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Abstract 

This study was addressed to determine whether the tissue-specific LPL activity response to fasting differs between nonpregnant and 
pregnant rats over the course of pregnancy. Fed and 24-h fasted rats were studied at days 12, 15 or 20 of gestation and were compared to 
virgin controls. In fed rats at days 15 and 20 of gestation LPL activity decreased in lumbar adipose tissue and the heart and liver, and 
increased in mammary gland tissue. Fasting decreased LPL activity in lumbar adipose tissue in 12 day pregnant and virgin rats and in 
mammary gland tissue in pregnant rats at 15 and 20 days of gestation and in virgin rats, whereas it increased LPL activity in heart tissue 
in rats at day 15 and 20 and in liver at day 20 of gestation. Plasma triacylglycerols were higher in 20 day pregnant rats than in the other 
groups when fed and this difference was even more noticeable in the fasting condition where the plasma ,B-hydroxybutyrate level also 
reached the highest value in the 20 day pregnant rats. Since tissue LPL activity controls the hydrolysis and uptake of circulating 
macylgylcerols, the present results indicate that in fed rats after the 15th day of gestation circulating triacylglycerols are preferentially 
[taken up by the mammary gland instead of being taken up by adipose tissue and heart. However, after fasting, circulating triacylglycerols 
~e driven to the heart and liver in the late pregnant rat, and become a major source for fatty acid oxidation, an effect that seems to be 
~pecially evident in the liver of the 20 day pregnant rat where there is an intense increase in LPL activity and the triacylglycerols become 
preferential substrates for ketone body production. 
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It. Introduction 
! 

Lipoprotein lipase (LPL) is an enzyme which plays a 
ajor role in the regulation of triacylglycerol metabolism. 

its active form, LPL is found bound to the luminal 
. urface of capillary endothelial cells where it catalyses the 
ydrolysis of triacylglycerols from circulating chylomi
ons and very-low-density proteins (VLDL), into free 
tty acids and 2-monoacylglycerol or even glycerol that 
e taken up and utilized by the subjacent tissue [1-3]. 
L activity is found in practically every extrahepatic 

. and adipose tissue, heart and lactating mammary 
anas have the highest transcriptional and catalytic activ

.· for this enzyme [2]. However, although LPL activity 
been found in neonatal liver [4-8], the capacity for 

L hepatic synthesis is markedly reduced in the adult 
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liver [9], where what little LPL act1V1ty is detected is 
mainly the result of the hepatic uptake of the enzyme from 
circulation [2]. 

LPL activity is modulated in an organ and tissue-specific 
manner; thus circulating triacylglycerols for fatty acid 
utilization are channelled towards one organ or another. 
The relationship between the LPL activity in different 
tissues and the development of hyperlipemia during late 
gestation has been studied in humans and in rats [10-15]. 
The changes occurring in mammary gland LPL activity 
during late gestation are probably triggered by a decline in 
the plasma progesterone concentration and the subsequent 
release of prolactin that occurs during the last days of 
pregnancy [6,16]. However, the decline in LPL found in 
white adipose tissue during late gestation seems to be the 
result of the insulin resistance that is detected at the end of 
gestation [17,18]. Although these two changes are modu
lated by different hormonal mechanisms, they direct circu
lating triacylglycerols toward the mammary gland where 
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they can be taken up and used for milk synthesis instead of 
being stored as fat depots [19,20]. In addition, LPL activity 
is also highly sensitive in a tissue specific manner to food 
intake. Thus, while fasting results in a reduction in LPL 
activity in adipose tissue it increases this activity in the 
heart [21-24 ], thus allowing fatty acids to be diverted 
away from storage in adipose tissues to meet the metabolic 
demands of the heart under conditions of caloric depriva
tion. The response of LPL activity to fasting also seems to 
differ in certain organs in the pregnant versus the nonpreg
nant condition. For example, whereas LPL activity in liver 
has been found to increase in the 21 day pregnant rat after 
a 24-h fast, it practically does not change in the virgin 
animal [14,25-27]. However, whether this different re
sponse to fasting in the pregnant versus the nonpregnant 
condition also occurs with LPL activity in other tissues, 
exactly when during pregnancy the differential response 
occurs, what the factor(s) are that are responsible for it or 
even what its physiological implications might be, are all 
unknown. To approach an answer to these questions, the 
present study examines the effect of 24-h starvation on 
LPL in different tissues in virgin rats and in pregnant rats 
at the 12th, 15th and 20th days of gestation. 

2. Materials and methods 

Female Wistar rats, weighing initially 160 to 180 g, 
were mated and the day spermatozoids appeared in vaginal 
smears was considered day O of gestation. All animals 
were kept under light and temperature controlled condi
tions (12 h on/12 h off; 22-23°C). Pregnant animals were 
randomly placed in groups and studied on days 12, 15 and 
20 of gestation. Age- and sex-matched virgin animals were 
also studied in parallel with the experimental animals. 

All rats had continuous access to Purina chow diet ad 
libitum (Panlab, Barcelona, Spain); but the fasted rats were 
deprived of food, but not water, for 24 h before study. All 
animals were sacrificed by decapitation and blood was 
collected from the neck wound for plasma separation. It 
was kept at - 80°C until analyzed for triacylglycerols 
using a commercial enzymatic kit (Menarini) and J3-hy
droxybutyrate [28]. The liver, heart, lumbar fat pads and 
mammary glands were quickly removed and immediately 
placed in liquid nitrogen before freezing at - 80°C until 
LPL analysis. 

LPL activity was determined by assaying the enzyme in 
acetone/ diethyl ether-dried powders as previously de
scribed [4]. The LPL assays were carried out in the pres
ence and absence of 1 M NaCl, and LPL activity values 
were calculated as a function of the inhibition caused by 
the presence of the NaCl. It has previously been demon
strated in our laboratory that this experimental procedure 
measures the lipase activity that corresponds to LPL, but 
not to hepatic lipase [26]. Values were expressed as pkatals 
(pmol of substrate transformed per second) per amount of 

protein measured in the extract [29], with the exception of 
values in adipose and mammary tissues that were ex
pressed as pkatj g of fresh tissue since these tissue ho
mogenates had to be supplemented with preheated (60°C) 
plasma to ensure quantitative extraction. Results are ex-
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Fig. 1. Lipoproteh1Jttllllllr: 11,CMYity .m lumbar fat adipose tissue (A), 
mammary gland (ff), • (Cl,11\0f:1 liver (D) in fed (solid bars) and 24-h 
starved (cross•hatchefbars) y,iijm (day 0) and gestating rats at different 
days of gestation. VlllUc& are'metins:f S.E. for at least 6 rats per group. 
* Statistical comparisons versus virgin rats, and + statistical comparisons 
between fed and fasted rats of the same gestational day: * or + P < 0.05, 
** or ++ P < 0.01, *** or +++ P < 0.001. 
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Table 1 
Plasma /3-hydroxybutyrate and triacylglycerol levels in fed and 24 h-fasted rats at different days of gestation. 

Gestation time: /3-Hydroxybutyrate (nmoljml) Triacylglycerols (mg/di) 
------------------

Fed Fasted p Fed Fasted p 

0 days 103.0 ± 22.6 1791.0 ± 104.6 < 0.001 63.5 ± 14.5 49.7 ± 11.0 
12 days 92.1 ± 14.2 1446.0 ± 102.2* < 0.001 73.8 ± 10.0 45.3 ± 6.8 <0.05 
15 days 92.1 ± 18.1 1269.3 ± 153.1* < 0.001 85.0 ± 10.5 39.5 ± 8.0** <0.01 
20 days 110.5 ± 19.1 3531.0 ± 520.6* * < 0.001 131.4 ± 9.6** 293.0 ± 11.5*** < 0.001 

P = Statistical comparison between fed and fasted rats. 
* = Statistical comparison vs. virgin rats (0 days): * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 

pressed as mean ± S.E.; statistical comparison between 
groups was done using Student's t test. 

3. Results 

As shown in Fig. lA, LPL activity in lumbar adipose 
tissue was similar in fed virgin rats (day 0) and in 12 day 
pregnant rats whereas it decreased very intensely in 15 day 
pregnant rats, the values decreasing even further in 20 day 
pregnant rats. After 24 h fasting LPL activity in the lumbar 
adipose tissue decreased very intensely in virgin and 12 
day pregnant rats while it did not change in the 15 and 20 
day pregnant animals (Fig. lA). LPL activity in mammary 
gland tissue did not differ between virgin and 12 day 
pregnant rats when fed, but it increased progresively and 
very intensely at days 15 and 20 of gestation (Fig. lB). 
Fasting for 24 h decreased the LPL activity in the mam
mary gland tissue from virgin rats but had no effect in that 
from 12 day pregnant rats (Fig. lB). However, 24 h fasting 
had a very intense inhibitory effect on mammary gland 
LPL activity in 15 and 20 day pregnant rats, even though 
the absolute values for LPL activity in the fasted pregnant 
rats always remained above those in the virgin rats (Fig. 
lB). As shown in Fig. lC, LPL in heart did not change in 
fed rats at day 12 of gestation as compared to virgin 
animals whereas it decreased significantly and progres
sively at days 15 and 20 of gestation. After 24 h fasting 
LPL, activity in heart increased slightly but not signifi
cantly in virgin and 12 day pregnant rats whereas it was 
significantly increased in both 15 and 20 day pregnant rats 
(Fig. lC). LPL activity in liver showed much lower values 
than in any of the other tissues in either fed or fasted rats 
(Fig. 1D). In fed rats, LPL activity in liver did not change 
in 12 day pregnant rats versus virgin animals whereas it 
decreased to practically undetectable values at day 15 of 
gestation, and remained as low on day 20 of gestation. 
Whereas 24 h fasting had no effect on liver LPL activity in 
virgin rats or 12- and 15-day pregnant rats, it produced a 
significant increase in 20 day pregnant rats (Fig. 1D). 

Table 1 summarizes the plasma concentration of /3-hy
droxybutyrate and triacylglycerols in fed and 24 h fasted 
rats. Plasma levels of /3-hydroxybutyrate were practically 
undetectable in fed rats but they significantly increased 

with fasting in all the groups. Although the values of 
/3-hydroxybutyrate reached with fasting in both the 12 and 
15 day pregnant rats were lower than in virgin rats, in the 
20 day pregnant rats the increase was greater than in any 
of the other groups attaining values that were significantly 
higher than in virgin rats. As also shown in Table 1, 
plasma triacylglycerol levels progressively increase with 
gestation in fed rats, although values in 20 day pregnant 
rats were the only ones that differed significantly from 
those in virgin rats. Although fasting does not modify 
plasma triacylglycerol levels in virgin rats, it significantly 
decreases them in 12 and 15 day pregnant rats and in
tensely increases them in 20 day pregnant rats to a level 
that is significantly different when compared both to the 
same group when fed and to fasted virgin controls (Table 
1). 

4. Discussion 

The present study shows changes in LPL activity in 
white adipose tissue, heart, liver and mammary gland in 
fed and 24-h fasted condition at different days of gestation 
in the rat. Although the results in mammary gland do not 
permit identification of the cellular origin of the measured 
LPL, previous studies in mice have shown that in this 
tissue LPL is produced in adipocytes in the interstitial 
spaces [30,31). The present finding, that the effects of 
fasting on mammary gland LPL from day 15 of gestation 
on are similar to the effects of fasting on adipose tissue 
LPL at earlier stages of gestation in the rat, supports the 
same origin for the mammary gland LPL in the rat as in 
the mouse. Although LPL activity in all the studied tissues 
did not differ between 12 day pregnant rats and virgin 
controls, major changes appeared at day 15 of gestation 
and they were further enhanced by day 20 of gestation. It 
seems then that hormonal changes already occurring at the 
15th day of gestation must be responsible for the LPL 
changes found during late gestation. Among these changes 
we can note hyperinsulinemia. It is known that, whereas 
insulin inhibits LPL activity in heart [2,32] it enhances it in 
mammary gland [33,34]; therefore the decrease in LPL 
activity in heart and the increase in mammary gland seen 
in fed rats from the 15th day of gestation could be 
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triggered by the hyperinsulinemia that is already developed 
at this stage of gestation [35]. Although maternal insulin 
resistance present during late gestation [36-41] would 
decrease the potential role for hyperinsulinemia in these 
changes, neither heart, nor even more markedly, mammary 
gland, manifest reduced insulin sensitivity at this gesta
tional time [42]. On the contrary, although insulin en
hances lumbar adipose tissue LPL activity under nonpreg
nant conditions [22-24,32,43,44], the activity in this tissue 
is very sensitive to the insulin resistance present during 
late gestation [17,18]. This sensitivity justifies the low LPL 
found despite the hyperinsulinemia in the lumbar adipose 
tissue during late pregnancy. 

The opposite change in LPL activity seen from the 15th 
day of gestation on in adipose tissue versus mammary 
gland seems to have an important physiological role in 
driving circulating triacylglycerols to the mammary gland 
for milk synthesis instead of towards adipose tissue for 
storage. This reasoning agrees with our previous findings 
of a reduced uptake of hydrolytic products from VLDL 
triacylglycerols by isolated adipocytes in the lumbar fat 
pads of 20 day pregnant rats in vitro [45,46] and the 
intense uptake of labelled lipids by mammary gland after 
oral [14 C]triolein administration to rats at this same stage 
of gestation [19]. The inverse change in LPL activity 
between these tissues justifies the lack of change in plasma 
triacylglycerols seen in fed 15 day pregnant rats. The 
situation at the 20th day of gestation in fed animals, 
however, differs in the sense that plasma triacylglycerols 
increase despite the diverging changes in LPL activity in 
the lumbar adipose tissue and mammary gland which are 
even more exaggerated than at day 15. Nevertheless, we 
know that at late gestation, intracellular adipose tissue 
lipolytic activity is highly enhanced [14,47] and this would 
be responsible for an increase in the arrival of lipolytic 
products to the liver and the subsequent increase in triacyl
glycerol synthesis and release into the circulation, as has 
been demonstrated in the perfused liver of the late preg
nant rat [48]. 

The intense hypertriglyceridemia developed with fasting 
in 20 day pregnant rats requires special comment. In the 
fasting condition intracellular lipolytic activity in adipose 
tissue of the late pregnant rat becomes maximally stimu
lated [14,47,49], facilitating an active use of lipolytic 
products for triacylglycerol synthesis by the liver. Besides, 
as seen in this study, the decline in LPL activity in 
mammary gland with fasting is also maximal at this late 
stage of gestation, and we have previously found that 
inhibiting the LPL induction normally occurring in the 
mammary gland of fed pregnant rats increases plasma 
triacylglycerol levels [6,50]. It seems then that conditions 
that restrained the increase in LPL activity normally seen 
in the mammary gland at late gestation, as is the case here 
in fasted 20 day pregnant rats, would decrease the clear
ance of circulating triacylglycerols which, together with an 
enhanced production of triacylglycerols by the liver, would 

be responsible for the increase in plasma triacylglycerols 
seen in these animals. 

The increase in circulating triacylglycerols in the fasted 
20 day pregnant rat may affect, or even be responsible for, 
the specific increase in LPL activity seen in the liver of the 
fasted 20 day pregnant rat, an increase which was, how
ever, not seen at earlier stages of gestation. The increase of 
LPL activity in the liver of the 24-h starved late pregnant 
rat seen in the present study confirms previous findings 
[14,25-27]. A similar increase in liver LPL activity has 
been found previously after the intravenous administration 
of Intralipid to fasted nonpregnant rats [51], probably as 
the result of being carried by the triacylglycerol-rich 
lipoprotein remnants [52,53]. Since no LPL mRNA has 
been found in the liver of the adult rat [2] and the LPL 
synthesis by the liver is negligible [9], it is proposed that a 
mechanism like the one mentioned for Intralipid con
tributes to the increase in LPL activity in the liver of the 
24-h starved late pregnant rat. As previously proposed 
[14], although only temporarily, this would permit the liver 
of the fasted late pregnant rat to switch from a triacyl
glycerol exporting organ into a triacylglycerol accepting 
one and allow the use of circulating triacylglycerols as 
substrates for ketone body synthesis. That this may be the 
case is also suggested by the exaggerated increase in the 
plasma ,8-hydroxybutyrate level seen here in the fasted 20 
day pregnant rat but not at earlier stages of gestation when 
neither plasma triacylglycerols nor liver LPL activity are 
augmented. Since ketone bodies easily cross the placenta 
[54] and are even used by the fetus for brain development 
[55,56], this efficient mechanism of using circulating tri
acylglycerols as a substrate for ketogenesis by the mother's 
liver, would allow the rapidly growing fetus to benefit 
from maternal hypertriglyceridemia under conditions of 
food restriction at this late stage of gestation. 
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