THE

JOURNAL

• RESEARCH •

www.fasebj.org

Studies in genetically modified mice implicate maternal
HDL as a mediator of fetal growth
Sandra L. Rebholz,* John T. Melchior,* W. Sean Davidson,* Helen N. Jones,† Jeffrey A. Welge,‡
Andrew M. Prentice,§,{ Sophie E. Moore,§,k and Laura A. Woollett*,1

*Department of Pathology and Laboratory Medicine, and ‡Department of Psychiatry and Behavioral Neuroscience, University of Cincinnati
Medical School, Cincinnati, Ohio, USA; †Division of General and Thoracic Surgery and Reproductive Sciences, Cincinnati Children’s Hospital
Medical Center, Cincinnati, Ohio, USA; §Medical Research Council (MRC) Unit, Serekunda, The Gambia; {MCR International Nutrition Group,
London School of Hygiene and Tropical Medicine (LSHTM), London, United Kingdom; and kDivision of Women’s Health, King’s College
London, London, United Kingdom

ABSTRACT: Studies in humans have shown a direct association between maternal plasma cholesterol concentrations

and infant birthweight. Similarly, previous studies in our laboratory have shown that chow-fed mice lacking
apolipoprotein (apo) A-I, the major protein in HDL, have low HDL-cholesterol (HDL-C) concentrations and smaller
fetuses in midgestation. In the current study, we measured fetal weights in mice with varying levels of apoA-I gene
dose (knockout, wild-type, and transgenic) and examined metabolic pathways known to affect fetal growth. As
expected, we found the differences in apoA-I expression led to changes in HDL particle size and protein cargo as well
as plasma cholesterol concentrations. Fetal masses correlated directly with maternal plasma cholesterol and apoA-I
concentrations, but placental masses and histology did not differ between groups of mice. There was no significant
difference in glucose or amino acid transport to the fetus or in expression levels of the glucose (glucose transporter 1
and 2) or amino acid (sodium-coupled neutral amino acid transporter 1 and 2) transporters in whole placentas,
although there was a trend for greater uptake of both nutrients in the whole fetal unit (fetus + placenta) of mice with
greater apoA-I levels; significant differences in transport rates occurred when mice without apoA-I (knockout) vs.
mice with apoA-I (wild-type and transgenic) were compared. Glucose tolerance tests were improved in the mice with
the highest level of apoA-I, suggesting increased insulin-induced uptake of glucose by tissues of apoA-I transgenic
mice. Thus, maternal HDL is associated with fetal growth, an effect that is likely mediated by plasma cholesterol or
other HDL-cargo, including apolipoproteins or complement system proteins. A direct role of enhanced glucose and/
or amino acid transport cannot be excluded.—Rebholz, S. L., Melchior, J. T., Davidson, W. S., Jones, H. N., Welge, J.
A., Prentice, A. M., Moore, S. E., Woollett, L. A. Studies in genetically modified mice implicate maternal HDL as a
mediator of fetal growth. FASEB J. 32, 000–000 (2018). www.fasebj.org
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Infants with low birthweight (LBW) (i.e., ,2.5 kg) are at an
increased risk for adverse acute and chronic conditions. The
acute effects of LBW can range from poor cognitive development and neonatal health to high infant mortality (1–5).
The chronic effects can include metabolic diseases and
cognitive impairments that last across the life course
[reviewed by Barker (6) and Prentice and Moore (7)]. It is
estimated that 15–20% of all births worldwide are LBW (8),
averaging 20 million births each year. The incidence of LBW
ABBREVIATIONS: apo, apolipoprotein; FPLC, fast performance liquid

chromatography; GLUT, glucose transporter; HDL-C, HDL-cholesterol;
LBW, low birthweight; MUFA, monounsaturated fatty acid; PUFA,
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is especially high in resource-poor settings in Africa and
Asia. This is a global problem, however, because a number
of resource-rich countries also have high rates of LBW in
specific regions or subgroups (9). Although comparisons
are often made between infants of LBW and normal birthweight ($2.5 kg), there is a continuous impact of birthweight on acute and chronic diseases even within the
normal range of birthweights (10–13). This has led to the
understanding that even incremental changes in birthweight can affect health.
Birthweight is a product of fetal growth rates and length
of gestation (14, 15). An infant can have a normal rate of
fetal growth but be LBW if born prematurely. Likewise,
reduced fetal growth rates can result in infants who are
small for gestational age (SGA); this latter factor is the
primary driver of LBW in low-income settings. One of the
primary regulators of fetal growth is nutrient supply, including the macronutrients glucose, amino acids, and fatty
1
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acids (16, 17). Because the placenta forms the sole conduit
for transfer of essential nutrients between the maternal and
fetal circulations, nutrients must be taken up by and
transported across the syncytiotrophoblast layer of the
placenta to enter the fetal circulation. These processes are
regulated by placental mass and function, which are regulated by factors in the maternal circulation, with the end
point being optimal fetal growth based on the nutrient and
health status of the mother and her capacity to host her
growing fetus. Gestational length is governed by a number
of factors, including ethnicity, genetics, stress, infection,
reduced local progesterone action due to less local progesterone or altered membrane function, vascular disorders, and more recently placental insufficiency (18, 19).
An often neglected, but essential, metabolite in fetal
growth is cholesterol. Previous studies in humans
have shown a direct association between maternal
plasma cholesterol levels and birthweight (20–26), although results are inconsistent and may be confounded by associations with maternal body mass
index, the inflammatory status of the mother, and
gestational age at the time of sample collection (27–32).
Studies in mice with different plasma cholesterol concentrations, and specifically HDL-cholesterol (HDL-C)
levels due to genetic disruption of apolipoprotein (apo)
A-I, also have shown reduced fetal growth in dams with
lower maternal cholesterol levels (33). The reduced
growth is not mediated by a change in gene expression
in the fetus itself (33), suggesting that a factor in the
maternal circulation is responsible for the change in
fetal growth.
Cholesterol is carried in plasma by lipoproteins. Lipoprotein particles, including HDL, are taken up
readily by lipoprotein receptors on syncytiotrophoblasts of the placenta. Whole HDL particles can be
taken up by receptors, including cubulin and apoEreceptors, and HDL-cholesteryl ester can be selectively
taken by the scavenger receptor Class B type I. It has
been suggested by Kramer et al. (34) that the ability of
the placenta to take up HDL is important for fetal
growth and low uptake rates (or low HDL levels) could
yield adverse pregnancy outcomes. These researchers
found an abundance of small HDL particles in the
plasma of women with infants with lower birthweights, which they assume suggests a lack of HDL
uptake by the placenta. It is unknown if HDL-C itself is
mediating an effect or if another component of HDL is
affecting metabolism, such HDL protein cargo.
The goal of the current studies was to determine if
there was a direct correlation between fetal masses
and plasma HDL/HDL-C concentrations in a mouse
model of LBW and if the effect was mediated by a
change in placental structure or function. These initial
studies focused on nutrient transport as one of the
key mediators of placenta-directed fetal growth. Understanding the relationship between maternal plasma
HDL, apoA-I, or cholesterol concentrations and fetal
growth could aid in devising simple strategies to
improve fetal growth rates and/or in identifying
a novel biomarker for infants with reduced growth
in utero.
2

Vol. 32

February 2018

MATERIALS AND METHODS
Mice
Mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA) at 12 wk of age. Mice lacked apoA-I (apoA-I2/2), had
normal levels of apoA-I (wild-type mice; apoA-I+/+), or had
overexpressed human apoA-I with mouse apoA-I present (apoAItg/tg). Upon arrival, mice were fed standard rodent chow (7012;
Teklad, Madison, WI, USA) and placed in an environmentally
controlled room with 12-h light/dark cycle. After acclimation
(2 wk), 1 male and 3 female mice with the same genotype were
placed together, and female mice were checked daily for postcopulatory plugs. Female mice were placed in a separate cage
and were considered 0.5 d postconception (dpc) the morning a
plug was detected. Female mice were studied at 14.5 dpc in the
midlight cycle and after being unfed for 5–6 h unless stated
otherwise. Samples were collected after anesthesia and exsanguination except where noted. Blood was collected from the vena
cava. Plasma was separated and either assayed within 48 h or
portioned in aliquots and frozen. All studies were approved by
the Institutional Animal Care and Use Committee of the University of Cincinnati.

Plasma lipid and sterol concentrations
Plasma cholesterol and triglyceride concentrations were determined enzymatically in individual mice. Fresh plasma was
pooled from some of the female mice studied within 48 h of one
another and with the same genetic background. Lipoproteins
were separated by size using fast performance liquid chromatography (FPLC) with 2 Sephadex columns in tandem as described (33). Cholesterol was measured enzymatically in each
fraction. Plasma progesterone levels were measured by ELISA
after extraction with methylene chloride (Cayman Chemicals,
Ann Arbor, MI, USA).

HDL proteomics
HDL isolation
Frozen plasma was thawed, and non–apoB lipid-carrying particles consisting primarily of HDL were isolated by precipitation
of apoB-containing particles with heparin-MnCl2 (35). Lipidbound proteins were separated from lipid-free proteins with
calcium silicate hydrate (lipid removal agent) (36). Lipid-bound
proteins (i.e., those present in 25 ml of treated plasma) were
digested directly off the lipid removal agent with trypsin. Peptides were reduced using DTT (200 mM; 30 min at 37°C) and
carbamidomethylated using iodoacetamide (800 mM, 30 min at
room temperature). Peptides were lyophilized to dryness and
stored at 220°C until analyzed by mass spectrometry.

MS analysis
Dried peptides were reconstituted in 35 ml of 0.1% formic acid in
water, and 2 ml of sample was applied to an Acquity ultraperformance liquid chromatography C18 reverse-phase column
(Waters, Milford, MA, USA) maintained at 60°C using an Infinity
1290 autosampler and HPLC (Agilent Technologies, Santa Clara,
CA, USA). Peptides were eluted at 0.1 ml/min using a varying
mobile phase gradient from 95% phase A (FA/H2O 0.1/99.9,
v/v) to 32% phase B (FA/ACN 0.1/99.9 v/v) for 60 min followed
by 32 to 50% B for 2 min. Column cleaning was performed by
varying the mobile phase gradient to 90% B for 10 min, and the
column was re-equilibrated at 95% A for 10 min. Peptides were
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introduced to the mass spectrometer using a Jet Stream source
(Agilent Technologies) as previously described (37). Spectra were
acquired using an iFunnel Q-TOF (Agilent Technologies) operating in positive ion mode. Precursors were limited to acquisition
of 2+ and 3+ ions with a minimum threshold of 1500 cts. Each
cycle acquired the 20 most intense precursors, which were fragmented with a variable collision energy dependent on the precursor mass-to-charge (m/z) ratio: collision energy = k* (m/z) + b,
with a slope (k) of 3 and an offset (b) of 22 or 2 for 2+ and 3+ ions,
respectively. MS/MS spectra were acquired until 45,000 total
counts were collected or a maximum accumulation time of 0.33 s.

Proteomic data analysis
Peptide spectral data were entered into the Swiss-prot Protein
Knowledgebase for Mus musculus (release 2011, 533,657 sequences) using the Mascot (2.2.07) search engine. An additional
search was entered into the UniProtKB/Swiss-Prot Protein
Knowledgebase (release February 2016; 550,552 sequences) for
Homo sapiens (20,273 sequences) for spectral data obtained from
apoA-I human transgenic mice to determine spectral counts of
mouse and human apoA-I. Data were constrained to enzymatic
digestion with trypsin with a maximum of 3 missed cleavage
sites. Carbamidomethylation was set as a fixed modification and
Met oxidation as a variable modification. Peptide and MS/MS
mass tolerance were set to 35 PPM and 60.6 Da, respectively.
Scaffold (v.4.3.4) was used for MS/MS-based peptide validation
using X! Tandem (2010.12.01.1). Proteins and peptides were
constrained to have .99.9 and 95% identification probability,
respectively. Additionally, proteins were only accepted if they
contained a minimum of 3 unique peptides. Raw spectral counts
were normalized to the maximum spectral count found within
respective sample sets to adjust for differences in protein mass
injected onto the MS.
Placental histology
Placentas were collected and placed in 4% paraformaldehyde.
Fixed placentas were embedded in paraffin and cut into 5-mm
sections. Sections were deparaffinized, rehydrated, and stained
with hematoxalin and eosin to identify nuclei and cytosol, respectively. Slides were imaged at 310, 20, and 40 magnification
by a blind reviewer.
Glucose tolerance
Animals were injected with glucose (2 mg/g i.p.) after 6 h unfed;
female mice in this study ranged from 14.5 to 15.5 dpc. Blood was
collected from the tail at 0, 15, 30, 60, 120, and 180 min after
injection, and glucose was measured in triplicate with a glucometer using glucose strips (Abbott Laboratories, Chicago, IL,
USA).
Western blots
Animals were unfed for 5–6 h. Tissues were removed rapidly and
frozen in liquid nitrogen; some mice were injected with insulin
(0.75 mU/g) 15 min before tissue collection, which would not
affect whole tissue expression of proteins. Tissues were homogenized, and samples were tested with primary antibodies for
glucose transporter (GLUT)1, GLUT3, sodium-coupled neutral
amino acid transporter (SNAT)1, and SNAT2. Relative expression levels were assessed using b-actin as a loading control and
using a phosphoimager. All antibodies used were the same as
those previously described (38).
MATERNAL HDL-C LEVELS AND FETAL GROWTH RATES

Glucose and amino acid transport
Fed pregnant female mice were anesthetized with continuous
isoflurane in the early afternoon, and the jugular vein was
isolated. A bolus containing both [3H]methylglucose and
[14C]methylaminoisobutyric acid was injected into the jugular
vein of each female as described (38); an average of 16 mCi of [3H]
and 3 mCi of [14C] was injected in each mouse as a single bolus.
After 5 min, blood was collected from the vena cava of the stillanesthetized female mouse. Fetal units (3–7/dam) were removed
rapidly, and fetuses and placentas were isolated. Fetal units were
collected and separated into the fetus and the placenta. Tissues
were solubilized separately in BioSolve (Lexington, MA, USA).
Radiolabel was measured in maternal plasma, and solubilized
tissues were measured by b scintillation. The dpm from each fetus
and each placenta were averaged with other fetuses or placentas
of each dam. Data are presented as dpm per fetus, per placenta,
and per fetal unit (fetus + placenta) as a percentage of the radiolabel injected.

Fatty acid composition
Whole fetuses and maternal plasma samples (100 ml) were analyzed. Samples were assayed as described previously (39).
Briefly, samples were saponified, and fatty acids were converted
to methyl esters prior to analysis by gas chromatography. Data
are presented as a weight percentage of the total fatty acids for
each sample. Fatty acids were summed together based on their
double bonds: polyunsaturated fatty acid (PUFA) consisted of
18:2, 18:3, 20:3, 20:4, 22:4, 22:5, and 22:6 fatty acids; saturated
fatty acid (SFA) consisted of 14:0, 16:0, and 18:0 fatty acids;
and monounsaturated fatty acid (MUFA) consisted of 16:1
and 18:1 fatty acids. Because some samples had more unknown fatty acids than others, resulting in 85–100% of total
fatty acids from the sum of 16:0, 16:1, 18:1, 18:2, 20:4, and 22:6,
each total of PUFA, SFA, and MUFA was set to 100%, and the
percentages of PUFA, SFA, and MUFA were calculated.

Statistics
Data are presented as means 6 SEM. When comparing mice of different genotypes, data were compared by 1-way ANOVA, followed
by pairwise comparison with Holm-Sidak adjustments; if equivalence failed, Kruskal–Wallis 1-way ANOVA on ranks was used. In
the case of fetal weights, which included several different studies,
we estimated the overall effects of group (apoA-I2/2 vs. apoA-I+/+
vs. apoA-Itg/tg) from all available studies by 2-factor (group and
experiment) ANOVA, and, after confirming that group effects were
homogeneous across experiments by the test of group-byexperiment interaction, we estimated the main effects of the
group. Linear regression was used to determine the relationship of
fetal weight (dependent) vs. plasma cholesterol level (independent),
HDL proteins (dependent) vs. apoA-I levels (independent), and
nutrient transport (dependent) vs. plasma cholesterol levels (independent). We did not account for multiple comparisons for the
proteome because the likeliness of Type I errors was less than that
for Type II errors and due to the rigor with which we verified the
presence of specific proteins. Significance was determined as P ,
0.05, and trends were determined as P = 0.05–0.159.

RESULTS
Similar to our previous study (33), there were significant
differences in fetal masses when female mice had HDL-C
concentrations varying from low in apoA-I2/2 mice to
3
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high in apoA-Itg/tg (Fig. 1). Female mice with the lowest
HDL-C concentrations that were lacking apoA-I had the
smallest fetuses (0.202 6 0.005 g), wild-type female mice
with normal levels of HDL-C had the next largest fetuses
(0.221 6 0.004 g), and apoA-Itg/tg female mice with the
greatest HDL-C levels had the largest fetuses (0.242 6
0.009 g) (Fig. 1A). There was no difference in the number of
pups per litter (6.0 6 0.6, 6.0 6 1.0, and 6.0 6 2.5 fetuses per
litter for apoA-I2/2, apoA-I+/+, and apoA-Itg/tg mice, respectively). The differences in fetal masses paralleled the
differences in maternal cholesterol concentrations (53.1 6
2.2 vs. 72.5 6 2.9 vs. 90.2 6 3.1 mg/dl, respectively) as an
indication of HDL levels (Fig. 1B). Indeed, regression
analysis revealed a direct, significant correlation between
fetal mass and maternal plasma cholesterol concentration
(Fig. 1C). As expected, differences in plasma cholesterol
concentrations were due primarily to changes in HDL (Fig.
1D). We summed the amount of cholesterol in FPLC
fractions containing HDL presented in Fig. 1C and measured 43.2, 50.3, and 86.6 mg/dl in the plasma of knockout,
wild-type, and transgenic mice, respectively. There were
bigger differences in HDL-C concentrations between
pregnant mice without apoA-I or wild-type mice at 13 dpc
(33). Compared with pregnant wild-type mice, the size of
the HDL particles of apoA-I2/2 pregnant mice appeared
to be larger, and HDL particles of apoA-Itg/tg pregnant
mice appeared to be smaller.
Next, we characterized the HDL proteomic fingerprint
to determine if there were compositional differences between the experimental mouse groups (Table 1). When
comparing samples of pregnant female mice with different
levels of apoA-I, besides apoA-I, which was genetically
altered, there were 5 complement or complement factor
proteins (complements C3, C4-B, and C5 and complement
factors B and H), 2 apolipoproteins (E and A-IV), and 3
proteins with metabolic functions (carboxypeptidase N
subunit, vitronectin, and antithrombin-III) that had a significant group effect. Most of these proteins, as well as 5
additional proteins (Table 1), were correlated to apoA-I.
Various maternal plasma factors previously shown
to be associated with fetal growth rates were also
measured in the mice, including plasma triglyceride
and progesterone levels (20, 40, 41). No differences were
noted between plasma triglyceride or progesterone
levels between the different groups of female mice (Fig.
2). Although we know that the differences in fetal
masses were not due to a change in apoA-I expression
levels in the fetus itself (33), placental structure and
function were examined because the placenta is the
gateway by which maternal nutrients are made available to the fetus. The differences in fetal masses were not
due to changes in placental masses because those were
similar in all female mice (Fig. 3A). The differences were
also not due to a change in placental structure because
these were also similar in female mice of all groups, as
noted by hematoxylin and eosin staining of placentas
(magnification, 340) (Fig. 3B–D).
We next examined known promoters of fetal growth.
One of the major promoters of fetal growth is glucose. As
an estimation of insulin-induced glucose uptake by maternal and the placenta plus glucose production by the
4

Vol. 32

February 2018

Figure 1. Fetal masses and total and lipoprotein cholesterol
concentrations in apoA-I2/2, apoA-I+/+, and apoA-Itg/tg pregnant
mice. Mice with different expression levels of apoA-I were mated
with genetically similar male mice and studied 14.5 dpc,
assuming the presence of a postcopulatory plug denoted 0.5
dpc. Masses of fetal mice (A) and maternal plasma cholesterol
concentrations (B) were combined from several different studies
and are presented as means 6 SEM [n = 14–20 (A); n = 12–20
(B)]. Different letters denote signiﬁcant differences between
groups. C) Averaged fetal masses from each litter plotted as a
function of maternal plasma cholesterol concentration. There
was a signiﬁcant positive association between fetal mass and
plasma cholesterol (P = 0.025; R2 = 0.136). D) Plasma from a
subset of these genetically similar pregnant mice was pooled and
separated into lipoproteins by FPLC within 1 d of collection, and
cholesterol was measured in each fraction.

maternal liver, we performed a glucose tolerance test on
the mice. Although there was no significant difference in
glucose disposal after intraperitoneal glucose, apoA-Itg/tg
female mice appeared to have enhanced glucose tolerance
to an exogenous glucose load compared with female mice
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TABLE 1. Representative proteins associated with HDL in pregnant mice with different levels of apoA-I
Peptide counta
Protein

Complement C3
Inter-a-trypsin inhibitor
Serotransferin
a-2-HS-glycoprotein
Kininogen-1
Apolipoprotein A-I
Pregnancy zone protein
Hemopexin
Murinoglobulin
Vitamin D–binding protein
Fibrinogen a chain
Apolipoprotein A-IV
Gelsolin
Plasminogen
a-1-B glycoprotein
Prothrombin
Afamin
Complement factor B
Fibronectin
Leukemia inhibitory factor receptor
Clusterin
Complement factor H
Complement C4-B
Fibrinogen b chain
Paroxonase
Ceruloplasmin
Inter-a-trypsin inhibitor heavy chain H2
Apolipoprotein E
Corticosteroid-binging globulin
Fibrinogen g chain
Complement factor I
Hemoglobin subunit b-1
a-1 antitrypsin 1
Carboxypeptidase N subunit
Hemoglobin subunit a
Inter-a-trypsin inhibitor heavy chain H1
Fetuin-B
Inhibitor of carbonic anhydrase
Carboxyesterase
b-2-glcoprotein 1
Inter-a-trypsin inhibitor heavy chain H3
Vitronectin
Complement C5
Antithrombin-III

apoA-I2/2

105.6
65.4
41.9
27.6
25.5
0.0
15.3
28.4
15.3
24.8
18.2
13.7
14.1
14.9
16.8
20.1
7.9
17.3
10.5
21.9
13.7
10.7
11.4
11.7
8.5
13.0
8.3
18.2
8.8
9.3
5.4
5.0
6.8
9.5
6.4
7.1
5.8
4.1
3.7
3.7
5.1
5.9
4.5
3.4

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

5.7
5.5
3.1
1.4
1.1
0.0
1.2
1.1
2.3
2.6
1.1
1.6
5.4
3.1
2.6
1.6
1.0
0.6
3.0
4.8
1.7
1.3
0.7
1.8
0.8
1.9
1.3
0.9
0.9
0.7
0.4
2.1
1.1
1.3
0.6
1.1
1.2
0.9
0.5
0.5
1.7
0.7
0.8
0.3

apoA-I+/+

82.5
61.5
45.3
24.3
25.5
45.2
9.1
25.1
14.4
23.9
15.2
15.2
12.9
14.1
19.0
17.9
12.5
14.1
3.0
24.3
8.8
7.2
8.0
9.1
11.8
15.6
6.5
10.6
10.6
5.7
5.3
4.6
8.0
8.7
6.1
5.7
3.8
3.0
1.9
3.4
3.4
3.8
4.2
2.3

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

5.4
1.5
5.8
1.7
2.0
2.6
1.2
2.5
0.4
2.0
4.4
1.4
1.9
2.2
1.0
0.4
2.3
0.7
0.4
1.0
1.7
1.0
1.1
0.1
0.4
2.4
2.1
1.7
2.1
1.8
1.4
1.3
0.7
1.0
2.7
0.7
0.8
1.0
0.4
0.7
0.7
1.0
1.3
0.7

apoA-Itg/tg

69.2
49.7
24.2
26.5
19.3
296.0
10.6
21.4
11.9
19.4
12.6
21.0
16.9
10.5
13.6
14.3
10.9
10.9
6.5
14.3
8.1
4.8
6.1
8.8
7.1
11.6
7.4
1.7
11.9
5.2
6.1
10.7
5.8
4.4
3.4
4.4
3.7
5.8
5.4
2.0
2.7
1.0
1.4
0.7

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

2.9bc
3.6c
4.1c
1.6
1.3
24.0b
1.9
2.6c
0.9
2.0
1.7
1.1c
2.3
0.8
1.7
2.3c
1.0
1.2bc
3.1
0.7
1.1
0.4bc
1.1bc
0.3
2.0
0.3
1.4
0.7bc
1.2
0.6
0.7
0.7c
0.7
0.3bc
0.9
0.8
0.6
0.6
0.3
0.6
0.4
0.1bc
0.3bc
0.7bc

Data are presented as means 6 SEM (n = 3). aNumber of peptides identiﬁed by mass spec fragmentation per protein. bUnadjusted signiﬁcant difference between apoA-I2/2/apoA-I1/1/apoA-Itg/tg.
c
Unadjusted signiﬁcant correlation with apoA-I (P , 0.05).

with lower HDL-C levels (apoA-I2/2, apoA-I+/+) (Fig. 4),
although the effects were not significant (Fig. 4, inset). Interestingly, there was a between-group effect on fasting
glucose concentrations (P = 0.049) with knockout mice having the greatest glucose concentration (136 6 4 mg/dl),
which was not statically different from glucose concentrations in wild-type (117 6 1 mg/dl) or transgenic (121 6
5 mg/dl) mice after multiple comparison procedures were
performed.
To directly test the transport of nutrients by the fetus,
we measured the transport of maternal glucose and
amino acids to the fetus and placenta. Although it
appeared that there was a trend toward greater uptake
MATERNAL HDL-C LEVELS AND FETAL GROWTH RATES

and transport of maternal glucose (Fig. 5A) and amino
acids (Fig. 5B) in the mice with the most vs. the least levels of
plasma cholesterol, uptake rates were not significantly different. Additionally, there was no correlation between nutrient uptake and plasma cholesterol. The lack of differences
was not due to changes in glucose or amino acid uptake in
the whole maternal body because the percentage of radiolabel remaining in the plasma 5 min after injection was
similar in all mice for each isotope (Table 2) and because the
uptake of radiolabels in the maternal liver, adipose tissue,
and skeletal muscle were similar (Fig. 6). When the fetus
and placenta for each fetal unit were summed, there were
trends for a group effect for glucose (P = 0.099) and amino
5
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Fatty acid transport was assessed by measuring the
relative percentages of essential PUFAs (linoleic acid/18:2 +
linolenic acid/18:3 + eicosatrienoic acid/20:3 + arachidonic acid/20:4 + docosapentaenoic acid/22:4 + docosapentaenoic acid/22:5 + docosahexaenoic acid/22:6), SFAs
(myristic acid/14:0 + palmitic acid/16:0 + stearic acid/
18:0), and MUFAs (palmitoleic acid/16:1 + oleic acid/18:1)
measured in the fetuses and maternal circulations (42).
Although there were greater percentages of PUFA in the
fetuses of the transgenic mice, suggesting greater transport, there were greater percentages of PUFA in the maternal circulation as well, which was the source of the fatty
acids (Table 3).
Figure 2. Maternal plasma triglyceride (A) and progesterone
(B) levels in mice with different levels of apoA-I. Data are
presented from some of the studies used to obtain fetal masses
as means 6 SEM [n = 3–5 (A); n = 5–15 (B)].

acids (P = 0.159). When the number of fetuses per dam were
taken into account, there was still a trend (P = 0.103) for a
group effect of glucose. There also was no difference in
expression of nutrient transporters among the groups with
different levels of apoA-I (Fig. 7); the levels of GLUTs and
SNAT for unfed mice injected with insulin or not injected
with insulin were averaged together because insulin will
not change protein expression in 15 min.

DISCUSSION
Birthweight can be predictive of the short- and long-term
health of an infant, with infants of lower birthweights at
greater risk for adverse health outcomes. There is much
interest in finding biomarkers or pathways to target in
women at risk of having small infants so that physicians
will know which female patients to target for observation
or intervention. It seems plausible that maternal cholesterol could be indicative of fetal growth and thereby
birthweight because of the integral role cholesterol has
in development: cholesterol is a precursor for steroid

Figure 3. Placental masses, histology, and cholesterol concentrations of apoA-I2/2, apoA-I+/+, and apoA-Itg/tg pregnant mice. A)
Placentas were collected from a subset of mice and weighed (n = 9–10). Data are presented as means 6 SEM. Histology
(hematoxylin and eosin) of representative placentas from a total of 11 placentas apoA-I2/2(B), apoA-I+/+(C ), and apoA-Itg/tg (D)
pregnant mice are shown.
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Figure 4. Glucose tolerance tests of apoA-I2/2, apoA-I+/+, and
apoA-Itg/tg pregnant mice. Mice at 14.5 and 15.5 dpc were
injected intraperitoneally with glucose after being unfed for
5–6 h, and blood was collected just before and for 3 h after the
glucose injection. Data are presented as means 6 SEM (n =
3–5). Areas under the curves are presented for each genotype
in the inset.

hormones, is integral for every cell membrane, and can
mediate metabolic functions. Indeed, some previous
studies have shown a direct relationship between maternal cholesterol and infant birthweight (20–26).
The series of studies presented here were designed to
expand upon previous work in which mice with low HDLC, due to genetic deletion of apoA-I, had smaller fetuses.
Because the reduction in fetal mass was not due to a
change in apoA-I levels in the fetus itself (33), the effect had
to be due to a factor in the maternal circulation that
changed placental function or was transported across the
placenta and affected the fetus directly. Because there is a
plethora of data demonstrating the key role that the placenta plays in regulating fetal growth rate, either through a
change in size, structure, or function, the current studies
focused on the placenta.
HDL has diverse functions, including lipid transport, oxidation, inflammation, hemostasis, immunity,
and energy balance, which vary from individual to
individual (43–45). Thus, although HDL function is
often thought to be inversely associated with heart
disease, it also can play a role in insulin-resistance
states, inflammatory states, the acute phase reaction,
and infectious diseases (46). All of these functions can
impinge on pregnancy outcomes. HDL function is related to the cargo carried by HDL, specifically the
bioactive proteins or lipids. HDL particles can be
composed from a palate of over 95 distinct proteins
(44). The primary protein carried by HDL is apoA-I.
Indeed, a direct relationship between plasma apoA-I
levels and birthweight has been demonstrated, even in
the absence of an association between maternal cholesterol and birthweight (47). HDL also carries paroxonase. As with apoA-I, lower paroxonase activity has
been associated with adverse pregnancy outcomes
(48). HDL also transports cholesterol between tissues
and can result in removal of cholesterol from membranes or in deposition of cholesterol into cells leading
MATERNAL HDL-C LEVELS AND FETAL GROWTH RATES

to changes in membrane-based signaling [reviewed by
Fielding and Fielding (49)]. Thus, HDL could have an
impact on fetal growth by affecting placental function
through altered HDL-protein cargo or changes in cellular sterol content.
Not surprisingly, HDL particles of pregnant knockout,
wild-type, and transgenic mice in the current study had
different protein cargo and varied in size. Our data are
consistent with a recent study in which HDL was separated into different subpopulations of those with only
apoA-I or those with apoA-I and apoA-II (50). We found
that the proteins present in the 2 subpopulations of HDL
varied significantly. The authors hypothesize that apoA-I,
the primary protein on HDL, forms a scaffold that promotes the interaction of other proteins with various functions. Thus, a change in the amount of apoA-I would affect
the proteins carried by HDL and thereby the function of
HDL. Indeed, in our pregnant mice, the HDL particles
lacking apoA-I were larger and contained greater amounts
of other apolipoproteins (apoE and apoA-IV) and complement proteins. Because there was less plasma cholesterol, there may have been fewer particles as well. Thus,
assuming there is a relationship between fetal growth and

Figure 5. Uptake of glucose and amino acids by fetuses in
apoA-I2/2, apoA-I+/+, and apoA-Itg/tg pregnant mice. Mice at
14.5 dpc were injected with radiolabeled markers for glucose
(A, C, E, G) and amino acids (B, D, F, H), and the amounts of
radiolabel present in the fetuses 5 min later were measured.
Data are presented as percent present in the whole fetus
compared with that injected and as means 6 SEM (n = 4–8).
7
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TABLE 2. Percent dpm remaining in the plasma in mice with injected
with radiolabeled glucose and amino acids and with different levels
of apoA-I
Dpm in plasmaa

Glucose (%)

Amino acid (%)

apoA-I2/2
poA-I+/+
apoA-Itg/tg

12.1 6 1.6
16.3 6 1.1
15.5 6 1.0

7.9 6 1.2
11.9 6 1.0
10.2 6 1.3

Data are presented as mean 6 SEM (n = 4–8). aPercentage dpm in
plasma 5 min after injection.

HDL composition and concentration, the lower fetal
growth rates could have been the result of a change in
protein cargo on HDL because complement proteins are
associated with adverse pregnancy outcomes (51) or a
reduction in HDL uptake by the placenta due to fewer
circulating particles.
Because the placenta is the gatekeeper of nutrients
required for fetal growth, the structure and function of
the placenta was examined next. There was no difference in placental masses or structures in the mice with
different apoA-I genotypes. In addition, there was no
significant difference in the uptake of glucose or amino
acid by the fetus or the placenta of mice with increasing
levels of apoA-I. However, when the uptake in the
whole fetal unit was calculated, there was a trend for a
group interaction, with rates greater in mice with apoAI and greater plasma cholesterol levels. In addition,
when results of mice with apoA-I (wild-type and
transgenic) were grouped and compared with mice
without apoA-I (knockout), there was a significant
difference in transport for glucose (P = 0.04) and amino
acids (P = 0.006) in the whole fetal unit.
The results were somewhat surprising because a
change in fetal growth is often related to nutrient transport, and therefore a more substantial difference was
expected. Importantly, nutrient uptake rates in maternal
tissues also were similar in all mice; these results contrast
those of the glucose tolerance tests. The difference could be
due to the fact that the transport study was done at a time
of lower insulin levels, whereas the tolerance tests were
performed after a glucose injection and more elevated insulin levels; even though mice were not unfed, mice eat
mostly during the dark phase, suggesting low insulin
levels at the time of the transport study. Thus, uptake rates
might have been more different after insulin injection. Indeed, although some the glucose receptors are insulin independent, such as GLUT1, more recent studies show that
glucose transport in the placenta can also be insulin dependent due to detection of more insulin-dependent
transporters (52). Amino acid transporters can also be
regulated by insulin (53). One could argue that the lack of
differences in expression levels of the glucose and amino
acid transporter levels in the whole placenta supports a
lack of difference in transport rates. We might have seen a
difference had just the labyrinth been used, where meaningful transport occurred, or if membranes had been isolated from the cytosol because transporter activity takes
place in the membranes. However, whole placentas were
used due to the gestational age studied.
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Studies have suggested that increased fatty acid transport can also affect fetal growth (54). Although fatty acid
transport was not directly measured, we used the relative
amounts of essential fatty acids in the fetus and maternal
plasma as an indication of transport because essential fatty
acids are not synthesized in vivo (55). Fatty acid transport
across the placenta, specifically transporter-mediated
PUFA, did not appear to be decreased in the mice lacking apoA-I based on the ratio of PUFA in the maternal vs.
fetal plasma.
PUFA concentrations were less in both the maternal
and fetal circulations of the mice with low HDL levels,
however. Because these fatty acids can mediate metabolism and inflammation, as shown in a recent clinical trial
(56), we cannot rule out an effect of the fatty acids on
placental function or fetal growth. In fact, intervention
with certain PUFA can change the proteome of HDL to one
that is more anti-inflammatory (57).
The other potential role of maternal cholesterol is a
direct role on the fetus. Currently, there is no consensus
as to how much maternally derived cholesterol is
transported across the placenta (58). However, due to

Figure 6. Uptake of glucose (A, C, E) and amino acids (B, D, F)
by maternal tissues in apoA-I2/2, apoA-I+/+, and apoA-Itg/tg
pregnant mice; the tissues are from the same mice described in
Fig. 5. Data are presented as percent present per grams tissue
and as means 6 SEM (n = 4–8).
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the relatively low fetal sterol synthesis rates early in
gestation (59) and the direct relationship between maternal and fetal cholesterol in early, but not late, gestation (60), it is likely that maternally derived cholesterol
enters the fetal circulation, where it could directly affect
fetal metabolism, especially in the second trimester
when there is a direct relationship between maternal
and fetal cholesterol levels (60).
In summary, midgestation fetal size varied based on
apoA-I gene dosage and plasma cholesterol concentrations. We focused on a potential effect of HDL on the
transport of key nutrients as one of the primary routes
by which fetal growth rates are affected. Although we
did not find a definitive change in nutrient transport
with different gene dosages, differences in nutrient
transport trended to be increased in mice with the
greatest cholesterol and apoA-I levels. Importantly,
significant differences did occur when mice were
grouped into those with or without apoA-I. Because
there is growing evidence that HDL subpopulations
exist with a variety of functions, future studies should
address whether there is a relationship between HDL
and fetal growth or placental function, vs. a correlation,
and how HDL (and not progesterone or triglyceride
concentrations) affects metabolism. It would also be
necessary to determine if the distribution of HDL subpopulations differs between women with small newborn infants or those with preterm births. Using these
results, we would hope to design a novel therapeutic
target for women at risk of having LBW babies. Results
from these types of studies might be of greatest benefit for individuals in resource-poor settings because
women in these settings often have lower plasma

TABLE 3. Fatty acid composition in fetuses and maternal plasma
Tissue

Fetus
apoA-I2/2
apoA-I+/+
apoA-Itg/tg
Maternal plasma
apoA-I2/2
apoA-I+/+
apoA-Itg/tg

PUFA (%)

SFA (%)

MUFA (%)

24.2 6 0.5a
27.7 6 0.1b
29.8 6 0.5c

39.2 6 0.5a
40.0 6 0.3a
40.3 6 0.3a

21.1 6 0.2a
18.8 6 0.1b
17.1 6 0.5c

40.9 6 1.6a
52.1 6 1.0b
52.7 6 2.1b

46.2 6 2.7a
35.9 6 1.5b
37.8 6 2.1b

8.2 6 0.6a
10.0 6 0.5a
9.2 6 0.2a

Letters (a, b) signify percentage differences for PUFA, SFA, or
MUFA of fetuses or maternal plasma. Data are presented as means 6
SEM (n = 3–4 for fetuses; n 5 3–5 for maternal plasma). P , 0.05.

cholesterol levels (61–63) and a higher prevalence of
LBW infants.
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