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and prevent late pregnancy
complications

Josef Hyanek'* FrantiSek Pehal’, Kseniya Dryahina?, Ladislava
Dubska’, Blanka Mikova', Lada Gombikova’', Miroslav Prticha’,
Stanislav Kub(i®, Petra Halackova® and Jaroslav Feyreisl®

'Department of Clinical Biochemistry, Hematology and Immunology, Na Homolce Hospital,
Prague, Czech Republic

2Department of Chemistry of lons in Gaseous Phase, J. Heyrovsky Institute of Physical
Chemistry, Academy of Sciences of the Czech Republic, Prague, Czech Republic

3Department of Clinical Biochemistry, Central Laboratories, The Institute for the Care of Mother
and Child, Prague, Czech Republic

Introduction: In this retrospective study, we comment on the cause and diagnostic potential of
the elevated serum total cholesterol and some non-cholesterol sterols in a population of healthy
pregnant women from Prague, Czech Republic.

Methods: Based on a total of 21,000 clinical biochemistry tests of healthy pregnant women
with hypercholesterolemia observed during pregnancy, a testing group of 84 women with a total
cholesterol (TC) above 7.0 mmol/l was established to analyze their non-cholesterol sterols (NCS)
by Gas Chromatography—Mass Spectrometry. Lathosterol (Lat) and desmosterol (Des) were
evaluated as markers of endogenous cholesterol synthesis, whereas campesterol (Cam) and
sitosterol (Sit) were analysed as markers of intestinal absorption.

Results: In the basic population, the frequency of gestational hypercholesterolemia with the
serum TC levels > 7.0mmol/l was 1 to 136.The mean values were: TC 6.8 mmol/I, LDL-C 4.6 mmol/I,
and HDL-C 2.2 mmol/l. In the selected testing group of 84, the mean values were: Lat 7.8+/-1.7
pmol/l, Des 4.7+/-0.9 pmol/l, Cam 9.8+/-2.6 ymol/Il, and Sit 9.6+/-3.8 umol/I. Lat correlated with
TC (r = 0.53), LDL-C (r = 0.36), and non-HDL-C (r = 0.35). No such correlations were observed for
Cam or Sit.

Conclusion: Our findings prove that gestational hypercholesterolemia is caused by increased
endogenous cholesterol synthesis via lathosterol. Subsequently, we demonstrate how a single
cholesterol test taken in the fifth to sixth month gestation can efficiently help detect familial
hypercholesterolemia, and prevent related late pregnancy circulatory complications.

Introduction

Strange and even unbelievable as it may seem, we can say in simplified terms that
humans reach the highest total cholesterol (TC) levels during pregnancy as shown in
figure 1 [1-3]. In pregnant women, total cholesterol (TC) normally goes up by 30 to 40
per cent, with the maximum increase occurring in the fifth to sixth gestational month.
The rise in the low-density lipoprotein (LDL) cholesterol is more pronounced than in
the high-density lipoprotein (HDL) fraction [4]. The occasionally detected increase
in triglycerides (TG) is independent of TC levels and has different metabolic reasons.
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Figure 1: Total cholesterol blood values and their oscillations within human life (simplified).

Hypercholesterolemia during pregnancy, or gestational hypercholesterolemia (GH),
can be found in all pregnant ethnic groups round the world, including the women of
Tarahumara, a Mexican indigenous tribe with the globally lowest normal TC levels,
who almost double their cholesterolemia during gestation.

In line with decades of experience, clinicians have been largely of the opinion
that hypercholesterolemia during pregnancy is harmless and even beneficial for the
mother and the fetus, providing for the increased cholesterol consumption in the cell
membrane synthesis of the fetus, for proper organogenesis, and for due fetal as well
as placental growth [5,6]. Quite recently, there have also been speculations about the
higher offer and demand of the sonic hedgehog proteins (SHHP). These molecular
chaperones with its C-terminal cholesterol molecule attached to the embryonal tissue
induce formation of peptide bonds. In this way they metabolically initiate the increase
of protein synthesis, inducing new development of certain tissues, like limbs and parts
of brain. The appropriate TC concentration in blood is therefore likely to ensure the
appropriate SHHP functioning in the fetal organogenesis [7,8]. The organogenetic
significance of the palmitate molecule occupying the other SHHP terminal has not been
clarified so far.

Deficit of plasma cholesterol during fetal development results in multiple organ
malformations, as well as severe mental retardation and brain dysfunction. Our
knowledge on disorders of this kind is still limited, and the clinical picture and
metabolic description of the Smith-Opitz-Lemli, Conradi-Hunnermann, Axley-Bixlere
or Greenberg skeletal dysplasia syndromes provide ample warning for anybody daring
to undertake experiments in the highly complex metabolic terrain during pregnancy
[9-12].

Despite the historic 1999 FELIC study defining the optimum levels of cholesterol
in low-risk pregnancy to range between 3.1 mmol/l and 7.8 mmol/] [13], there has
been no consensus to date on the normal reference ranges for lipid parameters across
gestation. This, together with the clinicians’ uncertainty as to the significance of
elevated cholesterol levels for a limited time period, largely contributes to the current
state of affairs, where cholesterol is not routinely measured during pregnancy, and
high levels are not treated [14].

The relative increase of TC during pregnancy is the same in healthy women as in
those with familial hypercholesterolemia (FH). This means in practice that in pregnant
women with FH, TC easily reaches the already pathologic levels of up to 8-9 mmol/l.
[15]. FH is a hereditary cholesterol metabolism disorder caused by at least 3 so far
known metabolic mechanisms (i. molecularly conditioned LDL-receptor deficit /
OMIM: 143890/, ii. Apo B (FBD) deficit /OMIM: 144010/, and iii. PKS9 deficit /OMIM:
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603776/). It is characterized by very high LDL cholesterol levels from birth, where a
low-cholesterol diet is ineffective and those affected have a dramatically increased risk
of a coronary heart disease (CHD). In its heterozygote form, untreated FH (TC 8-15
mmol/l, or 310-580 mg/dl) usually predisposes for CHD before the age of 55 in men
and 60 in women, whereas the rare homozygous patients without treatment (TC 12-
30 mmol/l, or 460-1160 mg/dl) are likely to experience CHD-induced death before
the age of 20. FH is the most widespread lipid metabolism deviation in the European
population, the prevalence of heterozygotes being relatively high (1 per 200-250).
The homozygous form is rare, with an estimated prevalence of 1 per 160,000-300,000
(for detailed information on FH and its treatment in non-pregnants and children see
Vogt [16] and Wiegman et al. [17], respectively]. Despite the metabologists’ efforts, FH
remains underdiagnosed and undertreated in the general population [18].

Considerably less has been written on the significance and consequences of ‘gesta-
tional familial hypercholesterolemia’, and our knowledge of this metabolic peculiar-
ity remains insufficient [19-23]. The pathogenesis of GH is still poorly understood,
although the placenta can use all the metabolic mechanisms of lipogenesis that have
been described in non-pregnant adults [24-26]. There are chiefly case studies avail-
able of exceptional gestosis with TC levels exceeding 15 mmol/] for the rare homozy-
gote forms of FH, where careful monitoring and possible treatment by lipoprotein
apheresis is required owing to the high risk of CHD [27-29]. Case studies of hetero-
zygous form of FH during pregnancy are much scarcer [30]. Dilemmas in treatment of
women with FH during pregnancy have been summarized by Kusters et al. [31].

We have now had over twenty five years of extensive experience with dietary and
drug treatment of hypercholesterolemic children and adolescents in the outpatient
lipid clinic of the Na Homolce Hospital, Prague, successfully combining standard
lipid profile with non-cholesterol sterols (NCS) in the monitoring of patients. NCS are
cholesterol-like metabolites revealing the long and complex endogenous synthesis of
cholesterol, as well as the intricate mechanism of the sterol absorption in the intestine
[32-36]. The evaluation of NCS has proven to be highly practical (a) in differentiating
between FH and alimentary hypercholesterolemia, (b) in determining the size of the
therapeutic statin doses, (c) in monitoring the efficacy of medication (monotherapy
vs. combined therapy), and (d) for checking whether the patient is actually taking
the recommended medication, as well as for verification of the actual intake of food
enriched with plant sterol esters [35]. Between 1992 and 2015, 12 of our lipid clinic
patients aged 19 to 45 were pregnant at least once (Table 1). Without any dietary
or medical treatment, their TC levels reached 8.2+/-2.1 mmol/l during the second
trimester.

When working closely a few years ago with the Central Laboratories at the Prague
Institute for the Care of Mother and Child, a maternity hospital with over 5,000
deliveries per year, we were evaluating 21,000 clinical biochemistry results of healthy
pregnant women. This provided us with a unique opportunity to look at GH via NCS
and confirm its high prevalence among the Slavic population. Also, we wanted to prove

Table 1: Pregnancies among patients with FH attending the outpatient lipid clinic in 1992-2015.

Pregnant patients (1945 yrs) 12

Born children 18

Pregnancies without treatment 15
Pregnancies with unpermitted statin therapy 3

(20-40mg/day)
Genetically proven LDL-R mutations (p.Asp266Glu,

p.Gly952Glu, p.Arg416Trp, FDB-apoB100, and c. 1272. 8
1273ins96)
History of oral contraceptives 10
Smokers
Mean value of TC (mmol/l) 8.2
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Figure 2: Structures of sterols under discussion: Lat and Des — markers of endogenous synthesis of cholesterol;
Cam and Sit — markers of phytosterol absorption in the intestine.

that the main cause of GH lies in the increased endogenous synthesis of cholesterol.
The structures of the NCS under discussion here are shown in Figure 2. Last but not
least, the idea came to us that measuring the increase of TC between the first trimester
and the fifth to sixth month could be highly effective in detecting women with FH in
order to lower their dramatically increased CHD risk later in life.

Patients and Methods

During the certification procedure for the Central Laboratories at the Prague
Institute for the Care of Mother and Child conducted by the Czech Accreditation
Institute in 2014-2016, 21,000 clinical biochemistry results of healthy pregnant
women of different gestational age were being assessed. Among those with
TC > 7 mmol/]l an experimental group of 84 pregnants was randomly chosen for a
detailed analysis of their NCS levels. Lathosterol (Lat) and desmosterol (Des) were
examined as markers of cholesterol synthesis, whereas sitosterol (Sit) and campesterol
(Cam) were used to mark the intestinal absorption of phytosterols.

In the control group of 45 healthy pregnant co-workers in the Na Homolce Hospital,
their lipid profile was regularly taken during their pregnancy.

The routine biochemical, hematological and immunological analyses were done
using Beckman Coulter and Cobas systems. The vitamins and trace elements were
assessed by HPLC and Immulite (DPC); IMT of carotideal arteries by VigmedSound,
and LDL-receptor mutations by molecular genetic methods under the international
MedPed project to detect FH patients (www.medped.org, [37]).

The NCS levels were established using Gas Chromatography-Mass Spectrometry by
a Finnigan Mat 120b with epicholesterol applied as an internal standard (for detailed
methodology see Hyanek et al. 2014 [38]).

The statistical assessment was performed using the R software (www.r-project.
org). The basic statistical parameters included mean and median values, 95 %
confidence intervals, sample size, maximum and minimum values, and the respective
standard deviations. The correlation analysis was based on Pearson’s product-moment
correlation coefficient.

The study has been approved of by the Na Homolce Hospital Ethics Committee. It
is part of Project No. NA 7452-3 supported by the Internal Grant Agency of the Czech
Ministry of Health (IGA MZ CR). Informed consent for inclusion was obtained from all
the participants.
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Results

Figure 3 documents the development of mean TC values found in the control group
of 45 healthy women during their low-risk pregnancy.

Table 2 shows the mean values for the classic lipid fractions in the basic population
0f 21,000 healthy pregnant women. The mean of the elevated TC levels was 6.8 mmol/1.
The record value of 19.6 mmol/l (!) found in one of the patients and indicative of
the homozygote form of FH was not included in the calculation. The incidence of
TC > 7.0 mmol/l was 1 to 136 (!), and the incidence of TC > 8.0 mmol/l was 1 to 256 (!)
in this population.

Table 3 shows the mean values of standard lipid profile and the NCS within the
experimental group of 84 healthy pregnant women with hypercholesterolemia.

Table 4 shows correlations of the classic lipid markers with the NCS under study: a
moderate correlation was found of Lat with TC (r = 0.535), with LDL-C (r = 0.364), and
with non-HDL-C (r = 0.356), as well as of Des with TC (r = 0.356).

TC mmol/l

1 2 3 4 5 6 T L} £l 10 11 12 13 14 15

Pregnancy and lactation (month)

Figure 3: Metabolic changes of total serum cholesterol values during healthy pregnancy and lactation in 45 controls.

Table 2: Mean values of standard lipid serum parameters in the basic population of 21,000 healthy pregnant women
(2014-2016).

Mean value (mmol/I)

TC 6.8
LDL-C 4.6
Non-HDL-C 4.5
HDL-C 22
TG 3.9

Table 3: Mean values of standard serum lipid parameters (mmol/l) and NCS (umol/l) in the experimental group of 84
healthy pregnant women with TC >7.0 mmol/I (NCS reference values (umol/l) for healthy non-pregnant women are:
Lat 6.4+/-0.7, Des 4.2+/-0.4, Cam 9.7+/-1.0, and Sit 8.7+/-0.8).

Mean value Significant deviation
TC 7.2 1.2
LDL-C 4.1 1.7
Non-HDL-CI 45 1.3
HDL-C 1.8 0.3
TG 2.5 1.0
Lat 7.8 (p<0.01) 1.7
Des 4.7 0.9
Sit 9.6 3.8
Cam 9.8 2.6
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Table 4: Correlation quotients of classical lipid parameters with NCS in the experimental group of 84 hypercholeste-
rolemic pregnant women

Lat Des Sit Cam
TC 0.53 0.35 0.26 0.02
LDL-C 0.36 0.4 0.36 0.02
Non-HDL-C 0.35 0.12 0.29 0.01
HDL-C 0.02 0.01 0.02 0.01
TG 0.52 0.21 0.01 0.01

There was no correlation between the phytosterols and the increased cholesterol
synthesis: Sit (r = 0.162) a Cam (r = 0.153). Neither did we find any compensatory
elevation of phytosterols.

Our results prove that the gestational elevation of TC, taking place chiefly in its
LDL and non-HDL fractions, is a consequence of the increased endogenous synthesis of
cholesterol, as indicated by the Lat and Des elevations. The compensatory decrease in
the Sitand Cam levels, which markslowered absorption of phytosterols, is insignificant.
The Lat and TG correlation still remains to be clarified.

Table 5 shows the preliminary results of our active search for gestational FH among
the healthy pregnant population in the Prague Institute for the Care of Mother and
Child undertaken within the last two years (2017-2018).

As mentioned above, we have found a homozygous FH patient during the research
with the record TC level of 19.6 mmol/l. She had preeclampsia and a preterm birth
in the 30" gestational week. Unfortunately, she refused the recommended follow-up
medical treatment.

Last but not least, below is a case study of one of our 3 heterozygous FH patients
from the Na Homolce Hospital lipid clinic, who took statins (20-40 mg/day) through
negligence during the first three months of their asymptomatic pregnancies. They had
no pregnancy complications and gave birth to healthy, though preterm and low weight
children. The children are now aged from 8 to 12, and their psychomotor development
is normal.

Discussion

In this pilot study into gestational hypercholesterolemia and its causes, we have

(a) proved via the elevated Lat levels that the high TC during pregnancy results
from the increased endogenous synthesis of cholesterol;

(b) identified 17 new patients with FH, including 1 with its rare homozygous form;
and

(c) discovered a surprisingly high prevalence of elevated TC levels among the
healthy pregnant Slavic population.

Unfortunately, our epidemiological findings could not be compared with other
European pregnant populations owing to data unavailability.

The current literature on maternal hypercholesterolemia can be roughly divided
into three areas of researchers’ interest: (a) direct birth outcomes; (b) pathogenic
maternal programming; and (c) lipid-lowering therapies during pregnancy.

Apart from the individual and serial case studies reporting on the direct birth
outcomes, an association has been repeatedly found on larger cohorts between
maternal dyslipidemia and preterm birth [39-42]. Alarge meta-analysis has discovered
a correlation between preeclampsia and maternal hyperlipidemia [22]. Also, impaired
physiological decrease in the uteroplacental vascular resistance in pregnant women FH
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Table 5: Preliminary pregnancy outcomes of 17 pregnant women with FH detected by screening in the maternity
hospital (2017-18; n =10,138).

Detected FH patients 17 (100 %)
Uneventful pregnancy 11 (64.7 %)
Pregnancy with preeclampsia 6(35.3 %)
Physiological delivery 6(35.3 %)

Abnormal delivery incl. CS

o,
(cf. 38.6% total hospital CS rate in 2017) 11(64.7%)

Normotrophic fetus 12 (70.5 %)
Hypotrophic fetus (< 2500 g) 5(29.5 %)
TC levels (mmol/I) 10-19.6

has been reported [43]. According to a very recent study, maternal supraphysiological
hypercholesterolemia associates with endothelial dysfunction of the placental
microvasculature [44].

Since the 1999 FELIC study [13], numerous trials have shown the adverse effects of
maternal hypercholesterolemia during pregnancy on the offspring in both animals and
humans [45-51]. Conversely, a recent study did not find and significant differences
between biochemistry results of children with maternally inherited FH and paternally
inherited FH, concluding that maternal inheritance does not predict cholesterol levels
in children with FH, but not excluding the fetal origin of adulthood disease hypothesis
at the same time [52].

Traditionally, the dietary and/or medical lowering of high TC levels during
pregnancy has been generally considered dangerous and harmful because of the
fetal hypotrophies observed in animal experiments and deleterious effects on human
first trimester placental explants [53, 54]. On the other hand, a marked effect of a
cholesterol-lowering diet on the reduction of preterm delivery has been observed in
low-risk pregnancies (n = 290) with no effect on the cord and neonatal lipids [55].

A recent systematic review on the risks of statin use in pregnancy showed no clear
relationship of congenital anomalies with statin use in pregnancy, supporting the
findings that statins are probably not teratogenic, but concluding at the same time that
until more information is available, statins should still be avoided in pregnancy [56].

Botha et al. have recently reported on 25 pregnancies of genetically confirmed
homozygous FH patients exposed to lipid-lowering therapy during gestation, of
which 18 were exposed to statin therapy just prior to or during pregnancy. The birth
outcomes of statin users were comparable to those untreated [57].

Over the years, many publications finding no significant teratogenic effect from
maternal use of statins during pregnancy have called for further research into this kind
of therapy, as well as into other lipid-lowering therapies in women with FH during
pregnancy [58-62]. We fully subscribe to this idea, bearing in mind how much FH
mothers might potentially benefit later in life from the lowered atherogenicity of their
pregnancies.

As for statins, our own observation of 3 women with FH who took large doses of
statins neglectfully of their pregnancy throughout the first trimester has so far shown
preterm delivery/low birth weight and low toxicity of statin treatment. Below is one of
these cases reported in a greater detail.

Clinical case report

Healthy mother, aged 32, laboratory technician, genetically verified heterozygous
FH, TC = 7.8 mmol/] on admission with a high risk of cardiovascular event from both
sides of the family (SCORE 20 %), stabilised on TC = 4.8 mmol/] (40 mg of simvastatin/
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day); neurotic personality, poor compliance, 1Q 95, BMI 32, history of repeat abortion.
The patient had been informed on the potential toxic effects of statins during
pregnancy, and she signed a document to interrupt statin treatment before pregnancy.
When pregnant, however, she failed to stop the treatment, and did not visit the lipid
clinic until urged to do so by friends in the workplace, with whom she talked on her
pregnancy. The pregnancy proceeded uneventful until the completed sixth month,
when she delivered spontaneously after an exacting hiking trip, giving birth to a female
baby, resuscitation not needed, 600 g, 32 cm, fed by donor milk, discharged from
hospital to a reception centre weighing 2,400 g. At nine years of age, the girl weighed
9 kg, with the head circumference of 45 cm, was somatically well, had psychomotor
and mental development scores within the norm for an early preterm infant; started
school at 8 years of age; mental development scores at 9, 10 and 11 years of age have
been close to upper limit of normal so far; paediatrician and psychologist are satisfied
with the previous psychomotor development.

So far, very little has been written on how mothers could benefit in their later life
from the diagnosis of FH during pregnancy [23]. We have only found the idea that the
changes in LDL patterns during pregnancy might be used in identification of women
with atherogenic small and dense LDLs later in life [63]. This area definitely deserves
further profound investigation starting with monitoring of GH among other large
pregnant populations.

Conclusion

Our experience gained over the last twenty years of extensive practice and research
in the field of hereditary dyslipidemias indicates that FH manifests itself distinctly by
highly elevated levels of TC in the fifth to sixth gestational month. By this physiological
provocation of augmented cholesterol production, Mother Nature has endowed us
with a unique opportunity to screen effectively and efficiently for FH throughout
female fertile population. A single more cholesterol measurement within the standard
blood test taken towards the end of the second trimester is enough to detect previously
unrecognized cases of this still largely underestimated and underdiagnosed disease
with further differentiation and treatment possible after delivery and weaning.
This, together with more research needed into the possibilities of treatment during
pregnancy, opens up enormous potential for cross-specialty cooperation and research
of gynecologists/obstetricians and internists/metabologists, where the former will be
able to better prevent and properly deal with serious late pregnancy complications,
such as hypercholesterolemia-induced late gestosis, and the latter will be able to
identify the patients early enough to be able to properly evaluate and deal with their
drastically increased cardiovascular risk, including reduction of CHD and prevention
of early death. Ultimately, this joint effort will be towards better maternal health as
well as health of the offspring in both the short-term and long-term perspective, just in
line with Louis Pasteur’s words that “chance favours the prepared mind.”
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