
lipid composition to potentially affect multiple meta-
bolic processes. Species variation will have to be fac-
tored into the description of CLA-mediated decreased
fat deposition. It is expected to complicate the picture
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because of species-specific protein structure and func-
tion, and metabolic pathway divergence, including in-
tra- and interorgan processing of lipids and lipo-
proteins.

Implications

Conjugated linoleic acid (CLA) decreases fat deposi-
tion when fed to several mammalian species and
chickens. The practicality of feeding CLA to a meat-
producing animal, such as the pig, is yet to be deter-
mined because there are both positive and negative
data. Among the mechanisms proposed to explain the
CLA-mediated decreased fat deposition are increased
energy expenditure, fat oxidation, fat cell lipid degra-
dation, or fat cell destruction. Also, decreased fat cell
precursors, fat cell development, fat synthesis, or de-
saturation of fats could decrease fat deposition. Some
mechanisms appear to be species-specific. Other
mechanisms may be secondary rather than the pri-
mary cause. The primary mechanism probably resides
in regulation of a few key genes that control a number
of aspects of metabolism. The transcription factor,
PPAR~, is a candidate gene because it binds and is
activated by CLA. However, the mechanism by which
CLA reduces fat deposition remains unclear.
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