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I. INTRODUCTION 

Alterations in the metabolism of cholesterol and triglyceride and in the 
lipoprotein cascade are most commonly associated with the atherogenic pro
cess and the occurrence of coronary artery disease, peripheral vascular disease, 
and stroke. On the other hand, the lipoprotein transport system subserves 
essential bodily functions and, in connection with reproduction, lipoprotein 
metabolism is crucially associated with oogenesis, changes in the menstrual 
cycle, responses to sex steroid hormones, and probably its most complex 
expression, pregnancy itself where the function of every physiological system 
is altered. 1 In tum, abnormalities in lipoprotein metabolism could be related 
to abnormalities in reproductive function. 

The purpose of this review is to consider the alterations occurring in 
lipoprotein metabolism in human pregnancy and in selected animal models 
and to attempt to understand the reasons for these changes and the possible 
significance for maternal physiology and fetal growth and development. The 
effects of diabetes mellitus on the system will be briefly considered. 

II. BASIC MECHANISMS Oil SEX HORMONE 
EFFECTS ON LIPOPROTEIN l\lETABOLISM 

The effect of estrogen on lipoprotein metabolism has been extensively 
studied and recently reviewed. 2-

5 As shown in Figure 1, cholesterol enters 
the circulation from the diet incorporated as a minor component in the tri
glyceride-rich chylomicron. Lipoprotein lipase (LPL) removes the triglyceride 
from these chylomicrons upon contact with this capillary endothelium-bound 
enzyme. Free fatty acids (FFA) released from the hydrolytic activity of LPL 
are transported in the. circulation bound to albumin or transferred directly. 
through the capillary endothelium to underlying tissues for subsequent me
tabolism. Several studies have suggested that lipoprotein lipase activity might 
be either slightly reduced or unchanged in the presence of estrogen alone. 6

•
7

· 

This reduction, although not always consistent and possibly minor, may con
tribute to the hypertriglyceridemia associated with estrogen administration 
(see below). As indicated in Figure 1, the relatively cholesterol-rich metabolic 
product of lipoprotein lipase action, the chylomicron remnant, may have 
enhanced uptake by the hepatic receptor, known as the LDL related protein 
(LRP) and designated in the illustration as E. The receptor resembles the low 
density lipoprotein (LDL) receptor but it is specific for recognition and uptake 
of lipoproteins carrying multiple copies of apolipoprotein E. 8•

9 Studies from 
oral contraceptive-treated individuals where chylomicron remnants were la
beled with retinyl palmitate indicate an enhanced rate of uptake. 10 This effect 
may be estrogen rather than progestin dependent because the LRP resembles 
the LDL receptor which is upregulated by estrogen (see below). 

Once cholesterol reaches the hepatic pool and mixes, presumably, with 
endogenously formed cholesterol in the liver, it is resecreted in the form of 
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FIGURE 1. Transport of lipid via the lipoprotein cascade. Broad, dark lines indicate an 
increased rate of transport. A dashed line indicates diminished transport. A ? indicates uncem
tainty about the rate of transport of a given pathway. Other abbreviations are indicated in the 
text. (From Knopp, R.H., in Oral Contraception into the J990's. Parthenon Publishing, Park 
Ridge, NJ, 1989. With permission.) 

endogenous triglyceride-rich very low density lipoprotein or VLDL (Figure 
1). This process is increased by estrogen. 11 The triglyceride of this lipoprotein 
is similarly degraded in extrahepatic tissues by interaction with capillary 
endothelium bound LPL. FFA are again formed, although the rate of their 
generation is much less rapid (and the clearance of VLDL slower) than from 
chylomicrons. As shown in the figure, VLDL remnants are formed similar 
to the chylomicron remnant, but the fate of the VLDL remnant is different. 
VLDL remnants can be removed directly by the liver or can be subsequently 
degraded with further triglyceride removal via transfer to high density lipo
protein (HDL) in exchange for HDL esterified cholesterol mediated by the 
lipid transfer protein (LTP) or by the action of hepatic triglyceride lipase 
(HTGL) that is similar but not identical to LPL. With the further removal of 
triglyceride, LDL forms and then is amenable to removal by the LDL receptor. 
Hepatic uptake of VLDL remnants and removal of LDL are mediated by the 
LDL receptor, designated the B/E receptor in the illustration. In the case of 
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the remnant, it is believed that apoprotein E is the signal for uptake and in 
the case of LDL it is apoprotein B, but in both instances the same receptor 
is responding to the apoprotein on the surface of the lipoprotein particle. The 
important point is that estrogen upregulates the LDL receptors 12

•
13 which then 

enhances the clearance of VLDL remnants and LDL-cholesterol (LDL-C). 
Thus, with estrogen therapy in humans, remnant clearance is enhanced 14 and 
subjects with an abnormal accumulation of remnants as in type III hyperli
pidemia improve with estrogen therapy. 15 Given in pharmacological amounts 
in the rodent, estrogen can induce the near disappearance of LDL due to such 
an exaggerated upregulation of the LDL receptor. 16 

The sites where estrogen alters HDL-mediated reverse cholesterol t..~s
port are not completely understood. A receptor-mediated mechanism for the 
association of the most cholesterol-poor of the HDL species, HDL3 , which 
is also apoprotein A-II as well as apo A-I rich, exists17 but its response to 
estrogen is unknown. Activation of this receptor stimulates translocation of 
cholesterol from intracellular pools to the surface where HDL acquires the 
cholesterol on a concentration gradient. 17 The well-established effect of es
trogen is to increase the plasma concentration of the more cholesterol-rich 
form of HDLi which may relate to an increased synthesis of apoprotein A-11 1 

as well as possibly to a diminished removal. 18 An increase in the content of 
HDL2-Cholesterol (C) is related to an estrogen-induced reduction in HTGL 
activity19 which reduces the hydrolysis of HDL-phospholipid20 and the re
sulting concentration-dependent transfer of cholesterol to the liver. 20 The 
increase in plasma HDL cholesterol (HDL-C) concentration should favor 
cholesterol transfer to VLDL and LDL via LTP, leading to the final clearance 
of cholesterol via the hepatic LDL receptor and the bile acid pathway. 21 As 
mentioned above, triglycerides from VLDL are transferred to HDL in ex
change for HDL esterified cholesterol. This transfer seems to be the mech
anism by which exogenous estrogens increase HDL-triglyceride (HDL-TG) 
levels.22 LTP may be increased by estrogen like other hepatic proteins since 
McPherson et al. have found that LTP concentrations in plasma are 25% 
higher in women than in men.21 Finally, bile acid excretion is increased as 
is cholesterol excretion (Figure 1). In summary, as indicated then in Figure 
1, the effect of estrogen is to enhance most and possibly all of the pathways 
of lipoprotein transport. 

The effect of progestins is to oppose most effects of estrogen either by 
acting as an anti-estrogen directly or by exerting its own effect on lipoprotein 
metabolism. At present it is impossible to say if the anti-estrogen effects of 
progestins are related to a progestational effect of the progestin or an an
drogenic effect of progestins that varies depending on the chemical structure 
of the progestin. However, even natural progesterone when given in com
bination with estrogen will oppose the lipoprotein effects induced by estro
gen. 2- 4 ,23 Unfortunately, the data to document the general effect of progestins 
on lipoprotein metabolism is fragmentary and in some cases conflicting. In 
the case of intestinal fatty acid or cholesterol absorption, no information is 
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available to our knowledge. With respect to the uptake of remnants, the 
cholesterol content of VLDL increases relative to triglyceride in subjects 
taking androgenic, progestin-dominant oral contraceptives, suggesting an 
impaired removal of remnants. 24 On the otherhand, studies in progestin
treated rodents indicate that an increase in remnant uptake might be induced. 25 

The question has not been systematically studied in humans. Plasma triglyc
eride concentrations tend to fall with progestin administration or with pro
gestin dominant oral contraceptives,24 and hepatic secretion rates in animal 
models are reduced. 26

•
27 LDL clearance appears to be reduced, again in ro

dents25 given an androgenic progestin and HDL-C concentrations fall. 2-4·24 

This effect could be due in part to an androgen/progestin mediated upregu
lation of hepatic lipase activity which increases the removal of HDL-C from 
the circulation. 2-4·

19 Effects of progestins on bile acid metabolism are not well 
investigated. 

The above pharmacologic effects of sex hormones can be seen when 
lipoproteins are compared in women vs. men. 2 In health, premenopausal 
women have lower plasma triglyceride, lower LDL-C levels, higher HDL-C 
levels, and a more rapid rate of plasma triglyceride clearance than do men. 
Even in disease states such as diabetes, female responses differ from ( and 
are greater than) men. 28 It appears that all of these effects can be attributed 
to the effect of estrogen. In general, whether one is considering the normal 
menstrual cycle or postmenopausal estrogen therapy, C-21 progestins or nat
ural progesterone have little antagonistic effect on LDL. 19

•
29

•
30 Thus, in normal 

female physiology, estrogen effects dominate over natural progesterone effects 
and as will be seen, this generalization applies to pregnancy as well. 

m. LIPOPROTEIN ALTERATIONS IN PREGNANCY 

Lipoprotein changes in pregnancy have been studied in several centers in 
humans31

-
37 (see Reference 38 for review of extensive earlier literature prior 

to 1978). As shown in Figure 2, plasma total triglyceride and cholesterol in
crease 250% and about 25% respectively. A linear increase in triglyceride rap
idly declines postpartum and while a more asymptotic increase in cholesteroP1 

declines more slowly postpartum.32 Examining Figure 3, it can be seen that 
the cholesterol increase is primarily in the LDL which increases from 100 to 
160 mg/di or approximately 60% while the VLDL-cholesterol (VLDL-C) 
increase is small. A contrasting biphasic pattern is seen in HDL-C where a 
maximum rise is seen by 20 weeks gestation and then a gradual decline by 
39 weeks gestation to a value of approximately 64 mg/di, approximately 10 
mg/di higher than the nonpregnant HDL-C value of 55 mg/di. Thus although 
a shifting HDL pattern is seen in pregnancy, the HDL-C remains elevated 
throughout. 31

•
32 

Plasma triglyceride concentrations in the lipoprotein fractions are shown 
in Figure 4 and Table 1 and indicate that the greatest triglyceride increase is 
seen in VLDL but nearly as great an increase is seen in LDL as well; the 
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FIGURE 2. Increases in plasma triglyceride and cholesterol concentrations in 8 to 20 subjects 
studied serially throughout gestation. Eight subjects were studied throughout the entire gestation 
and an additional 12 subjects (for a total of 20) were studied between weeks 27 and 39. Tests 
of significance of increases at gestational intervals are as shown. (From Knopp, R. H., Warth, 
M. R., Charles, D., Childs, M., Li, J. R., Mabuchi, H., and Van Allen, M., Biol. Neonate 
(Paris), 50, 297, 1986. With permission of S. Karger AG, Basel.) 

triglyceride content increases in all the fractions to a greater extent than 
cholesterol. Even in HDL, triglyceride concentrations increase approximately 
25% and are sustained in contrast to the late gestation decline in cholesterol 
in the HDL particles at late gestation. The ratios of cholesterol/triglyceride 
in the lipoprotein fractions are described elsewhere. 33 The increase in HDL
C is seen primarily in HDLi as shown in Figure 5 whereas relatively little 
increase is seen in HD~. 32 

Apolipoprotein changes in pregnancy have also been reported in several 
investigations32

•
35

•
39

-44 (see late gestation examples in Table 1). Total plasma 
apoprotein-B increases throughout gestation and is associated with the total 
cholesterol concentration. 40

A
1 An apo-B increase is found in the VLDL frac

tion at 36 weeks where the increase is about threefold and in the LDL con
centration where the increase is about 40% ( see Table 1). 39 The increase in 
apoprotein A-I, the major apolipoprotein of HDL is -28%.39

•
41

•
42 Lp(a) has 

been measured in one study of normal pregnancy, 43 increasing about 100% 
by week 20 of gestation and then declining towards normal at term. Serial 
measurements of apoproteins A-I and A-II (Figure 6) show that the apoprotein 
A-I increase is sustained throughout gestation unlike the HDL-C rise and fall. 
A similar finding has been observed by Desoye et al. 35 and Rosing et al. 42 

Nonetheless, as shown in Figure 7, a highly significant linear correlation 
exists between plasma apoprotein A-I and HDL-C among individual values 
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FIGURE 3. Changes in lipoprotein cholesterol concentrations in the same 8 to 20 subjects 
described in Figure 2. VLDL and LDL concentrations show increases throughout gestation, 
whereas HDL-C concentrations show a statistically significant rise between 10 and 20 weeks, 
and 10 and 27 weeks, but a significant fall between 27- and 39-weeks gestation. Notice that the 
LDL-C concentration has not returned to the gestational week-10 level at 6-weeks postpartum. 
(From Knopp, R. H., Montes, A., Childs, M., Li, J. R., and Mabuchi, H., Clin. Obstet. 
Gynecol., 24, 21, 1981. With permission.) 

from a three trimester and postpartum longitudinal study in 32 women (Mon
telongo, A., Herrera, E., and Lasunci6n, M. A., previously unpublished 
data). With regard to apoprotein A-II, neither we2 nor Rosing et al. 42 found 
an increase (Figure 6)2 while Desoye et al. observed a significant increase in 
apoprotein A-II of 20%. 35 

Reference values for lipoprotein lipid concentrations at 36-weeks gesta
tion have been reported.44 These values are presented in Table 2. Because 
lipoprotein lipid measurements in pregnancy44 were obtained in the same 
standardized laboratory that determined reference values for the nonpreg
nancy age population, extrapolations can be made for the 10th to 90th per
centiles throughout the period of gestation based on the reference values 
of nonpregnant subjects45 and the change in the mean triglyceride and cho
lesterol concentrations through gestation31

•
32 and shown in Figure 2. These 
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FIGURE 4. Increases in lipoprotein triglyceride concentrations throughout gestation. Subjects 
are the same as shown in Figures 2 and 3. Statistically significant increases in VLDL and LDL 
triglyceride concentrations during the first and second halves of gestation are shown. A significant 
increase in HDL triglyceride is seen only in the interval between 10 and 27 weeks. (From Knopp, 
R. H., Montes, A., Childs, M., Li, J. R., and Mabuchi, H., Clin. Obstet. Gynecol., 24, 21, 
1981. With permission.) 

extrapolations are shown in Figure 8 and can be used to interpret the extent 
of lipid elevation at any time throughout pregnancy. 

In summary, the changes in lipoprotein lipids in pregnancy disclose in
creases in each fraction although HDL-C declines somewhat in the second 
half of gestation from a midgestation peak. Thus, different mechanisms must 
control concentrations of the lipoprotein fractions in pregnancy. For instance 
the VLDL, LDL, HDL, and apoprotein rises including Lp(a) in the first half 
of pregnancy may be sex-hormone dependent while the contra-insulin hor
mones of late gestation may drive VLDL and LDL higher while depressing 
HDL and opposing a further hormone dependent rise in apo A-I and a decline 
in Lp(a). 

Lipoprotein lipid changes with gestation in animal models vary greatly 
with species. An exhaustive comparison of these changes is not possible in 
this review but it can be said that plasma VLDL triglyceride concentrations 
in the rodent increase similarly to that in the human. 46.47 On the other hand, 
in the rhesus monkey, plasma triglycerides decline and then rise, but cho
lesterol and LDL-C and HDL-C concentrations fall throughout gestation. 48

-
50 

In the rat, HDL-C does not increase while LDL-C increases slightly, but 
LDL levels remain much lower than in humans.46

•
47 Thus, even qualitative 

- 0 



TABLE 1 
Comparison of Lipoprotein Lipid and 

Apoprotein Concentrations (mg/di; Mean ± SD) 
in 36-Week Gestation Pregnancy Compared to 

Nonpregnant Control Subjects 

Non pregnant 36-Week gestation 

Total (23)· (23)• 
Triglyceride 59 ± 19 222 ± 60 
Cholesterol 171 ± 26 251 ± 32 

VLDL 
Triglyceride 33 ± 14 107 ± 41 
Cholesterol 11 ± 6 22 ± 9 
ApoB 7 ± 6 20 ± 11 

LDL 
Triglyceride 14 ± 10 72 ± 21 
Cholesterol 104 ± 23 161 ± 39 
ApoB 61 ± 10 84 ± 23 

HDL 
Triglyceride 12 ± 6 29 ± 9 
Cholesterol 56 ± 12 64 ± 9 
Apo A-1 128 ± 23 164 ± 16 

HDLz (19) (18) 
Cholesterol 22 ± 8 38 ± 12 

HDL3 

Cholesterol 34 ± 5 31 ± 6 

Note: All data taken from Montes et al. 39 except those of HDLz 
and HD½ which are from Fahra.eus et al. 34 

• Number of subjects denoted in parentheses. 

From Knopp, R.H., Warth, M. R., Charles, D., Childs, M., Li, 
J. R., Mabuchi, H., and Van Allen, M., Biol. Neonate (Paris), 
50, 297, 1986. With permission of S. Karger AG, Basel. 

27 

extrapolations from animal models to humans are limited and must be species 
and lipoprotein-fraction specific to be interpretable. 

IV. PHYSIOLOGIC MECHANISMS AFFECTING 
LIPOPROTEIN METABOLISM IN PREGNANCY 

Fat absorption in human pregnancy has not been studied to our knowledge. 
While absorption of triglyceride and fatty acids in the gut is quantitative in 
humans, the absorption of cholesterol is limited to about 30 to 50% of fat 
ingested. Thus, it is possible that there might be an increase in cholesterol 
absorption. Argiles and Herrera51 have found that the appearance of labeled 
lipids ind < 1.006 lipoproteins in plasma after an oral radioactive triglyceride 
load is enhanced in the pregnant rat as compared to nonpregnant controls. 
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in Figure 3. HDLi and HD~ subfractions are examined. A major increase is seen in HDLi-C. 
(From Knopp et al., Principles of Perinatal-Neonatal Metabolism, Cowett, R. M., Ed., Springer
Verlag, New York, 1991, 177. With permission.) 

160 

120 m¾ dl 
80 

40 

(7) 
0 

Weeks: 0 

(8) (12) (24)(21)(22)(21)(16 

10 20 27 33 39 

Antepartum 

' ' ......... ~------1!t ApoA-I 

(21) (23) 

6 20 

Postpartum 

HDL-C 

ApoA- II 

FIGURE 6. HDL-C and apoprotein concentrations in pregnancy. The HDL-C concentrations 
shown here are from the same subjects that appear in Figure 5. Apoprotein A-II concentrations 
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drop in HDL-C concentrations between weeks-20 and -39 gestation. Apoprotein A-II concen
trations show no change. (From Knopp et al., Principles of Perinatal-Neonatal Metabolism, 
Cowett, R. M., Ed., Springer-Verlag, New York, 1991, 177. With permission.) 

Since the overall disposition of labeled lipid was not enhanced, it is concluded 
that intestinal triglyceride absorption is increased in rat pregnancy. The pro
duction of VLDL protein has been studied in pregnant rat and has been found 
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FIGURE 7. Correlation of apoprotein A-I and HDL-C concentrations in pregnant women in 
the three trimesters of pregnancy and postpartum. A statistically positive association is seen 
(R = 0.689) less than 0.001 in 135 subjects. (Previously unpublished results of Montelongo, 
A., Herrera, E., and Lasunci6n, M. A.) 

to be increased in several investigations. Using the triton method to block 
triglyceride removal from the circulation via the lipoprotein lipase reaction, 
plasma triglyceride concentration increased two or threefold in pregnancy. 32 

In a separate study in pregnant rats, the clearance of d < 1.019 triglycerides 
from the circulation employing radiolabeled chylomicrons followed the same 
exponential curve vs. concentration as nonpregnant animals indicating that 
increases in triglyceride concentration are related less to differences in removal 
than production. 52 Triglyceride secretion in the perfused liver has also been 
observed to be increased. 53 The influences of fat vs. high carbohydrate feeding 
in the pregnant rat have also been studied.54 With high carbohydrate feeding, 
the expected "carbohydrate induction" is seen with an increase in VLDL 
lipoprotein triglyceride concentrations, although this effect is less than ex
pected in high carbohydrate fed pregnant women. 55 On the other hand, upon 
cessation of fat feeding, the clearance of chylomicron triglyceride from the 
circulation is slower in the pregnant rat than in the nonpregnant rat, as might 
be expected if VLDL levels are elevated and compete with chylomicrons for 
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TABLE 2 
Plasma Triglyceride, Cholesterol, and 
Lipoprotein Cholesterol Distributions 
in 553 Randomly Selected Women at 

36-Weeks Gestation 

Percentiles 

5th 10th 50th 90th 95th 

Triglyceride 133• 146 209 341 387 
Cholesterol 

Total 185 196 243 299 318 
VLDL 8 12 26 47 59 
LDL 89 106 148 200 218 
HDL 42 46 64 86 93 

• Results are presented in mg/di. Reproduced in part 
from Reference 44. 

removal by LPL. In other words, the disappearance of triglyceride from the 
plasma seems to be impaired in these rodent studies but could be entirely 
explained by increased hepatic triglyceride production and an increased plasma 
triglyceride pool size. It may be concluded from these studies that the pro
ducticn of triglyceride-rich lipoproteins is enhanced in the late pregnant rat 
and that this action seems to be the major contribution in the development of 
maternal hypertriglyceridemia. 

The extent to which diminished LPL activity in various tissues in the 
body contribute additionally to the hypertriglyceridemia is uncertain. What 
is clear is that LPL activity is reduced markedly in adipose tissue, 36

•
54

•
5
6-

59 

becomes progressively higher in the mammary gland, 36
•
56-

59 and is present in 
the placenta32

•
36

•
58

•
60

•
63 with increasing activity near parturition. 36

•
58 Thus the 

reduction in adipose tissue LPL may serve to divert plasma triglyceride fatty 
acids to tissues with remaining LPL activity such as the uterus,59 the placenta 
(the activity of which seems unaffected by diabetes), 32 muscle tissue, and the 
mammary gland. On the other hand, total postheparin lipolytic activity (PHLA) 
measured as LPL is reduced in human pregnancy by 85%, far beyond the 
effect of LPL dilution in the larger plasma volume of pregnancy. 36 PHLA is 
reduced to a lesser extent in rodents. 61 When VLDL-triglyceride (VLDL-TG) 
values of women at different times of gestation and postpartum are plotted 
against the plasma LPL activity measured IO min after 50 IV of heparin/kg 
administered intravenously, a significant inverse correlation is seen (Figure 
9) (Montelongo, A., Herrera, E., and Lasunci6n, M.A., previously unpub
lished data). Thus, LPL-mediated TG removal may be impaired, further 
contributing to the elevated triglyceride concentration. The placental transfer 
of triglyceride fatty acids and the role of placental LPL is discussed below. 
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pregnant_ women at 36-weeks gestation (based on References 44 and 45). 

Regardless of the relative extent of triglyceride over-production vs. under
removal, the high concentration of endogenous triglyceride-rich Iipoproteins 
(VLDL) along with chylomicron triglyceride fatty acids should enhance fatty 
acid transport to the fetus since placental LPL activity rises as term ap
proaches. 36

•
58 This schema is consistent with a diversion of ingested nutrients 

from maternal fat tissue to muscle and from the fetus to meet energy and 
growth requirements, respectively (see Reference 31 and other chapters in 
this book for review of alterations in other fuels). The result is that adipose 
tissue mass which is the major source of endogenous fatty acid declines at 
some time in late gestation (see Chapter 1 in this book) although the exact 
time varies among laboratories, strain of rat,36

•
61 and even location of fat 

deposit. 62 

The clearance of remnants and low density lipoprotein in pregnancy has 
been little studied. In the feeding experiments in pregnant rats referred to 
above, trends toward increased percent cholesterol content of VLDL were 
noted, ranging from 15 to 60%. 55 In human pregnancy the density of 1.006 
to 1.019 fraction lipoproteins (intermediate density lipoprotein or IDL) was 
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Data are from 126 observations in women who were pregnant in the first, second, and third 
trimesters and postpartum. (Previously unpublished results of Montelongo, A., Herrera, E., and 
Lasunci6n, M. A.) 

increased but resembled the increases in VLDL and LDL. 64 Beta migrating 
VLDL was seen in I. 1 % of 36-week-pregnant women and 1.6% of 6-week
postpartum women, though there were no cases in 179 nonpregnant women. 44 

Thus, at the worst, the accumulation of remnants in pregnancy seems in 
proportion to the increase in the other lipoprotein fractions. 

With respect to LDL-C metabolism in pregnancy, the matter has been 
studied twice in animal models with conflicting results. In WHHL rabbits, 
LDL was cleared more rapidly in pregnancy than in the nonpregnant state 
suggesting increased nonreceptor mediated clearance mechanisms with no 
reduction in VLDL input. 65 On the other hand, LDL receptor mediated clear
ance by the liver and whole animal in pregnancy using radiolabled LDL was 
reduced in rat pregnancy as was nonreceptor mediated clearance. 66 The re
duction in hepatic clearance of LDL in the pregnant rat might be related to 
increased hepatic cholesterol production in the rat which has been reported, 67 

.0 
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although HMG-CoA reductase act1v1ty is reportedly not increased. 68 The 
subject of LDL-C metabolism has been even less studied in pregnant women. 
In a woman with heterozygous-familial hypercholesterolemia, pregnancy caused 
dramatic reductions of serum cholesterol and LDL-C levels, and this effect 
was interpreted to be the result of estrogens increasing LDL-C removal through 
LDL-receptors.69 This effect is paradoxical of course, to the extent that LDL
C usually rises in pregnancy (see foregoing discussion). If LDL clearance is 
increased as a result of estrogen action in pregnancy, LDL entry must be even 
greater. A defect in LDL entry could operate in this unusual case. 69 

The extent to which the elevations in HDL and apoprotein A-I are due 
to increased secretion as opposed to diminished removal in pregnancy is 
uncertain. What is known is that hepatic triglyceride lipase concentrations in 
pregnancy are reduced70 and that this reduction may contribute to a rise in 
HDL-C and HDL-TG concentrations at least. In fact, a highly significant 
negative association exists between HDL-TG and post-heparin hepatic lipase 
when measured in plasma of normal women in the three trimesters of gestation 
and postpartum 10 min after i.v. administration of 50 IU of heparin/kg (Figure 
I 0) (Montelongo, A., Herrera, E., and Lasunci6n, M. A., previously un
published data). This finding indicates a close relationship between the in
creased HDL-TG levels seen during late gestation in women and a reduction 
in hepatic lipase activity that would decrease the catabolic rate of these par
ticles. In addition, Sakuma et al. found evidence of increased HDL apoprotein 
secretion using a radioiodine labeled HDL turnover technique. 71 The reduction 
in hepatic lipase activity, which is active in removing triglyceride from IDL, 
LDL, and HDL, could help also to explain the increased TO content of LDL 
(Figure 4). 32 

V. RELATIONSlllPS BETWEEN HORMONES 
AND LIPOPROTEINS 

In an effort to understand the relationship between circulating lipid and 
lipoprotein concentrations and the hormones of pregnancy, correlative asso
ciations were studied between plasma lipoprotein concentrations and plasma 
insulin, estradiol, estriol, progesterone, and human chorionic somatomam
motropin concentrations. 32 As shown in Table 3, predicted associations were, 
in general, found. Plasma triglyceride concentrations were positively asso
ciated with plasma estriol concentrations and VLDL triglyceride concentra
tions with insulin. Surprisingly, LDL-C concentrations were significantly and 
inversely associated with progesterone concentration while HDL-C was pos
itively associated with progesterone concentrations. In a time series analysis 
rather than a cross-sectional study like that described above, Desoye and 
associates found, as would be expected, positive correlations of HDL lipids 
with estrogen, progesterone, and placental lactogen with almost all the li
poprotein fractions and apoproteins. 35 A generally inverse association with 
chorionic gonadotropin (hCG) was observed, as again expected, since hCG 
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FIGURE 10. Regression of HDL triglyceride concentrations vs. postheparin hepatic lipase 
concentrations in 135 observations of pregnant women in the first, second, and third trimesters 
or postpartum (R = -0.608; p < 0.001). (Previously unpublished results of Montelongo, A., 
Herrera, E., and Lasunci6n, M. A.) 

declines as gestation proceeds.35 These associations do not establish causality 
and could reflect the utilization of Iipoprotein cholesterol to make steroid 
hormones as much as the effect of steroids on Iipoprotein metabolism ( see 
below). Nonetheless, based on the major effects of estrogen and the minor 
effects of natural progesterone on Iipoproteins, the Iipoprotein patterns seen 
in pregnancy seem to reflect primarily an estrogen effect with the exception 
of the marked increase in LDL-C. This increase may be a result of the 
combined effect of high concentrations of estrogen and progestin as can be 
seen with oral contraceptive steroid administration. 30 

With respect to the role of insulin and insulin sensitivity, resistance to 
insulin occurring during late gestation seems to be responsible for the reduc
tion in LPL activity in adipose tissue since prolonged infusion of glucose 
in pregnant rats increases adipose tissue LPL activity to even higher levels 
than in virgin animals. 72 This maneuver also reverts insulin sensitivity to 
normal in the late-pregnant rat. 73 Hormones are also responsible for the 
changes in the activity of the enzymes that drive most of these changes in 



TABLE 3 
Correlations of Hormone and Lipoprotein 

Cholesterol and Triglyceride Concentrations 
in Pregnancy 

Spearman correlation coefficients 

TG VLDL-TG LDL-C HDL-C 

Insulin 0.09 0.14b -0.09 0.00 
Estradiol 0.09 0.05 0.01 0.13• 
Estriol 0.13• 0.09 -0.07 0.06 
Progesterone 0.04 0.02 -0.15b 0.15c 
HCSd 0.07 0.03 --0.03 0.03 

Note: Statistical significance: •p < 0.05; b p < 0.02; c p < 
0.01. HCSd refers to placental lactogen, also known 
as human chorionic-somatomammotropin. After an 
overnight fast at 36-week gestation, 290 pregnant 
women were studied. See Knopp et al. 32 for descrip
tions of population studied and results. 

From Knopp, R. H., Warth, M. R., Charles, D., Childs, 
M., Li, J. R., Mabuchi, H., and Van Allen, M., Biol. Neo
nate (Paris), 50, 297, 1986. With permission of S. Karger 
AG, Basel. 

35 

lipoprotein metabolism in pregnancy. Thus, where estrogens are implicated 
in the reduction in hepatic lipase activity,2

•
19 insulin also can have an effect.74 

The precise role in pregnancy is not known. 

VI. TRANSPLACENTAL LIPID TRANSPORT 

As mentioned above, lipoprotein lipase is present in the placenta. Recent 
studies of Bonet et al. indicate that this activity resides both in trophoblast 
and macrophage cells present in the human placenta. 63 Studies of the rate of 
metabolism of labeled triglycedde fatty acids in VLDL by human cultured 
placental trophoblasts or macrophages63 show approximately fourfold more 
activity in macrophages per cell protein than in trophoblast (Figure 11). 
Essentially no lipolytic activity was found in Hep G2 cells, a comparison 
cultured cell representing typical hepatocyte functions. These lipolytic activ
ities were confirmed as LPL in nature by the addition of antilipoprotein lipase 
antibodies which blocked the entire effect. When compared to the uptake of 
FFA, VLDL-TG as a more efficient deliverer of fatty acid to cells than FFA 
itself, confirming studies in the guinea pig model. 75 This effect could further 
facilitate the delivery of essential as well as other dietary fatty acids contained 
in chylomicrons to the placenta. Evidence that these processes may be subject 
to regulation was obtained when lipolytic activity of macrophages and troph
oblasts was studied in the presence of dibutyrylcyclic AMP (Figure 12) and 
activity was sharply reduced. However insulin had no effect on activity (Figure 
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FIGURE 11. Demonstration of the radioh1beled VLDL triglyceride fatty acid hydrolysis in 
vitro by cultured placental macrophages and trophoblasts from human term pregnancy. Appear
ance of radiolabeled FFA in the medium was demonstrated in the presence of macrophages and 
trophoblasts in a time-dependent manner. Activity is greater in macrophages than trophoblasts 
as shown. Little or no activity is shown in Hep G2 cells, an immortal hepatoma cell line. 
Corresponding uptake of fatty acids labeled by the cells is shown in the bottom panels. Results 
are from three parallel experiments in separate placentas. (Previously unpublished data of Bonet, 
B. and Knopp, R. H.) (See Reference 63 for further details.) 

12), nor does diabetes apparently alter the activity of placental LPL. 32
•
76 The 

importance of this observation is that triglyceride-rich lipoproteins such as 
VLDL and chylomicrons, if further increased as in Type II diabetes, can 
further augment fat transfer to the fetus and possibly contribute to infant 
macrosom1a. 

The role of triglyceride fatty acid transport across the placenta has not 
been directly studied in humans, but following an in situ placental infusion 
technique in the late pregnant rat, no direct transfer of prelabeled VLDL-TG 
could be shown. 77 However, evidence shows that FFA achieve a ready transfer 
across the placenta in the subhuman primate model as well as several other 
species including the guinea pig, rabbit, and rat, 2,

7
t>--

79 and that human-cultured 
placental trophoblast secretes FFA. 80 In fact, transplacental gradients of FFA 
have been found along with a positive statistical correlation between maternal 
and fetal FFA concentrations (see Reference 32 for review). Very recently, 
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FIGURE 12. Effect of insulin (1 milliunit/ml) and dibutyryl cyclic AMP(DbcAMP)(l mM) 
on LPL activity in placental cells and tissue culture. Experiments are similar to those presented 
in Figure 11. Time-dependent increase in hydrolysis of radiolabeled VLDL by cultured mac
rophages (top panels) and trophoblasts (bottom panels) from term human placentas increase with 
incubation over time. DbcAMP appears to inhibit this process, whereas insulin has no effect. 
(Previously unpublished data of Bonet, B. and Knopp, R. H.) (See Reference 63 for further 
details.) 

red cells have been found to play a specific role in the uptake and transport 
of the essential fatty acid docosahexanoic acid. 81 Other fatty acids follow a 
similar but less marked trend. 81 No statistically significant gradient has been 
found for triglyceride except during infusion of a fat emulsion to pregnant 
women. 82 In addition, in the streptozotocin diabetic 20-d-pregnant rat treated 
with different amounts of exogenous insulin to attain a variety of glycemic 
levels, we found a linear and significant correlation between maternal and 
fetal plasma triglyceride levels (Herrera, E., Martin, A., and Dominguez, 
M., unpublished results). Thus, the possibility is not excluded that placental 
FFA that are reesterified to triglyceride83 might be repackaged into a lipo
protein and secreted from the placenta into the fetal circulation. For this 
packaging to occur, placental synthesis of either apoprotein B or apoprotein 
A-I would be necessary. In fact, RNA message for apoprotein B is present 
in the rat placenta84 but so far has not been found in the human. 85 Regardless 
of mechanisms, the important practical point is that maternal plasma FFA86•87 
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and triglyceride concentrations88
•
89 are associated with infant birthweight. In 

the case of triglyceride, the association with birthweight persists even when 
other maternal predictors are taken into account. 88 

With respect to cholesterol uptake by the placenta, the LDL receptor has 
been clearly demonstrated by Lasunci6n et al. to be active in the process of 
taking up LDL 90 since chemical modification of the apoprotein B of LDL,as 
well as antibody to the LDL receptor, blocks LDL-mediated progesterone 
secretion by cultured human trophoblast cells. These maneuvers confirm and 
extend the earlier studies of Winkel, Cummings, and associates. 91

•
92 Some 

evidence exists that the placental LDL receptor is estrogen influenced, since 
an anti-estrogen downregulates the placental cell LDL receptor activity.93 In 
addition, a nonreceptor-mediated mechanism for HDL2-C uptake by the pla
centa has been demonstrated by Lasunci6n and associates. 90 In these inves
tigations it was found that HDL2 stimulates progesterone secretion by cultured 
human placentai cells but this process was not inhibitable by any of the known 
modifiers of LDL access to receptors. In addition, maneuvers that specifically 
inactivate HDL apoprotein also did not inhibit the transfer of cholesterol from 
the cells. Even apo E was ruled out as a possible mediator of this effect.90 

The effect of HDLi to transfer cholesterol to the placenta was localized to a 
small apo E rich, free-cholesterol-rich fraction of HDL2 and it was inferred 
that the amount of free cholesterol in HDL2 determines the amount of transfer 
to the placenta along a concentration gradient. 

The role of HDL2 to deliver cholesterol to the trophoblast could in part 
explain the reduction in HDL-C concentrations in the second half of pregnancy 
when progesterone manufacture peaks. 31

•
32 This finding could also explain 

the positive association between HDL-C concentrations and progesterone lev
els (Table 3).32 It is also noteworthy that HDL stimulates placental cyclic 
AMP and placental lactogen secretion in cultured human trophoblast via 
apoproteins A-I, A-II, and C-1. 94 

In contrast to the cholesterol donating effect of HDLi, HDL3 in parallel 
studies was found to inhibit the production of progesterone by trophoblast 
cells and to reduce the intracellular content of free cholesterol. 90 This process 
of reverse cholesterol transport may be HDL receptor mediated since a can
didate protein for the HDL receptor is present in placenta.95 The possible 
mechanisms of lipoprotein lipid access to the placenta and fetus are illustrated 
in Figure 13. The relationship of the placenta to the postulated increased 
lipoprotein traffic in pregnancy is illustrated in Figure 14. This increase does 
not appear to be associated with any increase in sterol loss from the mother 
since biliary lipid excretion is not increased in pregnancy. 96 

The possible significance for the fetus of these lipoprotein interactions 
with placenta was investigated in a cross-sectional study of lipoprotein lipid 
concentrations at 36-weeks gestation related to infant birthweight (Figure 
15).97 It was found that apoprotein A-I had a positive association with birth
weight as did human placental lactogen concentrations and maternal weight 
and weight gain. In contrast, apoprotein A-II had an inverse association with 
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FIGURE 13. Hypothetical model of lipoprotein lipid transport across the placenta. Maternal 
lipoprotein lipids on the left side of the illustration are depicted as reaching the placenta and 
then undergoing metabolism with selected transfer tc the fetus. Chylomicron triglycerides do 
not enter the placenta directly but arc hydrolyzed by lipoprotein lipase to FFA. The possibility 
of remnant lipoprotein uptake derived from chylomicron of VLDL metabolism has not been ruled 
out and is therefore depicted in this illustration. FFA within the placenta are secreted to the fetus 
or can be reesterified to triglyceride. Whether triglyceride can be secreted directly to the fetus 
is unknown. LDL-C concentrations interact with the placenta via the LDL receptor whereas 
HDLz-C delivers cholesterol to the placenta by a nonreceptor mediated mechanism. Reverse 
cholesterol transport of cholesterol from the placenta occurs via HD½. Cholesterol transport 
from mother to fetus has been demonstrated, however the mechanism for this is unknown and 
could involve the secretion of nascent HDL. Alternatively, apo B containing lipoproteins may 
be secreted by the placenta. See text for further discussion. (From Knopp, R. H., Magee, M. S., 
Bonet, B., and Gomez-Coronado, D., Principles of Perinatal-Neonatal Metabolism, Springer
Verlag, New York, 1991, 177. With permission.) 

infant birthweight. Since apoprotein A-I is most abundant in HDLi while 
a po protein A-II is more predominant in HDL3 concentrations, these apoprotein 
associations with birthweight support the idea that HDLi delivers cholesterol 
to the fetus, benefitting growth, and HDL3 reduces cholesterol to the fetus, 
inhibiting growth. It is noteworthy, as shown in Figure 15, that similar re
lationships between apoprotein A-I and A-II were seen with birth length. 97 

Direct cause and effect relationships remain to be demonstrated. 

VII. EFFECTS OF LACTATION ON LIPOPROTEIN 
METABOLISM 

As indicated above, mammary gland lipoprotein lipase activity rises near 
term in preparation for lactation56-58 and prolactin seems to promote this 
effect. 98 As shown in Figure 16, in untreated pregnant rats (continuous lines 
in the figure) the rise in mammary gland LPL activity during late gestation 
and postpartum occurs in the presence of very low LPL activity in adipose 
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FIGURE 14. Depiction of the changes in lipoprotein lipid transport in nonpregnant midges
tational to late-gestational human pregnancy. Endogenous lipoproteins originate from the liver 
and deliver triglyceride and cholesterol to peripheral tissues via the metabolism of VLDL and 
LDL. Reverse cholesterol transport is. mediated by HDL with transfer of surface constituents 
from VLDL to LDL and from HDL to VLDL, depending on chylomicron/VLDL concentration 
and rate of metabolism. In n:iidgestation, all of these pathways are enhanced, presumably with 
more recycling of HDL constituents to the VLDULDL cascade in light of the estrogen-dependent 
reduction in hepatic lipase activity (HTGL). Lipoprotein transport is depicted as further increased 
in late gestation; however, the enlargement of the placenta may play a more important role in 
the diversion of HDLi-C to the placenta for the formation of progesterone. HD½ is shown as 
being involved in reverse cholesterol transport. Diversion of HDLi-C to placenta may account 
for the decline in HDL-C concentrations in late gestation. See text for details and Figure 3. 
(From Knopp, R. H. et al., Principles of Perinatal-Neonatal Metabolism, Cowett, R. M., Ed., 
Springer-Verlag New York, 1991, 177. With permission.) 

tissue and is coincident with the decrease in plasma triglycerides indicating 
a relationship between these parameters. In fact, as also shown in Figure 16, 
when rats are treated with progesterone (dotted lines) to block the rise in 
prolactin58 and therefore to inhibit its effect on mammary gland LPL induc
tion, the decrease of plasma triglycerides around parturition does not occur. 
These findings, together with the enhanced uptake by mammary gland of 
labeled triglycerides after its oral load that is seen in late pregnant rats, 51 
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indicate that the increase in mammary gland lipoprotein lipase activity plays 
an important role in the reduction of circulating triglycerides, facilitating their 
entry into the gland. In spite of the reciprocal changes of adipose tissue and 
mammary gland LPL activities found during late pregnancy and lactation, 
their responses to nutritional stresses are similar. Both of them decrease with 
fasting and increase with insulin treatment (Herrera, E., Ramos, P., Olea, 
J., and Lopez-Luna, P., unpublished results) and in fact it has been recently 
proposed that mammary gland LPL originates in the mammary adipocytes. 99 

In humans, breast milk also contains LPL activity at high concentrations98 

which is decreased by fasting and increased under hyperinsulinemic and hy
perglycemic conditions. 98 The function of milk LPL is unknown since the 
enzyme is probably not active in milk due to the absence of the serum factor, 
apolipoprotein C-Il, necessary for its activity. However, since circulating 
long-chain fatty acids appear in breast milk100 and dietary lipids have been 
shown in lactating women to be transported to the mammary gland primarily 
by chylomicron and VLDL triglycerides, 100 it is proposed that LPL in milk 
is a reflection of the enzyme present in mammary gland where LPL plays a 
major role in the hydrolysis and uptake of circulating triglycerides from 
triglyceride-rich lipoproteins. Consequently, as shown in Table 4, plasma 
lipoproteins postpartum show higher HDL lipids and apoprotein A-I concen
trations in lactating women compared to nonlactating women. Comparing 
absolute concentrations, it appears that plasma VLDL triglyceride concentra
tions may be lower during lactation compared to nonlactators, however, this 
effect was not statistically different when adjusting for antepartum differences 101 

(Table 4). What may happen is that the increased triglyceride transport to the 
breast increases transfer of surface remnants to HDL explaining the increase 
in HDL mass. 

VIII. DISORDERS OF LIPOPROTEIN METABOLISM 
IN PREGNANCY 

Severely exaggerated hypertriglyceridemia in pregnancy can develop in 
late gestation. This condition can lead to pancreatitis if the plasma triglyceride 
concentrations exceed approximately 2000 mg/di. Treatment of this condition 
consists of marked restriction of fat intake. Success can also be achieved 
through the administration of fish oils 1 to 8 g daily. 102 In one pregnant 
woman with a history of hyperlipidemia and pancreatitis in a previous preg
nancy, fish oil relieved abdominal pain and hypertriglyceridemia and the 
patient delivered a normal viable infant. 102 We have also found some women 
who develop hypertriglyceridemia in pregnancy but become normal postpar
tum and have suggested that these patients may be ''prelipemic,'' analogous 
to gestational diabetes. 103 Some of these subjects actually have a decline in 
HDL-C during pregnancy and have a low HDL-C as a permanent postpartum 
marker. 103 Women with elevated LDL-C when not pregnant and those with 
familial hypercholesterolemia develop further elevations in pregnancy. 103 These 
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TABLE 4 
Effects of Lactation on Lipoproteins 

Postpartum Antepartum-postpartum 
concentrations (mg/di) difference (mg/di) 

Li po proteins Lac Nonlac p Lac Nonlac p 

Total 56 16 56 16 
TG 92 112 <0.02 129 116 NS 
Chol 207 188 <0.01 39 50 NS 

VLDL 54 78 <0.01 63 57 NS 
TG 
Chol 14 17 NS 14 12 NS 

LDL 26 24 NS 44 35 NS 
TG 
Chol 129 121 NS 25 21 NS 
PL 70 70 NS 15 15 NS 
Apo-B 76 66 NS 29 24 NS 

HDL 12 IO NS 20 22 NS 
TG 
Chol 65 51 <0.001 -1 17 <0.0001 
PL 141 123 <0.005 1 23 <0.01 
Apo A-I 142 126 <0.02 31 46 <0.01 
Apo A-II 34 31 <0.01 -3 4 <0.001 

Note: Abbreviations: TG = triglyceride; Chol = cholesterol; PL = phos-
pholipid; Lac = lactating; NS = not significant. 

From Knopp, R. H., Walden, C. E , and Albers, J. J., J. Clin. Endocrinol. 
Metab., 60, 542, 1985. With permission of The Endocrine Society0 . 

elevations are partially ameliorated with cholesterol lowering diet. 104·105 Whether 
such treatment affects fetal growth and development or benefits the mother 
is unknown. None of the primary dyslipidemias are associated with repro
ductive abnormality as far as we know (example Reference 106) with the 
exception of severe hypertriglyceridemia and pancreatitis as discussed above, 
which can endanger the life of mother as well as fetus. 

Diabetes in pregnancy of the NIDDM type is associated with hypertri
glyceridemia88·107 and a low HDL-C107 as is preeclampsia.42 Type I diabetics 
have little change in lipoproteins except for a reduction in HDL3 which could 
diminish reverse cholesterol transport, augment cholesterol transport to the 
fetus and promote infant macrosomia. 108 As noted above, experimental dia
betes does not appear to alter placental LPL activity. 32

•
76 However, diabetes 

may enhance oxidative stress on lipoproteins which, in susceptible individuals, 
could activate uptake of oxidized or modified lipoproteins by placental mac
rophages via the scavenger receptor. 109 Very recently, Bonet has found evi
dence for the scavenger receptor in immunochemically characterized cultured 
human placental trophoblast cells as well, 109 in keeping with the results of 
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Rebourcet et al., who have found scavenger receptor activity in placental 
micro villi membranes 110 and cultured placental cells. 1" This group has also 
found evidence for chemically modified LDL in placental blood. 112 These 
findings may have great pathophysiological significance in diabetic preg
nancy. 

IX. SUMMARY AND CONCLUSIONS 

Changes in lipoprotein metabolism in pregnancy occur in a defined re
Jationship to changes in the metabolism of other fuels in pregnancy. Specif
ically, lipoprotein lipid concentrations increase in all fractions throughout 
pregnancy except for a biphasic rise and fall in HDL-C. These changes appear 
to be directly or indirectly associated with the sex steroid increases throughout 
gestation and the insulin ·resistance and glucose intolerance of late gestation. 
Mechanisms exist for the regulated transfer of maternal lipoprotein lipids, 
both triglyceride and cholesterol, to the fetal circulation as wen as the inter
ception of abnormal lipoprotein. Evidence exists for associations between the 
maternal plasma FFA, triglyceride, and HDL apoprotein concentrations with 
birthweight and for direct effects of LDL and HDL2 and HDL3 on placental 
progesterone secretion. These results indicate that maternal lipoprotein lipids 
have an effect on fetal growth and development and hormone secretion by 
the feto-placental unit. It follows that adverse effects of maternal diabetes on 
lipoproteins could in tum adversely affect fetal growth and development in 
a number of ways. Current research is directed at examining these possible 
mechanisms and consequences. 
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