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Lipogenic enzyme activities
In subcutaneous adipose tissue and skeletal muscle
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Abstract — The influence of maternal and formula milk on lipid metabolism was studied in
7-day-old pigs. Lipid content, fatty acid composition, lipogenic enzyme activities and expression
of GLUT4 mRNA were determined in subcutaneous adipose tissue and skeletal muscle from pigs that
were bottle-fed formula milk (F) or sow milk (SM), or were sow-reared (SR). Bottle-fed pigs were
isoenergetically fed and achieved similar daily body weight gain. SR pigs have a Righ&0b)

body weight gain than bottle-fed pigs. Lipid content of adipose tissue was Pwéx.Q5) in F than

in SM and SR pigs. In muscle, lipid content did not differ significantly between groups. In adipose
tissue, acetyl-CoA-carboxylase (CBX), fatty acid synthase (FAS), malic enzyme (ME), glucose-6-
phosphate-dehydrogenase (G6PDH) and lipoprotein lipase (LPL) activities and GLUT4 mRNA lev-
els were higherR < 0.05) in SR than in bottle-fed pigs. In muscle, ME and G6PDH activities and
GLUT4 mRNA were higher{< 0.05) in F than in SM and SR pigs; LPL was not detected. The pre-
sent study indicates that lipogenic enzyme activities and GLUT4 mRNA expression are regulated dif-
ferently in subcutaneous adipose tissue and skeletal muscle in the neonatal pig.

lipogenic enzyme / milk / skeletal muscle / subcutaneous adipose tissue / pig

Résumé— Etude des enzymes lipogéniques dans le tissu adipeux sous-cutané et le muscle
squelettique chez des porcelets recevant du lait maternel ou du lait artificidlinfluence du

lait maternel et du lait artificiel sur le métabolisme lipidique a été étudiée chez des porcelets agés de
7 jours. La teneur en lipides, la composition en acides gras, les activités des enzymes lipogéniques et
I'expression des ARNm codant pour GLUT4 ont été déterminées dans le tissu adipeux sous-cutané
et le muscle squelettique de porcelets qui sont nourris au biberon avec du lait artificiel (F) ou du lait
de truie (SM) ou qui sont élevés par leur mére (SR). Les porcelets nourris au biberon ont été ali-
mentés de maniére isoénergétique et ont eu un gain de poids identique. Les porcelets SR ont eu un gain
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de poids plus élevé(< 0,05) que les porcelets nourris au biberon. Dans le tissu adipeux, la teneur
en lipides est plus faibld’(< 0,05) chez les porcelets F que chez les porcelets SM et SR. Dans le
muscle, elle ne differe pas significativement entre les 3 groupes. Dans le tissu adipeux, les activités
de I'acétyl-CoA-carboxylase (CBX), de I'acide gras synthase (FAS), de I'enzyme malique (ME),
de la glucose-6-phosphate-déshydrogénase (G6PDH) et de la lipoprotéine lipase (LPL), et I'expres-
sion des ARNm codant pour GLUT4 sont plus élevBes(,05) chez les porcelets SR que chez les
porcelets nourris au biberon. Dans le muscle, les activités de ME et de G6PDH et I'expression des
ARNmM codant pour GLUT4 sont plus élevéBs<(0,05) chez les porcelets F que chez les porcelets
SM et SR ; l'activité de la LPL n’est pas détectable. Cette étude montre que les activités lipogé-
niques et I'expression des ARNm codant pour GLUT4 sont régulées différemment dans le tissu adi-
peux et le muscle pendant la période néonatale.

enzymes lipogéniques / lait / muscle squelettique / tissu adipeux sous-cutané dorsal / porc

ABBREVIATIONS USED effect [14, 37]. In pigs, as in other species,
little is known about the influence of mater-
CBX, acetyl-CoA-carboxylase; CO, colos-nal milk on lipid metabolism.
trum obtained during or soon after parturi- | L )
tion; C12, colostrum obtained at 12 h afte;  Lipid deposition increases rapidly after
parturition; F, formula milk bottle-fed pigs; Pirth in the pig, which is born with extremely
FAS, fatty acid synthase; FM, formula milk; low amounts of body fat [26]. Body fat in the
FMI, formula milk supplemented with Neonate is thought to be primarily derived
porc,ine immunoglobulins G; GLUT4, the from dietary fat since it is usually accepted
insulin-regulated glucose transporter;t_hat fatty acid synthesis is negligible in suck-
G6PDH, gIucose-6-phosphate—dehydroge“”g newborn mam_mals [4_1, 15, 3_8]. Never-
nase; LPL, lipoprotein lipase; M, milk theless, the detection of lipogenic enzymes
obtained at 6 days of lactation; ME, malici adipose tissue [27] and in skeletal muscle

enzyme; SM, sow milk bottle-fed pigs, SR,[28] of suckling pigs suggests that the activ-
sow-reared pigs. ities of these enzymes may be significant

for fatty acid synthesis. Lipid deposition is

regulated mainly through effects on fatty
1. INTRODUCTION acid intake and synthesis. It is therefore
' related to lipogenic enzyme activities and
the amount of substrate available. Glucose is
the main substrate for fatty acid synthesis
and glucose transport rate is a limiting step
of glucose utilisation in adipose tissue and

quality ir.' the p!g. Nutrition is knovv_n 0 muscle. In these tissues, the predominant
affect adipose tissue [1, 31]. There is alSig o jg the insulin-regulated glucose
increasing evidence that early nutrition ma)transporter (GLUT4) [20]

have long-term effects on growth and

metabolism of some organs and tissues. Tt The present study was undertaken to
characteristics of neonates fed maternal ccompare the effect of maternal milk and for-
formula milk have received increasing inter-mula milk on lipid metabolism in subcuta-
est in recent years in different species inclucneous adipose tissue and skeletal muscle in
ing pigs [5, 14, 37]. In humans, some clini-the neonatal pig. Formula milk and sow milk
cal studies suggest that breast-fed infanidiffer in their composition in nutrients and
are generally leaner than formula-fed infantbioactive peptides [34]. Lipid content, fatty
whereas other studies fail to show such aacid composition and lipogenic enzyme

A better understanding of the regulation
of lipid deposition in muscle and other tis-
sues is required for a better control of mee
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activities were examined in pigs that wereallotted to one of the three groups of diet.

bottle-fed colostrum and sow milk or for- Pigs were bottle-fed sow colostrum then

mula milk or that were sow-reared. sow milk (SM) or formula milk (F), or they
were sow-reared (SR, 10 pigs per litter) for
a 7-day period. SM and F pigs were placed

2. MATERIALS AND METHODS in individual metal wire cages (40:640.5

x 50.0 cm) in a temperature-controlled room

under conditions of thermal neutrality by

) , .. reducing the ambient temperature gradually

Eighteen Large White-LandraeePié-  from 34 to 30 °C between birth and 7 days

train pigs Gus scrofafrom six litters were  of age. Relative humidity was between 30
used. Unsuckled newborn pigs were caresnd 40%.

fully dried, ear notched and placed in a tem-

perature-controlled room maintained at The chemical composition of colostrum
34 °C. About 6 h after birth, within each lit- and milk is given in Table I. Colostrum and
ter, three pigs of similar body weight weremilk that were allocated to SM pigs were

2.1. Animals

Table I. Average gross chemical composition of colostra, sow milk and formula.

SM F
co C12 M FMI FM

Chemical analysis

Dry matter (%) 21.90 21.75 20.25 23.99 19.90

Crude protein (%) 14.28 11.53 6.29 7.90 5.28

Lactose (%) 3.31 341 4.87 6.70 6.60

Total fat (%) 3.91 6.28 8.22 4.57 4.33
Fatty acid composition (% of total fatty acids)

8:0 0.4 0.3 0.1 3.3 7.1
10:0 0.0 0.0 0.0 1.9 2.8
12:0 0.0 0.0 0.0 9.2 14.0
14:0 21 2.0 2.8 6.6 7.5
16:0 25.1 25.0 27.9 23.1 21.2
16:1 n-9 5.5 6.0 7.6 3.1 17
18:0 5.6 5.9 5.7 13.1 14.4
18:1n-9 38.1 41.3 42.3 29.1 27.5
18:2n-6 21.9 17.7 13.0 7.3 35
18:3n-3 1.3 11 0.6 0.8 0.3
20:0 0.0 0.0 0.0 11 0.0
20:1 n-9 0.0 0.0 0.0 14 0.0
20:4 n-6 0.0 0.7 0.0 0.0 0.0

Gross energy (kg1 5254 5663 5425 5613 4384
Insulin @UI-mL-1) 867 782 194 33 33
IGF-I (ngmL™Y 894 817 19 51 11

1 Colostra, sow milk and formula crude protein was calculated>a8.BiS.
SM, sow milk; FM, formula milk; CO, colostrum obtained during or soon after parturition; C12, colostrum

obtained at 12 h after parturition; M, milk obtained at 6 days of lactation; FMI, formula milk supplemented with
porcine immunoglobulins G.
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obtained from several sows by manua#t °C. The supernatants were analysed for
expression during or soon after parturitiormalic enzyme (ME, EC 1.1.1.40) and glu-
(C0), at approximately 12 h after parturi-cose-6-phosphate-dehydrogenase (G6PDH,
tion (C12) and at 6 days of lactation (M).EC 1.1.1.49) activities using previously
For C12 and M collection, each sow wagescribed methods [16, 24] with modifica-
i.v. injected with 20 U of oxytocin to initi- tion [19]. Fatty acid synthase activity (FAS,
ate colostrum and milk letdown. The col-EC 2.3.1.85) was determined using the
lected products were subdivided into 50 tanethod of Lavau et al. [25]. The tissues
60 g portions and kept at —20 °C until usedwere also homogenised in ammoniac hep-
Sow milk replacement formula (FM) was aarin buffer (NH,CI 50 mM, pH 8.2, heparin
commercial formula available as a complet®.5 UkmL™1) [9] and centrifuged at 7Gffor

milk replacer for pigs (Toniporc, Agralco, 10 min at 4 °C. The supernatants were anal-
France). SM and F pigs were isoenergetiysed for lipoprotein lipase activity (LPL,
cally bottle-fed every 2 h from 07:00 h toEC 3.1.1.34) [42]. Acetyl-CoA-carboxylase
23:00 h and only once during the night(CBX, EC 6.4.1.2) was assayed by the
at 03:00 h. To provide adequate immunity H4CQ; fixation method [6, 7]. Protein con-

F pigs were fed a formula milk supple-tents were determined by the method of
mented with purified porcine immunoglob- Lowry et al. [30] using bovine serum albu-
ulins G (FMI) for 24 h. SM pigs were bottle- min as the standard.

fed CO for 18 h, C12 for 18 h and M until the

end of the experiment. They were fed 25 g .

of maternal milk per kg of body weight per 2.3 Lipid content »

meal during the daytime. To compensate for @nd fatty acid composition

the long interval between meals, the size of ] ]

the 03:00 h meal was increased by 50%, Lipid content of colostra, milks, adipose
Milk allocated to SM and F pigs was tissue and muscle were determined by the
adjusted daily according to body weight.method of Folch et al. [17]. The methyl
after the 09:00 h meal. Milk intake wasMethanol [32] and fatty acids were deter-
determined by weighing the bottle (+ 0.10 g)Mined by gas chromatography (Delsi Instru-
before and after each feeding. It was 2.50nents, Argenteuil, France; capillary col-
+0.16 MJdayland 2.45 + 0.21 Mdayl umn, 30 min length, split/splitless injector,
for SM and F pigs respectively. Ninety min-hydrogen pressure: 0.45 bar).

utes after the last meal, pigs were weighed,

anaesthe_tise_d using halothane and killed by 2 4. RNA isolation

exsanguination. Samples of dorsal subcu-
taneous adipose tissue and skeletal muscle
(longissimu} were immediately frozen in
liquid nitrogen and were stored at —70 °Cd
until lipogenic enzyme analyses and RNAf
isolation.

and RNase protection assays

Total RNA was isolated using the guani-
ium thiocyanate method [11] with modi-
ication [29] for adipose tissue. The quantity
and quality of isolated total RNA were eval-
uated spectrophotometrically and confirmed
29 E | with agarose gel electrophoresis. The abun-

<. ENZyme analyses dance of GLUT4 mRNA was quantified
using a sensitive solution hybridisation-
Lipogenic enzyme activities were deter-RNase protection assay [12]. Porcine
mined in adipose tissue and muscle. Tissu&SLUT4 cDNA [10] was kindly provided
were homogenised in 0.25 M sucrose buffeby Dr TD Etherton (Penn State University,
and centrifuged at 30 0@Pfor 40 min at PA, USA). To generate antisense riboprobe,
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the plasmid was linearised wiitoRI and SR groupsP < 0.05) than in pigs fed for-
transcribed with a Promega kit using T7mula (Fig. 1). It did not differ between SM
polymerase (Promega, Madison, WI, USA)and SR groups. In muscle, the difference
in the presence obf°P]CTP (NEN, Paris, was not significant between maternal milk-
France). To check for possible differences ified and F pigs. Fatty acid composition of
quantification and/or loading, samples wereadipose tissue and muscle differed between
also assayed for 18S RNA using human 18fmaternal milk-fed pigs and F pigs. In adi-
cDNA (pT7 RNA 18S) obtained from pose tissue, F pigs have moRe< 0.05)
Ambion (Austin, TX, USA). The relative 10:0, 12:0, 14:0, 18:0 and les® € 0.01)
intensities of the protected bands were quarntg:1 n-9, 18:2 n-6 than SM and SR pigs
tified using Phosphorimager (STORM, (Tab. II). In muscle, F pigs have more
Molecular Dynamics S.A., Bondoufle, (p < 0.001) 12:0, 14:0, 18:0 and less
France). The data were then normalised t@ < 0.01) 16:0, 16:1 n-9 and 18:2 n-6 than
the abundance of 18S RNA. SM and SR pigs.

2.5. Statistical analysis

All data were expressed as mean + SEM.

Data were analysed by analysis of varianc 50 - Adipose tissue
using the generalised linear model of SAS a
[39]. The model included the effect of feed- w0l & )
ing and litter. When appropriate, multiple
comparisons of the means was performe
using the Duncan test. 30 ¢ b
20 |
3. RESULTS §
. . -5y 10 4
3.1. Body weight gain 2
The birth weight of the three groups of 5 0~ — o
pigs did not differ significantly. They were s Muscle
1494 +105¢9, 1504 +135g and 1 453 4 ;
130 g for SM, F and SR pigs respectively. & i
During the 7-day experimental period, SM = 47 _I_
and F pigs achieved similar daily body §
weight gain (136 +10vs. 132 £ 11 g) which b= 3
was lower P < 0.05) than the 173 £ 17 g
achieved in SR pigs. From the assumptiol 2+
that the ratio of sow milk intake (g):body
weight gain (g) is similar in SM and SR 14
pigs, it was calculated that SR pigs con
sumed 28% more milk than SM pigs. 0L L ]

3.2. Lipid Co.ntent . Figure 1. Lipid content of adipose tissue and
and fatty acid composition muscle from SMI(J), F @) and SR (1 ) pigs.
Data represent means + SEk: 6. Within the
The content of lipid in adipose tissue wassame tissue, means with different letters are sig-
much higher in pigs fed sow milk (SM andnificantly different P < 0.05).
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Table Il. Average fatty acid composition of adipose tissue and muscle in 7-day-old pigs.

Adipose tissue Muscle

SM F SR Rsd Effect SM F SR Rsd Effect
10:0 0@ 02 00 01 P<001 00 00 00 003 NS
12:0 02 5% 09 20 P<0.001 06 477 0.0 10 P<0.001
14:0 28 82 35 20 P<0.001 23 59 26 0.7 P<0.001
16:0 27.2 264 272 07 NS 38.327.4 332 1.8 P<0.001
16:1 n-9 8.1 63 83 20 NS 536 3. 5% 0.8 P<0.01
18:0 56 85 64 17 P<0.05 89 124 82 10 P<0.001
18:1n-9 428 399 422 1.7 P<0.01 315 352 335 3.7 NS
18:2n-6 11.7 3.6 9.0 24 P<0.001 13.2 557 11.8 2.3 P<0.001
18:3n-3 0.7 06 05 0.2 NS 1 06 0.7 04 NS
20:0 0.6 06 07 02 NS 03 05 03 02 NS
20:1 n-9 0.0 02 01 01 NS 07 1 1 0.3 NS
20:4 n-6 0.5 04 06 002 NS 32 25 35 12 NS

a bwyithin the same tissue and the same line, means with different letters are significantly diferor@g).
* Percentage of total fatty acids. Rsd: Root standard deviation.

3.3. Enzyme activities

Enzyme activities among the three diete
groups were compared in adipose tissue
skeletal muscle (Figs. 2 to 4). In adipose 1
sue, CBX and FAS activities were high
(P <0.05) in SR than in SM and F pic
(Fig. 2). In the muscle, CBX and FAS acti
ities were low and did not differ betwee
the three groups (Fig. 2). In adipose tiss
ME and G6PDH activities were highe
(P <0.05) in SR than in SM and F pic
whereas in the muscle, activities were higl
(P <0.05) in F than in SM and SR pic
(Fig. 3). LPL activity was greateP( 0.05)
in SR than in SM and F pig adipose tissl
while LPL activity was not detected in mu:
cle (Fig. 4).

3.4. GLUT4 mRNA expression

GLUT4 mRNA was expressed in bot
adipose tissue and muscle (Fig. 5). In ad

CBX activity
i
[=n

[ W
(=3 =
I 1
®

FAS activity
P
=)
oy
[

0 — -
Adipose tissue Muscle

Figure 2. Acetyl-CoA-carboxylase (CBX) and
fatty acid synthase (FAS) activities in adipose
tissue and muscle from SNIIf, F @) and SR
() pigs. CBX activity is expressed as nmol

h HCO; incorporateemin~t-mg* of protein. FAS

iactiwty is expressed as nmol NADPH disap-

pearedmin-lmg1 of protein. Data represent

pose tissue, the expression of GLUT/means + SEMn = 6. Within the same tissue,
MRNA was higher® < 0.01) in SR than in means with different letters are significantly dif-
SM and F pigs, whereas in muscle, thderent ¢ <0.05).
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150 expression of GLUT4 mRNA was higher
£ 120 - g (P<0.01) in F than in SM and SR pigs.
2
s 90
E 60 4. DISCUSSION
b
30 b a The present study is the first to clearly
b show the effect of maternal and formula
0- milk on lipid metabolism in a well controlled
400 - environment. Although it is usually accepted
£ that fatty acid synthesis is limited in suckling
‘§ 300 | newborn mammals [4, 15, 38], the present
= data indicate that lipogenesis is not limited
a 200 - by enzyme activities or glucose transporter
] and that these parameters are regulated by
100 early nutrition. The activities of lipogenic
enzymes are lower in this study than in
0! weaned pigs [3, 28] but they are significant.

Adipose tissue Muscle In adipose tissue, the activities of CBX, ME
and G6PDH represent at least 50-80% of

Figure 3. Malic enzyme (ME) and glucose-6- the activities fo,und in 20 kg pigs [23, 33,
phosphate-dehydrogenase (G6PDH) activities i6]. The detection of GLUT4 mRNA asso-
adipose tissue and muscle from SM)(F @)  ciated with the finding that adipose tissue
and SR [ ) pigs. Activities are expressed agrom neonatal pigs has the capacity to incor-
nmol NADPH producedninmg™ of protein.  porate glucose into lipids [43] indicates that
E:r;aerggsrﬁ:emergﬁgﬁtﬁﬁ%"‘ef’feﬁ-t }/evtlttgrlg ;':g s glucose transport is not a limiting step. The
nificantly different P <0.05). ack of substrate may contribute to the low
rate of lipogenesis. Indeed, the estimated
amount of glucose ingested is lower than
the amount needed. For example, F pigs
ingested 21 g glucose per 24 h, the highest
amount ingested in the 3 groups, whereas
the needs in glucose are estimated to be

8 1 36-40 g per 24 h for 7-day-old pigs [35].
26 g This may not be, however, the only expla-
2 nation because it has been shown that
'§ 4 b plasma glucose concentrations approaching
2 b the hyperglycaemic threshold do not stim-
= 5 ulate lipogenesis in 1-day-old pigs [27].

The observation that fatty acid compo-

0 sition of adipose tissue and muscle of

Adipose tissue Mauscle 7-day-old pigs reflects mainly milk fatty
] ] o o ] acid composition is consistent with a pre-
Figure 4. Lipoprotein lipase activity in adipose ;j5,s report that indicates that fat deposi-

tissue and muscle from SNOIj, F @) and SR . - . L ) o
(3) pigs. Activity is expressed as nmol oleat ion is primarily dietary fat in origin [27].

producedmin-Lmg-L of protein. Data represent Nevertheless, some observations support
means + SEMp = 6. Within the same tissue, the hypothesis that lipogenesis may be sig-
means with different letters are significantly dif- nificant in adipose tissue of the neonatal

ferent @ < 0.05). pig. Despite the absence of 12:0 in maternal
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Adipose tissue 300 -+

= = - a
GLUT4 e *w z:
- e il® - X _
s = = 2007
18S |@® @ ﬂ o8 : )
=
Musle ;
g 100 +
GLUT4 E
& g =
18 ﬁ ¢ e &3 0 ,
SM F SR Adipose Muscle
tissue

Figure 5. Expression of GLUT4 mRNA in adipose tissue and muscle in[S)VIK @) and SR )

pigs. GLUT4 mRNA was quantified using the RNase protection assay as described in Materials and
Methods. Hybridisation was performed usingu@ptotal RNA. Left-hand panels show representa-

tive autoradiograms in adipose tissue and muscle. Right-hand panels show relative abundance of
GLUT4 mRNA and show values of one experiment representative of a duplicate. Data represent
means + SEMn = 6. Within the same tissue, means with different letters are significantly different

(P <0.05).

milk and in adipose tissue of neonatal pigexpression differed between sow-reared and
at birth (data not shown), this fatty acid isbottle-fed pigs in adipose tissue, these
detected in adipose tissue of maternal milkparameters differed between maternal milk-
fed pigs. The finding that 16:0 did not differ and formula-fed pigs in skeletal muscle. In
between the 3 groups in adipose tissugdipose tissue, the involvement of milk com-
despite a lower level in formula milk sup- position in the regulation of lipid metabolism
ports also this hypothesis. is unlikely. Indeed, enzyme activities and
I LUT4 mRNA levels differed significantly
The present study clearly indicates tha etween maternal milk-fed groups. One can

the potential of lipogenic enzyme activities : : i
andrésLUT4 mRNpA%xpressiox can be mog.&raue that these pigs did not consume milk

ulated by the diet in the neonatal pig. Thidf s_|m|lar composition. Howev_er,_the qbser—
study aiso shows for the first time thatv_at'on that the fatty aqd prof|_le in adipose
lipogenic enzyme, lipoprotein lipase andtissue and muscle did not differ between
GLUT4 are regulated similarly within the these two groups suggests they were prob-
same tissue in the pig. This suggests a relé-_bh/ fed milk with similar composition. The
tionship between the regulation of lipogenicdifference between sow-reared and bottle-
enzymes and GLUT4. A question that ariseéed pigs is likely related to milk intake
is whether this relationship is secondary tdecause SR pigs have a higher body weight
glucose availability as suggested in the ragain than bottle-fed pigs. The possible effect
[22]. The regulation of lipogenic enzymesof energy intake in the regulation of lipid
and GLUT4 is tissue-specific. Whereasmetabolism in adipose tissue is supported
enzyme activities and GLUT4 mRNA by the observation that lipogenesis in
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adipose tissue increases with the energetic REFERENCES

level of the diet [41]. The influence of the
amount of total fat or other nutrients ingested!!
cannot be excluded although it has been
reported that high—fat diets depressed lipo-
genesis in 21-day-old pigs that have beefz]
weaned at 14 days of age [2]. In muscle, the
differences observed between formula mil
and sow milk likely result from the differ-
ence in milk composition. The amount of
proteins, lactose, lipids and milk-borne[4]
growth factors and the fatty acid composi-
tion differ between sow milk and formula
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tal muscle in the neonatal pig. The mecha-
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be elucidated. Further studies are alsfi 1]
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and formula milk on subsequent lipid

metabolism.
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