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Abstract 

Background Lipoprotein subfraction concentrations have been shown to change as gestation progresses in 
resource-rich settings. The objective of the current study was to evaluate the impact of pregnancy on different-sized 
lipoprotein particle concentrations and compositions in a resource-poor setting.

Method Samples were collected from pregnant women in rural Gambia at enrollment (8–20 weeks), 20 weeks, and 
30 weeks of gestation. Concentrations of different-sized high-density, low-density, and triglyceride-rich lipoprotein 
particles (HDL, LDL, and TRL, respectively) were measured by nuclear magnetic resonance in 126 pooled plasma sam-
ples from a subset of women. HDL was isolated and the HDL proteome evaluated using mass spectroscopy. Subfrac-
tion concentrations from women in The Gambia were also compared to concentrations in women in the U.S. in mid 
gestation.

Results Total lipoprotein particles and all-sized TRL, LDL, and HDL particle concentrations increased during gestation, 
with the exception of medium-sized LDL and HDL particles which decreased. Subfraction concentrations were not 
associated with infant birth weights, though relationships were found between some lipoprotein subfraction con-
centrations in women with normal versus low birth weight infants (< 2500 kg). HDL’s proteome also changed during 
gestation, showing enrichment in proteins associated with metal ion binding, hemostasis, lipid metabolism, protease 
inhibitors, proteolysis, and complement activation. Compared to women in the U.S., Gambian women had lower 
large- and small-sized LDL and HDL concentrations, but similar medium-sized LDL and HDL concentrations.

Conclusions Most lipoprotein subfraction concentrations increase throughout pregnancy in Gambian women and 
are lower in Gambian vs U.S. women, the exception being medium-sized LDL and HDL particle concentrations which 
decrease during gestation and are similar in both cohorts of women. The proteomes of HDL also change in ways 
to support gestation. These changes warrant further study to determine how a lack of change or different changes 
could impact negative pregnancy outcomes.
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Introduction
Metabolic changes occurring during pregnancy are 
required for healthy development of the infant. These 
include 50–100% increases in maternal triglyceride 
and cholesterol concentrations [1–3], which are likely 
fuelled by fetal demands [4, 5]. The circulating lipids 
are distributed into soluble lipid-protein complexes 
called lipoproteins. Triglycerides are carried primar-
ily as triglyceride-rich lipoproteins (TRL) which include 
intestinally-derived chylomicrons and liver-derived very-
low density lipoproteins (VLDL) while cholesterol is 
primarily carried as low-density lipoproteins (LDL) and 
high-density lipoproteins (HDL). Increases in lipid con-
centrations observed in pregnancy are typically associ-
ated with greater increases in LDL-cholesterol (LDL-C) 
and TRL-triglyceride (TRL-TG) concentrations with 
modest to no increases in HDL-C concentrations [1–3].

The focus on lipoprotein metabolism during pregnancy 
typically centers around the lipid transport pathway as 
lipoproteins are best-known as vehicles that deliver fats 
for fuel and for cell membrane biogenesis. However, 
recent research has demonstrated that lipoproteins are 
much more complex and can associate with a large array 
of proteins that impart unexpected functions such as 
inflammation, immunity, hemostasis/protease inhibition, 
and cell/heparin binding, in addition to lipid transport 
and metabolism [6, 7]. Many of these studies have shown 
direct associations between maternal triglyceride and/or 
LDL-C concentrations with fetal growth rates [8, 9]. In 
contrast, results with HDL-C are mixed, most likely due 
to only measuring the cholesterol carried by HDL which 
makes up a small percentage of HDL mass [10].

Of the major lipoproteins, HDL exhibits the most 
compositional and functional diversity. A plethora of 
biophysical studies that fractionate HDL by size [11, 12] 
or proteins that sit on the surface [13, 14] has led to the 
notion that HDL is comprised of a spectrum of distinct 
particles with unique protein complements that govern 
particle function [7, 15–17]. The different HDL subfrac-
tions (different-sized particles) [16] appear to shift in 
concert with metabolic perturbations in individuals with 
diabetes and obesity [18–21]. Recently, HDL was speci-
ated using size exclusion chromatography and demon-
strated a striking change in particle size distributions and 
HDL proteome in a small cohort of pregnant women in 
Cincinnati, Ohio, U.S. [22].

In contrast, the apolipoprotein B (APOB)-containing 
lipoproteins are less diverse in composition, though 
they differ in size. These lipoproteins are often associ-
ated with lipid transport and are the primary lipoproteins 
measured in pregnancy-related studies due to their role 
in what has been known as a key function in pregnancy, 
that being the requirement of lipids by the fetal tissues. 

As with HDL, pregnancy affects the distribution of these 
APOB-containing particles, as shown previously [22–25].

Thus, the goal of the current study was to build on 
previous observations and evaluate lipoprotein subfrac-
tion concentrations and the HDL proteomes in pregnant 
women of a resource-poor setting, rural Gambia, where 
there is a greater risk of adverse outcomes. Relation-
ships of LDL and HDL subfractions with birth weights 
were also assessed based on past studies from this cohort 
[3]. Finally, lipoprotein subfraction concentrations of 
the Gambian women were compared to concentrations 
of women at a comparable state of gestation in a more 
resource-rich setting in the U.S. [22] to help deline-
ate potential causes of adverse outcomes in resource-
poor settings because a majority of the world’s low birth 
weight (LBW) infants are born in resource-poor settings 
[26]. This is among the first studies analyzing lipoprotein 
subfraction concentrations and HDL proteomes longitu-
dinally in pregnant women of a resource-poor setting.

Materials and methods
Subjects
The Early Nutrition and Immune Development trial 
(ENID; ISRCTN49285450) was a randomised, partially 
blinded trial of antenatal and infant nutritional supple-
mentation conducted in the rural West Kiang region of 
The Gambia as described previously [3, 27]. The current 
study is a secondary analyses of samples collected from 
women enrolled in ENID. Plasma was pooled from sets 
of three women to obtain enough sample volume for the 
analyses. Pooling requirements were based on initial BMI 
of the women, gestational age at enrollment, infant birth 
weight, and gestational age at birth; based on the lack 
of effect of interventions on plasma lipids [3], the inter-
ventions were not included in the criteria to pool sam-
ples. Out of a total of 800 women with live births [3], 
and excluding women with gestational ages < 37.9 weeks 
and women whose infants were missing birth weights or 
gestational age at birth, 126 pooled samples were gener-
ated at each time point; not all samples were used as not 
all samples could be matched with other samples based 
on pooling criteria. Only women with infants in quin-
tile 1 (Q1, lowest birth weight infants), Q3 (middle birth 
weight infants), and Q5 (highest birth weight infants) 
were analyzed for a total of 42 samples per quintile at 
each gestational age.

Briefly, blood samples were collected from women at 
the MRC Keneba clinic at enrollment (8–20 weeks of ges-
tation; median 13.5 weeks) and at 20 and 30 weeks of ges-
tation after an overnight fast. Whole blood samples were 
processed, and plasma samples were frozen at -70  °C 
until analyzed. The ENID trial and this sub-study were 
approved by the joint Gambian Government/Medical 
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Research Council (MRC) Unit and additional approval 
was obtained from the Institutional Review Board at the 
University of Cincinnati as described [3]. The original 
trial followed Good Clinical Practice Standards and the 
current version of the Helsinki Declaration.

Lipids, lipoprotein subfractions, and apolipoprotein 
concentrations
Nuclear magnetic resonance (NMR; Vantera® Clinical 
Analyzer) spectroscopy was used to measure total lipid, 
lipoprotein-lipid and apolipoprotein concentrations, and 
the concentrations of different-sized lipoprotein parti-
cles (TLR, LDL, and HDL subfractions) in pooled plasma 
samples using the LP4 algorithm as previously described 
[22, 28].

HDL proteome
The HDL proteome was measured in plasma in which 
APOB-containing lipoproteins (TRL and LDL) were 
removed by precipitation using heparin and magnesium 
chloride [22]; 28 of the 42 pooled samples in each quin-
tile were used for these analyses for a total of 84 samples 
at each time point. Lipid-bound proteins were isolated by 
incubating APOB-depleted plasma with a lipid-removal 
agent (LRA; calcium silicate hydrate) [29]. The lipid-
bound proteins were washed, and proteins were digested 
directly off the LRA with sequencing-grade trypsin. 
Digested peptides were reduced, alkylated, dried under 
vacuum and stored at -20 ºC until analysis by liquid chro-
matography-mass spectrometry. Peptides were separated 
from one another on a reverse phase column (ACQUITY 
UPLC C18, Waters) prior to introduction onto the mass 
spectrometer (6550 Q-TOF, Agilent). Peptides were iden-
tified and quantitated using spectral counts [30]; raw 
counts for each sample were summed and presented as 
a percent of the total counts. Identified proteins and pep-
tides were constrained to 99.9% and 95.0%, respectively, 
and protein inclusion required identification of at least 3 
unique peptides.

Gene ontology analyses
Using gene ontology (GO) analyses associated with Scaf-
fold (Proteome Software, Inc., Portland, OR 97,219, U.S.), 
proteins were grouped based on functions; GO is often 
used to analyze aspects of a gene product’s biological 
function. Functional groups included metal ion binding, 
hemostasis, protease inhibitors, proteolysis, lipid metab-
olism, acute inflammatory response, and complements. 
Protein percentages were grouped in the various path-
ways, summed, and averages obtained.

Statistical analysis
Descriptive statistics were calculated and compared 
across the primary grouping variable, birth weight 
quintile using chi-squared analysis or Fisher’s exact 
test for categorical variables and analysis of variance 
(ANOVA) for continuous variables. Post-hoc pairwise 
comparisons using unpaired t-tests among groups 
were conducted if the omnibus tests were significant 
(P < 0.05). Longitudinal analysis of lipids and lipopro-
tein concentrations and sizes across pregnancy time-
points was conducted using generalized linear mixed 
models, which account for correlations within person 
over time, and permits each individual her own inter-
cept. Covariates of interest included maternal pre-
pregnancy body mass index (BMI), gestational age at 
enrollment, pregnancy visit (enrollment, 20  weeks’ or 
30  weeks’ gestation), gestational age at delivery and 
birth weight quintile (Q1, Q3 or Q5). The primary com-
parisons were between visits during pregnancy, evalu-
ated using differences of adjusted means, with P < 0.05 
considered significant. Each of the lipoprotein sub-
fractions was modelled separately, with values below 
the limit of detection analyzed as 0  s. The HDL prot-
eomic data were analyzed using linear mixed models 
across the three visits during pregnancy, adjusting for 
maternal pre-pregnancy BMI, infant birth weight, and 
infant gestational age at delivery. Applying Bonferroni 
correction across 82 tests, P values < 0.006 were consid-
ered significant. The summed proteins used for the GO 
analyses were compared by one-way ANOVA, followed 
by Holm-Sidak analyses.

Secondary analyses were also conducted to evaluate 
lipoprotein subfractions by birth weight quintile or by 
LBW status (< 2500 g vs ≥ 2500 g). Birth weight quintiles 
were analyzed for all lipoprotein subfractions, whereas 
only LDL and HDL subfractions were analyzed for asso-
ciations by LBW based on results from past analyses of 
the ENID samples [3]. Analyses were conducted lon-
gitudinally for birth weight quintile differences, and 
cross-sectionally for both birth weight quintiles and 
LBW comparisons. Of note, comparisons were not made 
between women with term and preterm infants due to 
the low number of preterm births in this cohort [3]. Dif-
ferences in values at enrollment were also assessed after 
grouping gestational age at sampling above or below the 
median age of 13.5 weeks’ gestation.

Samples from Gambian women taken at 20  weeks’ 
gestation were also compared cross-sectionally with 
mid-pregnancy (18–24  week) samples from women in 
Cincinnati, Ohio [22]; samples from both cohorts were 
analyzed using the same instrument and by the same lab-
oratory. These comparisons were conducted using gen-
eralized linear regression separately for each lipoprotein 
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species, adjusting for maternal pre-pregnancy BMI, 
which was lower in women of The Gambia.

Results
Study population
The clinical characteristics of the subset of women used 
in this study are shown in Table S1. There was no signifi-
cant difference in the BMI between the women with dif-
ferent sized infants nor in gestational age at enrollment. 
The median gestational age at birth of the smallest (Q1) 
and middle-sized (Q3) infants were ≈1 week earlier than 
the largest (Q5) infants. Infant birth weights were signif-
icantly different between women in Q1, Q3, and Q5 by 
design.

Longitudinal lipoprotein‑lipid, total lipid, and subfraction 
concentrations
Similar to enzymatic analyses [3], cholesterol and tri-
glyceride concentrations measured by NMR increased as 
gestation progressed (P < 0.0001; Table S2). For lipopro-
tein-C concentrations (Fig.  1A), TRL-C concentrations 
almost doubled and LDL-C concentrations increased 
about 60% (P < 0.0001 for both), whereas HDL-C con-
centrations minimally increased (P = 0.02). The changes 
in concentrations of APOB (Table S2), the main apoli-
poprotein carried by LDL and TRL, paralleled LDL-C 
and TRL-C concentrations. Concentrations of APOA1, 
the main apolipoprotein on HDL, increased about 25% 
(Table S2) even though HDL-C concentrations changed 
minimally.

For lipoprotein subfractions, the concentration of total 
TRLP almost doubled from enrollment to 30  weeks of 
gestation (Fig.  1B, top panel), due to a more than dou-
bling of the very small particles and slight increases in 
the small- and medium-sized particles (P < 0.0001 for all). 
Total LDLP concentrations increased throughout ges-
tation (Fig.  1B, middle panel), with the small and large 
LDLP having the greatest increases (P < 0.0001 for both). 
Medium-sized particles increased (P = 0.03) and then 
decreased (P = 0.0004) as gestation progressed. The mini-
mal increase in HDLP concentrations (P < 0.007) (Fig. 1B, 
bottom panel) were associated with a redistribution of 
HDL particle sizes; both large- and small-sized HDL 

particles increased, whereas medium-sized particles 
decreased (P < 0.0001 for all). This redistribution of dif-
ferent-sized particles was associated with an increase in 
the average size of HDL (9.95 ± 0.21 vs 10.09 ± 0.02 nm; 
P < 0.0001).

When the lipoprotein subfraction levels and lipids in 
women who entered the study at gestational ages less 
than and greater than the mean gestational age at enroll-
ment (13.5 weeks) were compared, similar patterns were 
found as those detected throughout gestation. Of APOB 
lipoproteins, very small-sized TRLP and large-sized 
LDLP concentrations were greater at the older gestational 
age (P < 0.001 and 0.005, respectively). Medium-sized 
HDLP concentrations decreased (P < 0.0001) and large 
HDLP concentrations increased (P < 0.0002) as gestation 
increased from < 13.5 to > 13.5 weeks.

Associations of lipoprotein subfractions 
and apolipoproteins with infant birth weight
Surprisingly, none of the TRLP, LDLP or HDLP subfrac-
tions differed between the women with Q1, Q3, or Q5 
infants, adjusting for visit, maternal BMI, gestational age 
at enrollment, and gestational age at birth. To expand on 
previous results showing relationships between HDL-C 
or LDL-C and LBW or small-for-gestational-age infants 
[3], sensitivity analyses were performed that evaluated 
differences in HDL and LDL subfractions, and APOA1 
and APOB concentrations between women giving birth 
to LBW infants compared to normal birth weight (NBW) 
infants. At enrollment, women with LBW infants had 
lower concentrations of APOA1 (P = 0.03) and a trend 
for lower HDLP concentrations (P = 0.066; Table S3) 
vs women with NBW infants. At 20  weeks’ gestation, 
there were higher medium-sized HDLP concentrations 
(P = 0.017) and a trend for lower large-sized HDLP con-
centrations (P = 0.051) in the women with LBW infants. 
At 30 weeks’ gestation, the women with LBW infants had 
lower concentrations of small-sized LDLP (P = 0.03) and 
a trend for lower total LDLP concentrations (P = 0.069). 
After adjusting for BMI, gestational age at birth, and 
gestational age at enrollment, only the small LDLP con-
centrations at 30  weeks remained significantly different 
between the two groups (P = 0.02).

(See figure on next page.)
Fig. 1 Longitudinal lipid and lipoprotein subfraction concentrations in pregnant women of The Gambia. Data in all figures represent adjusted 
means ± SEM for all pooled samples (sample numbers = 101 at enrollment, 125 at 20 weeks, and 125 at 30 weeks). Different letters represent 
differences between gestational ages of each lipoprotein. A Lipoprotein-cholesterol concentrations at enrollment (mean 13.5 weeks of gestation), 
and 20 and 30 weeks of gestation. Lipoprotein-cholesterol, measured by NMR, is presented as triglyceride-rich lipoproteins (TRL) (closed circles), 
low-density lipoproteins (LDL) (open circles), and high-density lipoproteins (HDL) (closed triangles). B Lipoprotein subfraction concentrations at 
enrollment, 20 weeks and 30 weeks of gestation. Top panel. Total TRLP concentrations are presented as up triangles with a dashed line, medium 
TRLP as down triangles, small TRLP as open circles, and very small as closed circles. Middle panel. Total LDLP concentrations are presented as up 
triangle with a dashed line, large LDLP as down triangles, medium LDLP as open circles, and small LDLP as closed circles. Bottom panel. Total HDLP 
concentrations are presented as up triangle with a dashed line, large HDLP as down triangles, medium HDLP as open circles, and small HDLP as 
closed circles
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Fig. 1 (See legend on previous page.)
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HDL proteome and GO analyses
The proteome analysis of HDL at enrollment identified 
72 proteins. The ten most prevalent proteins were apoli-
poproteins (APOA1 and APOA2), complement factors 
(CO3, CO4A, and CO4B), and proteins associated with 
immune function (CO3, CO4A, CO4B, IGHG1, and 
IGHG3), clotting (FIBG), and lipid binding (APOA1, 
APOA2, VTDB) (Fig. 2A). More proteins were detected 
on HDL at both 20 (78 proteins) and 30 (86 proteins) 
weeks’ gestation. The relative abundance of many pro-
teins changed between the gestational ages (Table S4), 
with APOA2, ANGT, PZP, APOA4, and APOE changing 
by the greatest percentage (Fig. 2B). Twenty-two proteins 

were not present at enrollment but were found at 20 and 
30 weeks’ gestation, including pregnancy-specific glyco-
proteins, complement factors, and sex-related hormones.

Proteins were grouped by function (Table S5) and 
summed (Fig.  3). Most of the pathways showed an 
increase in the relative abundance of proteins associated 
with each specific pathway by 30 weeks’ gestation, except 
for proteins associated with the acute inflammatory 
response which remained similar throughout gestation; 
metal ion binding, hemostasis, protease inhibitors, and 
lipid metabolism, lipid metabolism (all P < 0.00005) and 
complement activation (P = 0.0017), and acute inflamma-
tory response (P = 0.37).

Fig. 2 HDL proteome at enrollment of women in The Gambia. HDL was isolated by APOB-depletion, and proteins were analyzed by LC–MS and 
abundance quantified using spectral counts as percent of total spectral counts. Data represent means (n = 84) ± SEM. A Spectral counts of all 
proteins detected, shown in descending order of abundance. B The five proteins shown with the largest changes in relative abundance of proteins 
(> 50%) from enrollment to 30 weeks of gestation
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Comparison of lipoprotein particle concentrations 
between The Gambia and Cincinnati
As it is uncommon to analyze lipoprotein subfraction 
concentrations in a resource-poor setting, lipoprotein 

subfractions of Gambian women were compared to 
those of women in a more resource-rich setting from 
Cincinnati, Ohio, U.S. of similar maternal and gesta-
tional ages [3, 14]. Triglyceride, cholesterol, TRL-TG, 

Fig. 3 Summation of relative amounts of each protein in GO-defined pathways in women in The Gambia. Albumin was not included in the 
analyses as it is often a contaminant of this method. Data represent means (n = 84) ± SEM
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TRL-C, LDL-C, HDL-C, APOB, and APOA1 concentra-
tions were lower in Gambian vs U.S. women (Table 1), as 
reported previously [3]. Likewise, total TRLP, LDLP, and 
HDLP concentrations were lower in women of The Gam-
bia vs women in Cincinnati (Fig.  4) (P = 0.015, < 0.0001, 
and < 0.0001, respectively), and Gambian women also 
had lower concentrations of small-sized LDL and HDL 
particles (P < 0.0001 for both) and large-sized LDL and 
HDL particles (P = 0.03 and 0.001, respectively). In con-
trast, and unexpectantly, medium-sized LDLP and HDLP 
concentrations were similar in both cohorts. For TRLP, 
small- and medium-sized particle concentrations were 
lower in women of The Gambia (P = 0.026 and < 0.0001, 
respectively), and very small particle concentrations were 
similar with women in Cincinnati. BMI was largely unre-
lated to lipoprotein subfractions and concentration, even 
though the BMI was greater in Cincinnati women.

Discussion
The goal of the current study was to examine the impact 
of pregnancy on different-sized lipoprotein particle con-
centrations and compositions throughout gestation in a 
resource-poor setting. These lipoprotein subfractions 
have not frequently been studied, mostly because lipo-
proteins were until recently thought to be related only to 
lipid transport. Women in a resource-poor setting were 
the focus of these studies as women in these settings are 
at an increased risk for adverse outcomes, including low 
birthweight and preterm birth [26, 31], with the thought 
that the current studies will define normal changes which 
should occur in gestation of uncomplicated pregnan-
cies and might help define causes of adverse outcomes. 
Likewise, unique differences in particle concentrations 
between women in resource-poor and a more resource-
rich setting could provide insights into the increased 

risk for adverse outcomes in women of resource-poor 
settings.

Changes in HDL should theoretically have the big-
gest impact on pregnancy outcomes since these particles 
carry the greatest variety of proteins [7, 15–21] which 
impact a number of functions involved in pregnancy [32]. 
It has been found that there is a redistribution of HDL 
subfractions during pregnancy in resource-rich settings, 
with an increase in the large-sized HDL and a decrease in 
the medium-sized HDL in mid and late gestation [22, 33]. 
These changes are not unexpected as estrogen increases 
activity of cholesteryl ester transfer protein and decreases 
hepatic lipase activity, leading to a redistribution of 
lipids and an increase in the larger particles [33–37]. 
As estrogen drives this effect and is needed to maintain 
pregnancy, it is not surprising that the Gambian women 
also had a redistribution to more large and less medium 
HDLP as gestation progressed. However, since both large 
and small HDLP concentrations were lower in the Gam-
bian women, but medium-sized HDLP concentrations 
were similar, there was ≈30% more of the medium-sized 
HDL in the Gambian women vs the U.S. women (13.3% 
vs 9.9%, respectively). Interestingly, when the 10 most 
prevalent HDL proteins previously described in the Cin-
cinnati cohort [22] were compared to the 10 most preva-
lent HDL proteins in the Gambian samples collected at 
20  weeks’ gestation, 4 unique proteins were detected in 
each cohort (Table S6). The Cincinnati samples had pro-
teins associated with hemostasis and the Gambian sam-
ples had proteins associated with immunity, suggesting 
functionally different HDL.

The question remains—what are the functions of these 
medium-sized HDLP and are they beneficial or detrimen-
tal to pregnancy? Though the functions of these particles 
are not fully known, data suggest that the particles may 
be involved with poorer pregnancy outcomes. For exam-
ple, medium-sized HDLP concentrations were greater 
in Gambian women with LBW infants at 20 weeks’ ges-
tation, though the differences were not significant once 
adjusted for gestational age. Likewise, another study 
measured higher medium-sized HDL concentrations in 
mid-gestation in women with preterm infants [38]. These 
results, combined with the fact that APOA1 and HDL-C 
concentrations are lower in women with LBW infants [3], 
suggest that measurements of different-sized HDL spe-
cies could be a useful biomarker for LBW and could help 
identify novel mechanisms leading to LBW or preterm 
infants. It is also possible that the relationships between 
different-sized lipoprotein species with adverse out-
comes, for example LBW and preterm births, will differ 
between resource-rich and resource-poor settings. There 
has been substantial variability in the reported relation-
ships of HDLP and HDL-C concentrations and adverse 

Table 1 Lipids and apolipoproteins in  pregnanta women from 
resource-poor and resource-rich areas

a Women were 20 weeks of gestation (The Gambia) and 18–24 weeks of 
gestation (Cincinnati)

Values represent means ± SEM, adjusting for maternal BMI

The Gambia Cincinnati p value

Triglyceride (mg/dL) 41.5 ± 1.4 92.5 ± 4.4  < 0.0001

Cholesterol (mg/dL) 157.5 ± 2.5 232.8 ± 7.9  < 0.0001

TRL-TG (mg/dL) 25.9 ± 1.3 64.0 ± 4.2  < 0.0001

TRL-C (mg/dL) 14.2 ± 0.6 21.7 ± 1.9 0.0004

LDL-C (mg/dL) 83.3 ± 2.0 138.7 ± 6.4  < 0.0001

HDL-C (mg/dL) 60.1 ± 0.8 72.4 ± 2.6  < 0.0001

APOA1 (mg/dL) 135.3 ± 1.8 173.9 ± 5.7  < 0.0001

APOB (mg/dL) 63.0 ± 1.4 101.5 ± 4.3  < 0.0001
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Fig. 4 Comparisons of lipoprotein particle concentrations in pregnant women of resource-rich and resource-poor areas. Lipoprotein particle 
concentrations (TRL-top panel, LDL-middle panel, HDL-bottom panel) were measured in women of The Gambia (gray) and Cincinnati (black). 
Samples were collected at 20 weeks (The Gambia) or 18–24 weeks (Cincinnati) of gestation. Total lipoprotein concentrations are shown on the 
left and different-sized species on the right. Data represent adjusted means ± SEM for samples (The Gambia, n = 125; Cincinnati, n = 19). Different 
letters represent differences between women from the two cohorts between total particle and different-sized species concentrations
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pregnancy outcomes, including LBW and preterm births, 
which could be due partly to the study location and if it 
was performed in a resource-rich or resource-poor set-
ting [39]. However, this study in a resource-poor setting 
and a prior study in a resource-rich setting both showed 
no relationship between NBW and lipoprotein subfrac-
tions [40], so it is reasonable to speculate that differences 
in lipoprotein subfractions may be unique to adverse 
outcomes.

As a start in understanding whether and how HDL is 
involved in gestation, the HDL proteome was examined 
throughout gestation. It was found that the proteins with 
the greatest increases across pregnancy were involved 
in pathways associated with in the maintenance of preg-
nancy, including activation of the complement cascade, 
inflammation and immunity, and regulation of blood 
pressure. Two of the proteins with the greatest increase 
throughout pregnancy were APOA4 and APOE, both 
proteins which have anti-inflammatory properties. These 
results may suggest a role of HDL in controlling inflam-
mation as numerous cells of the placenta synthesize and 
secrete pro-inflammatory cytokines throughout preg-
nancy [32]. One protein, APOA2 was reduced > 50% dur-
ing gestation, which also suggests a shift in HDL function 
as HDL-APOA2 mediates cholesterol efflux [14]; inter-
estingly APOA2 is carried on medium-sized HDL [22].

When proteins being used as abundance indicators in 
various pathways related to pregnancy were summed, 
the proteins increased as gestation progressed, except 
for the acute inflammatory response (no change). These 
pathways are all involved in maintaining pregnancy and 
examples include: 1) ensuring adequate sources of micro-
nutrients/metals in tissues, 2) establishing appropri-
ate innate immunity activity via complement activation, 
3) maintaining hemostatic balance changes to ensure 
coagulation during parturition, and 4) transporting lipids 
between tissues [41–44]. While analyses like this can give 
an idea of metabolic changes over time, it is important 
to note that such summations can be heavily influenced 
by large changes in one relatively abundant protein. For 
example, though many proteins in the lipid metabolism 
pathway increased during gestation, as seen at 20 and 
30  weeks of gestation, there was a decrease in activity 
between 20 and 30 weeks, which was primarily driven by 
the dramatic decrease in APOA2 from 20 to 30 weeks.

As with large and small HDLP concentrations, there 
was an increase in the APOB-containing particle con-
centrations in this resource-poor setting as found in 
resource-rich settings. These increases could be due to 
fetal demands since TRLP are likely the main source of 
energy-producing lipids for the placenta and fetus and 
LDLP carry cholesterol which is required for membrane 
formation. An increase in TRLP formation and secretion 

are consistent with the higher estrogen levels found dur-
ing pregnancy as estrogens increase production of VLDL 
[45], which is often associated with an increase in small 
LDL [24]. As with HDL, not all sizes of LDL increased 
in the Gambian women; small- and large-sized LDL 
concentrations increased whereas medium-sized LDL 
concentrations did not increase. When levels of APOB 
lipoproteins in resource-richer and resource-poorer 
women were compared, there was a greater proportion 
of medium-sized LDL in the Gambian women (20.0% vs 
12.1%), which is parallel with what occurred with HDL. 
Interestingly, the relationship of LDLP and TRLP and 
infant birthweight appears to differ in resource-rich and 
resource-poor settings as TRLP concentrations were 
not related to birthweight, including LBW, in The Gam-
bia but higher TRL-TG levels were related to increased 
birthweights in cohorts of resource-rich settings [40].

Strengths and limitations
A major strength is that this study benefits from a 
standardized collection of samples that were taken lon-
gitudinally throughout pregnancy from women in a 
resource-poor setting, that being The Gambia. Novel 
markers that were not previously studied in resource-
poor settings were analyzed. The concentrations of the 
novel markers were also compared to concentrations in 
resource-rich settings collected at a similar time of ges-
tation. Limitations also occurred. Due to sample vol-
ume constraints, samples had to be pooled, resulting in 
average levels that could potentially mask relationships 
between individual-level clinical characteristics and lipo-
protein profiles. Also, while maternal BMI was not asso-
ciated with any outcomes assessed, other unmeasured 
characteristics or characteristics that were not included 
in the pooling criteria, including maternal age, may play 
a role in lipoprotein concentration or particle size during 
gestation.

Conclusion
Lipoprotein subfraction concentrations change longitu-
dinally in pregnant Gambian women, with increases of 
the small- and large-sized HDLP and LDLP concentra-
tions and decreases in medium-sized HDLP and LDLP 
concentrations. The changes in HDL subfraction con-
centrations are accompanied with changes in the HDL 
proteome and potentially with HDL functionality, and 
include proteins and pathways (assessed by GO analy-
ses) which support pregnancy. Though the function of 
all lipoprotein subfractions are not known, the long-
term goal of these measurements is to be able to use 
concentrations of specific-sized lipoprotein particles 
or lipoprotein-associated proteins to identify women 
at risk of adverse outcomes, such as medium-sized 
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HDLP or HDL proteins involved in specific pathways. 
Results can also be used to identify pathways that may 
be involved adverse outcomes that were not originally 
known, such as possibly APOA2 levels and cholesterol 
efflux. It must be considered that different-sized lipo-
protein particles will be related to adverse outcomes in 
settings with different resources.

Abbreviations
TRL  Triglyceride-rich lipoproteins
VLDL  Very low-density lipoproteins
HDL  High-density lipoproteins
LDL  Low-density lipoproteins
LDL-C  Low-density lipoprotein-cholesterol
TRL-TG  TRL triglyceride
APO  Apolipoprotein
LBW  Low birth weight
ENID  Early Nutrition and Immune Development
Q1  Quintile 1
MRC  Medical Research Council
LRA  Lipid-removal agent
GO  Gene ontology
BMI  Basal metabolic rate

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12944- 023- 01776-5.

Additional file 1: Table S1. Clinical characteristics of pregnant women 
in The Gambia. Table S2. Longitudinal concentrations of lipids and 
apolipoproteins of pregnant women in The Gambia. Table S3. Lipids 
and apolipoproteins in pregnant women from The Gambia with NBW* or 
LBW* infants. Table S4. Relative amounts of proteins in APOB depleted 
plasma during gestation. Supplemental Table 5. GO Pathway Proteins. 
Supplemental Table 6. Top proteins in HDL of pregnant women.

Acknowledgements
The Early Nutrition and Immune Development trial (ENID; ISRCTN49285450) 
was jointly funded by the Medical Research Council (UK) and the Depart-
ment for International Development (DFID) under the MRC/DFID Concordat 
agreement (MC-A760-5QX00). The current research was supported by a Bill 
& Melinda Gates Foundation Grand Challenges Phase II Award (OPP1110668; 
LAW) and the US National Institutes of Health (R01 HL158100—JGW, LAW and 
P01 HL128203—WSD). The authors would like to thank Sandra L. Rebholz for 
her excellent organization skills.

Conflict of interest statement
All authors declare no conflict of interest.

Authors’ contributions
JGW-Statsticall analysis, writing (original draft, table preparation, review, edit-
ing); JTM, DKW, ATR, JAW, and WSD-Investigation, writing (review, editing); EAS 
and FS-Investigation; AMP and SEM-Conceptualization, funding acquisition, 
writing (review, editing); LAW-Conceptualization, investigtion, funding acquisi-
tion, writing (original draft, figure and table preparation, review, editing). All 
authors gave approval of final version.

Funding
The current research was supported by a Bill & Melinda Gates Foundation 
Grand Challenges Phase II Award (OPP1110668; LAW) and the US National 
Institutes of Health (R01 HL158100—JGW, LAW and P01 HL128203—WSD).

Availability of data and materials
There are no datasets or materials to share.

Declarations

Ethics approval and consent to participate
The ENID trial and this sub-study were approved by the joint Gambian Gov-
ernment/Medical Research Council (MRC) Unit and additional approval was 
obtained from the Institutional Review Board at the University of Cincinnati as 
described [3].

Competing interests
There are no competing interests with any of the authors.

Author details
1 Departments of Pediatrics and Environmental and Public Health Sciences, 
University of Cincinnati College of Medicine, Cincinnati, OH, USA. 2 Division 
of Biostatistics and Epidemiology, Cincinnati Children’s Hospital Medical 
Center, Cincinnati, OH, USA. 3 Department of Pathology and Laboratory 
Medicine, University of Cincinnati College of Medicine, Cincinnati, OH, USA. 
4 Biological Sciences Division, Pacific Northwest National Laboratory, WA, 
Richland, USA. 5 Division of Biomedical Informatics, Cincinnati Children’s Hos-
pital Medical Center, Cincinnati, OH, USA. 6 Lipoprotein Metabolism Section, 
Cardio-Pulmonary Branch, National Heart, Lung, and Blood Institute, National 
Institutes of Health, Bethesda, MD, USA. 7 MRC Unit The Gambia, London 
School of Hygiene and Tropical Medicine, Banjul, The Gambia. 8 Department 
of Psychiatry and Behavioral Neuroscience, University of Cincinnati College 
of Medicine, Cincinnati, OH, USA. 9 Department of Women and Children’s 
Health, King’s College London, London, UK. 

Received: 15 December 2022   Accepted: 16 January 2023

References
 1. Herrera E, Ortega-Senovilla H. Maternal lipid metabolism during normal 

pregnancy and its implications to fetal development. Clin Lipidol. 
2010;5:899–911.

 2. Grimes SB, Wild R, et al. Effect of pregnancy on lipid metabolism and lio-
protein levels. In: Feingold KR, Anawait B, Boyce A, et al., editors. Endotext. 
South Dartmouth: MDText.com, Inc.; 2017.

 3. Okala SG, Sise EA, Sosseh F, Prentice AM, Woollett LA, Moore SE. Maternal 
lipids across pregnancy and the risks of small-for-gestational age and 
low birth weight: a cohort study from rural Gambia. BMC Pregnancy 
Childbirth. 2020;20:153.

 4. Di Cianni G, Miccoli R, Volpe L, et al. Maternal triglyceride levels and new-
born weight in pregnant women with normal glucose tolerance. Diabet 
Med. 2004;22:21–5.

 5. Wang J, Li Z, Lin L. Maternal lipid profiles in women with and without 
gestational diabetes mellitus. Medicine. 2019;98:e15320.

 6. Davidson WS, Shah AS, Sexmith H, Gordon SM. The HDL proteome watch: 
Compliation of studies leads to new insights on HDL function. Biochim 
Biophys Acta Mol Cell Biology Lipiids. 2022;1867:159072.

 7. Zhang Y, Gordon SM, Xi H, et al. HDL subclass proteomic analysis and 
functional implication of protein dynamic change during HDL matura-
tion. Redox Biol. 2019;24:101222.

 8. Kulkarni SR, Kumaran K, Rao SR, et al. Maternal lipids are as important 
as glucose for fetal growth: findings from the Pune Maternal Nutrition 
Study. Diabetes Care. 2013;36:2706–13.

 9. Schaefer-Graf UM, Graf K, Kulbacka I, et al. Maternal lipids as strong deter-
minants of fetal environment and growth in pregnancies with gestational 
diabetes mellitus. Diabetes Care. 2008;31:1858–63.

 10. Davidson WS. HDL-C vs HDL-P: How changing one letter could make 
a difference in understanding the role of high-density lipoprotein in 
disease. Clin Chem. 2014;60:11.

 11. Gordon SM, Hailong L, Zhu X, Shah AS, Lu LJ, Davidson WS. A comparison 
of the mouse and human lipoproteome: Suitability of the mouse model 
for studies of human lipoproteins. J Proteome Res. 2015;14:2686–95.

 12. Davidson WS, Heink A, Sexmith H, et al. Obesity is associated with an 
altered HDL subspecies profile among adolescents with metabolic 
disease. J Lipid Res. 2017;58:1916–23.

https://doi.org/10.1186/s12944-023-01776-5
https://doi.org/10.1186/s12944-023-01776-5


Page 12 of 12Woo et al. Lipids in Health and Disease           (2023) 22:19 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 13. Furtado JD, Yamamoto R, Melchior JT, et al. Distinct proteomic signatures 
on 16 HDL (High-density lipoprotein) subspecies. Arter Thromb Vasc Biol. 
2018;38:2827–42.

 14. Melchior JT, Street SE, Andraski AB, et al. Apolipoprotein A-II alters the 
proteome of human lipoproteins and enhances cholesterol efflux from 
ABCA1. J Lipid Res. 2017;58:1374–85.

 15. Gordon SM, Remaley AT. High density lipoproteins are modulators of 
protease activity: Implications in inflammation, complement activation, 
and atherothrombosis. Atherosclerosis. 2017;259:104–13.

 16. Davidson WS, Cooke AL, Swerfeger DK, Shah AS. The difference between 
high density lipoprotein subfractions and subspecies: an evolving model 
in cardiovascular disease and diabetes. Curr Atheroscler Rep. 2021;23:23.

 17. Kosmas CE, Martinez I, Sourlas A, et al. High-density lipoprotein (HDL) 
functionality and its relevance to atherosclerotic cardiovascular disease. 
Drugs Context. 2018;7:212525.

 18. Davidson WS, Inge TH, Sexmith H, et al. Weight loss surgery in adoles-
cents corrects high-density lipoprotein subspecies and their function. Int 
J Obes. 2017;41:83–9.

 19. Chiappe EL, Martin M, Molli AI, et al. Effect of Roux-en-Y gastric bypass 
on lipoprotein metabolism and markers of HDL functionality in morbid 
obese patients. Obes Surg. 2021;31:1092–8.

 20. Gordon SM, Davidson WS, Urbina EM, et al. The effects of type 2 diabetes 
on lipoprotein composition and arterial stiffness in male youth. Diabetes. 
2013;62:2958–67.

 21. Gourgari E, Ma J, Playford MP, et al. Proteomic alterations of HDL in youth 
with type 1 diabetes and their associations with glycemic control: a case-
control study. Cardiovasc Diabetol. 2019;18:43.

 22. Melchior JT, Swertfeger DK, Morris J, et al. Pregnancy is accompanied 
by larger high density lipoprotein particles and compositionally distinct 
subspecies. J Lipid Res. 2021;62:100107.

 23. Ogura K, Miyatake T, Fukui O, Nakamura T, Kameda T, Yoshino G. Low-den-
sity lipoprotein particle diameter in normal pregnancy and preeclampsia. 
J Atheroscler Thromb. 2002;9:42–7.

 24. Silliman K, Shore V, Forte TM. Hypertriglyceridemia during late pregnancy 
is associated with the formation of small dense low-density lipoproteins 
and the presence of large buoyant high-density lipoproteins. Metabo-
lism. 1994;43:1035–41.

 25. Belo L, Caslake M, Gaffney D, et al. Changes in LDL size and HDL con-
centration in normal and preeclamptic pregnancies. Atherosclerosis. 
2007;162:425–32.

 26. Rodriguez Lopez S, Tumas N, Ortigoza A, de Lima Friche AA, Diez-Roux 
AV. Urban social environment and low birth weight in 360 Latin American 
cities. BMC Public Health. 2021;21:795.

 27. Moore SE, Fulford AJ, Darboe MK, Jobarteh ML, Jarjou LM, Prentice AM. A 
randomized trial to investigate the effects of pre-natal and infant nutri-
tional supplementation on infant immune development in rural Gambia: 
the ENID trial: Early Nutrition and Immune Development. BMC Pregnancy 
Childbirth. 2012;12:107.

 28. Matyus SP, Braun PJ, Wolak-Dinsmore J, et al. NMR measurement of 
LDL particle number using the Vantera Clinical Analyzer. Clin Biochem. 
2014;47:203–10.

 29. Gordon SM, Deng J, Lu LJ, Davidson WS. Proteomic characterization of 
human plasma high density lipoprotein fractionated by gel filtration 
chromatography. J Proteomic Res. 2010;10:5239–49.

 30. Heink A, Davidson WS, Swertfeger DK, Lu LJ, Shah AS. A comparison of 
methods to enhance protein detection of lipoproteins by mass spec-
trometry. J Proteome Res. 2015;14:2943–50.

 31. Lawn JE, Davidge R, Paul VK, et al. Born too soon: care for the preterm 
baby. Reprod Health. 2013;10:S5.

 32. Woollett LA, Catov JM, Jones HN. Roles of maternal HDL during preg-
nancy. Biochim Biophys Acta Mol Cell Biol Lipids. 2022;1867: 159106.

 33. Silliman K, Tall AR, Kretchmer N, Forte TM. Unusual high-density 
lipoprotein subclass distribution during late pregnancy. J Lipid Res. 
1993;42:1592–9.

 34. Iglesias A, Montelongo A, Herrera E, Lasuncion MA. Changes in choles-
teryl ester transfer protein activity during normal gestation and postpar-
tum. Clin Biochem. 1994;27:63–8.

 35. Roland MCP, Godang K, Aukrust P, Henriksen T, Lekva T. Low CETP activity 
and unique composition of large VLDL and small HDL in women giving 
birth to small-for-gestational age infants. Sci Rep. 2021;11:6213.

 36. Kinnunen PK, Unnerus HA, Ranta T, Ehnholm C, Nikkila EA, Sepaia M. 
Activities of post-heparin plasma lipoprotein lipase and hepatic lipase 
during pregnancy and lactation. Eur J Clin Invest. 1980;10:469–74.

 37. Alvarez JJ, Montelongo A, Iglesias A, Lasuncion MA, Herrera E. Longi-
tudinal study on lipoprotein profile, high density lipoprotein subclass, 
and postheparin lipases during gestation in women. J Lipid Res. 
1996;37:299–308.

 38. Grace MR, Vladuitiu CJ, Nethery RC, et al. Lipoprotein particle concentra-
tion measured by nuclear magnetic resonance spectroscopy is associ-
ated with gestational age at delivery: a prospective cohort study. BJOG. 
2018;125:895–903.

 39. Welge JA, Warshak CR, Woollett LA. Maternal plasma cholesterol con-
centration and preterm birth: A meta-analysis and systematic review of 
literature. J Matern Fetal Neonatal Med. 2018;20:1–9.

 40. Rideout TC, Wen X, Choudhary D, et al. Associations of maternal lipopro-
tein particle distribution in mid-pregnancy with birth outcomes: a pilot 
study. Lipids Health Dis. 2022;21:53.

 41. Girardi G, Lingo JJ, Fleming SD, Regal JF. Essential role of complement in 
pregnancy: from implantation to parturition and beyond. Front Immunol. 
2020;11:1681.

 42. Hellgren M. Hemostasis during normal pregnancy and puerperium. 
Semin Thromb Hemost. 2003;29:125–30.

 43. Herrera E, Amusquivar E, Lopez-Soldedo I, Ortega H. Maternal lipid 
metabolism and placental lipid transfer. Horm Res. 2006;65:59–64.

 44. Burke KT, Yang Q, Tso P, Woollett LA. Uptake of chylomicron remnants by 
the placenta. presented at ATVB. 2009.

 45. Schaefer EJ, Foster DM, Zech LA, Lindgren FT, Brewer HB Jr, Levy RI. The 
effects of estrogen administration on plasma lipoprotein metabolism in 
premenopausal females. J Clin Endocrinol Metab. 1983;57:262–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Lipoprotein subfraction patterns throughout gestation in The Gambia: changes in subfraction composition and their relationships with infant birth weights
	Abstract 
	Background 
	Method 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Subjects
	Lipids, lipoprotein subfractions, and apolipoprotein concentrations
	HDL proteome
	Gene ontology analyses
	Statistical analysis

	Results
	Study population
	Longitudinal lipoprotein-lipid, total lipid, and subfraction concentrations
	Associations of lipoprotein subfractions and apolipoproteins with infant birth weight
	HDL proteome and GO analyses
	Comparison of lipoprotein particle concentrations between The Gambia and Cincinnati

	Discussion
	Strengths and limitations
	Conclusion
	Acknowledgements
	References


