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Abstract

Background: Vitamin D deficiency has recently been suggested as an independent risk factor for thrombosis. Notably, vitamin D deficiency is
common in pregnant populations, whom already have an increased thrombotic risk. However, pregnant women are commonly excluded from
studies investigating the hemostatic system, and knowledge on the impact of vitamin D on hemostasis in pregnancy is therefore limited.
Methods: A cross-sectional study comparing the hemostatic profile of pregnant women (gestational week 12.9 +0.7) with vita-
min D deficiency (<50 nmol/L) (n=70) and high adequate vitamin D status (>100 nmol/L) (n=59).

Results: Vitamin D deficient women displayed increased plasminogen activator inhibitor | levels and an increased plasminogen
activator inhibitor |/plasminogen activator inhibitor 2 ratio, even after adjusting for factors with potential influence on hemosta-
sis (body mass index, smoking and use of fish oil supplements).

Conclusions: Vitamin D deficiency is associated with increased plasminogen activator inhibitor |/plasminogen activator inhibitor
2 ratio in pregnant women. As an increased plasminogen activator inhibitor |/plasminogen activator inhibitor 2 ratio with high
plasminogen activator inhibitor | levels may increase thrombotic risk and is associated with the development of pregnancy com-
plications, further research is needed to determine the optimal vitamin D supplementation in pregnancy.
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an increased risk of thrombosis in both arterial and venous
systems.’~'®> The mechanisms linking thrombosis and vitamin
D deficiency are not well-defined, but it is speculated that
vitamin D deficiency may disturb the hemostatic balance
leading towards a prothrombotic profile.'*** Vitamin D defi-
ciency is defined as a serum level of vitamin D <50 nmol/L
by the Endocrine Society Task Force on Vitamin D in the
United States.>* However, serum 25(0OH)D concentrations <
25 or<30 nmol/L are also sometimes used to define vitamin
D deficiency, as concentrations below these levels are generally
considered to indicate an increased risk of vitamin D related
nutritional rickets and osteomalacia.>>’ Today, the optimal
vitamin D level is still under debate and has been suggested
to be as high as 100 nmol/L,**2° though a level of 75 nmol/L
is also considered sufficient by some.**? Numerous studies
report a high prevalence of vitamin D deficiency in pregnant
populations including Danish pregnant women.**>** The
impact of vitamin D deficiency on pregnancy health and espe-
cially the effect on thrombosis risk is however far from fully
understood. This is further challenged by the fact that pregnant
women are commonly excluded from studies investigating the
hemostatic system, and knowledge about this population is
therefore sparse.

The aim of this cross-sectional study was to investigate the
effect of vitamin D deficiency on the prothrombotic profile in
pregnant women by comparing hemostatic parameters in 2
groups: Pregnant women with vitamin D deficiency (vitamin
D levels <50 nmol/L) and pregnant women with high adequate
vitamin D levels (vitamin D levels >100 nmol/L).

Methods
Study Population

Pregnant women were recruited as a part of the large
GRAVITD trial>> at the Department of Gynecology and
Obstetrics, Randers Regional Hospital, Denmark, when attend-
ing a nuchal translucency scan at 11 to 16 weeks of gestation
(mean + SD, 12.9 +0.7) from November 2020 to September
2021. Patients included in this cross-sectional study were
included prior to randomization according to the GRAVITD
trial. An initial vitamin D screening was performed on 497
pregnant women agreeing to participate, and blood samples
from a total of 129 women were available for the study based
on the inclusion and exclusion criteria. Inclusion criteria were
a serum vitamin D level fulfilling the criteria of vitamin D defi-
ciency (< 50 nmol/L) or a vitamin D level in the high adequate
range (=100 nmol/L). Exclusion criteria were known cancer,
liver-, kidney-, coagulation-, or chronic inflammatory disease,
as well as women reporting medical treatment affecting the
coagulation system (estrogens or antithrombotic treatment).
Prepregnancy body mass index (BMI) and gestational age at
inclusion were obtained from medical records. Other data eg,
smoking status, vitamin use, fish oil consumption, education,
and household income were self-reported by participants in
an interviewer-administered questionnaire, which was filled

out at the time of inclusion. The study was performed with
informed consent from all participants and approved by The
Regional Scientific Ethical Committee for Central Denmark
(#1-10-72-54-19).

Vitamin D Analyses

Maternal vitamin D levels were determined as the serum
25-hydroxy vitamin D (25(OH)D) level, measured using high-
performance liquid chromatography coupled with tandem mass
spectrometry as previously described.*® This method is consid-
ered the golden standard for determining vitamin D levels.>’

Coagulation Analyses

Nonfasting venous blood-samples were collected in 3 Vacutainer
citrate tubes. Blood sampling was performed according to the
guidelines recommended by the Danish Society for Clinical
Biochemistry®® with an application of minimal venous stasis.
Vacutainers were immediately turned several times to secure a
mixture of citrate and venous blood. Plasma samples were pre-
pared within 2 hours and stored at —80 °C. All sample analyses
were completed within 12 months of storage. Samples were inves-
tigated for levels of von Willebrand factor (vWF), thrombin gen-
eration, factor VIII, plasminogen activator inhibitor 1 (PAI-1),
PAI-2, tissue plasminogen activator (tPA), fibrinogen, D-dimer
and c-reactive protein (CRP) after thawing of plasma samples at
37 °C in a water bath.

Thrombin generation was analyzed by the calibrated auto-
mated thrombin generation assay (Thrombinoscope BV,
Maastricht, The Netherlands) using a 5 pM tissue factor
trigger employing the Fluoroskan Ascent microplate fluorome-
ter (Thermo Fisher Scientific, Hvidovre, Denmark). Parameters
of thrombin generation: The lag time of the thrombin formation
process (min., CV 8.6%), the peak thrombin concentration
(nmol/L, CV 7.5%), the time to peak (ttpeak) assessing when
thrombin peak concentration was reached (min., CV 4.1%),
and the endogenous thrombin potential (ETP) (nmol/L X min.,
CV 8.1%) recording the total amount of thrombin formed. In
addition, the vWF:Ag and FVIII:C activities were analysed
using an ACL TOP 350CTS coagulation analyzer (ILS
Scandinavia, CV of 11.5% and 10%, respectively). CRP
(CardioPhase® hsCRP) was analyzed using the nephelometer
on a BNII (Siemens Healthcare Diagnostics Products, CV
3.1%). Fibrinogen and D-dimer were determined using
specific assay kits (INNOVANCE D-Dimer and Dade
Thrombin-Reagent, respectively) on a Siemens coagulation
analyzer (Siemens Healthcare Diagnostics, CV 5% and 9%,
respectively). PAI-1:Ag, PAI-2:Ag, and tPA:Ag were deter-
mined by in-house sandwich enzyme-linked immunosorbent
assay using specific antibodies as previously described®”*’
(CV 8.2%, 6.7%, and 5.1%, respectively).
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Table |. Background Characteristics of the Participants.
Characteristics 25(OH)D <50 nmol/L n=70 25(OH)D > 100 nmol/L n=59 P-value
25(OH)D [nmol/L] 374+99 1144+135 <.001
Age [years] 289 +44 29.5+4.1 .355
Season <.00l
Winter 31 (44.3) 16 (27.1)
Spring 28 (40.0) 10 (16.9)
Summer 4(5.7) 28 (47.5)
Fall 7 (10.0) 5 (8.5)
Gestational age [weeks] 13.0+0.75 12.8 +£0.60 194
BMI [kg/m?] 272476 247 +4.5 .034
BMI group [kg/m?] .015
BMI <25 35 (50.0) 32 (54.2)
BMI 25-30 16 (22.9) 22 (37.3)
BMI >30 19 (27.1) 5 (8.5)
Smokers 13 (18.6) 4 (6.8) .049
Non-Scandinavian origin 8 (11.4) 7(11.8) 939
Prescription medicine 20 (28.6) 15 (25.4) .689
Dietary supplements
Vitamin D 51 (72.9) 56 (94.9) <.001
Vitamin D, 10 pg 47 43
Vitamin D, > 10 pg 3 I
Vitamin D, unknown dose | 2
Calcium 9(12.9) 15 (25.4) .068
Fish oil 13 (18.6) 22 (37.3) 017

Information on age, season of inclusion, gestational age, BMI, smoking, origin, medicine, and dietary supplements was reported by all 129 participants. Data are
presented as mean + SD or as n (%). P-values <0.05 are highlighted in bold. The season in which the women were included is divided into winter (December,
January, February), spring (March, April, May), summer (June, July, August), and fall (September, October, November). Smokers cover the women answering yes to
smoking at some point during pregnancy and include both women who were still smoking at time of inclusion and women who had quit prior to inclusion.
Non-Scandinavian origin covers women with either one or both parents being born outside Scandinavia (Denmark, Norway, Sweden, or the Faroe Islands). Dietary
supplements refer to supplements ingested by the women prior to inclusion in the study and cover the daily intake of a vitamin D containing supplement during
pregnancy, as well as the intake of an additional calcium or fish oil supplement. The majority of the included women reported a daily intake of 10 pug vitamin D prior
to inclusion, which is the dose recommended for pregnant women by the Danish Health Authorities. Abbreviations: 25(OH)D, 25-hydroxy vitamin D; BMI, body

mass index.

Statistical Analyses

The background characteristics of the vitamin D deficient group
and the group of women with high adequate vitamin D status
were compared using chi-squared test for categorical variables,
while continuous variables were tested for Gaussian distribu-
tion by inspection of QQ-plots and log transformed if appropri-
ate. Normally distributed parameters were then compared using
student’s ¢ test, while Mann—Whitney test was used for param-
eters that did not follow a Gaussian distribution before or after
log transformation.

With respect to hemostatic parameters the 2 groups were ini-
tially compared using student’s # test or Mann—Whitney test,
according to the above-mentioned. As both smoking and BMI
are known to potentially affect coagulation*'™** and fish oil
has long been considered a natural anticoagulant,****® we addi-
tionally investigated the difference in hemostatic parameter
levels between the 2 groups using a multiple regression
model with vitamin D group, pre-pregnancy BMI, smoking
status and use of fish oil supplements as independent variables.
The multiple regression models were tested for multicollinear-
ity by assessing the variance inflation factor, while potential
homoscedasticity was assessed by visual inspection of residual

plots. Normality of residuals was considered by visual inspec-
tion of residual QQ plots. Statistical analyses were performed
using GraphPad Prism, version 9.2. A p-value <.05 was consid-
ered statistically significant.

Results

The background characteristics of the participants are presented
in Table 1. When comparing women with vitamin D deficiency
and women with high adequate vitamin D levels there was no
statistically significant difference in maternal age, ethnicity,
use of prescriptive medicine, gestational age at the time of
blood sampling, education (data not shown), or household
income (data not shown). The average BMI was slightly
higher in pregnant women with vitamin D deficiency and
notably this group of women had a higher prevalence of
women with obesity, ie BMI>30. Women in the vitamin D
deficient group were also more likely to have been smoking
during pregnancy and less likely to take fish oil and vitamin
supplements in general. As expected, the group of pregnant
women having high adequate vitamin D levels were more fre-
quently included during the summer, while the women in the
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Figure 1. Comparison of PAI-1, PAI-2, PAI-1/PAI-2 ratio, and vWF in relation to vitamin D status. PAI-1, PAI-2, PAI-1/PAI-2 ratio, and vVWF in the
group of vitamin D deficient pregnant women (serum 25(OH)D levels <50 nmol/L) compared to the group of pregnant women with high
adequate vitamin D status (serum 25(OH)D levels >100 nmol/L). Error bars depict mean and 95% confidence interval. P-values were calculated
using Mann—Whitney tests for PAI-1 and vWF, while t-tests were used for PAI-2 and PAI-I/PAI-2 ratio after logarithmic transformation.
Notably, the difference in PAI-2 levels were still significant when excluding the single measurement above 70 ng/mL (P=.018). Abbreviations:
25(OH)D, 25-hydroxy vitamin D; PAI-I, plasminogen activator inhibitor |; PAI-2, plasminogen activator inhibitor 2; vWF, von Willebrand

factor.

vitamin D deficient group often were included during the winter
or spring.

The hemostatic profiles of the 2 groups were compared
based on the level of vWF, thrombin generation (expressed
by lag time, ETP, peak height, ttpeak and start tail), factor
VIII, PAI-1, PAI-2, tPA, fibrinogen, D-dimer and CRP. In addi-
tion, the PAI-1/PAI-2 ratio, which have been considered to
reflect placental function, was assessed.

Initial comparison using Mann-Whitney test and student’s
t-test showed significantly increased PAI-1 levels, significantly

decreased PAI-2 levels, and a higher PAI-1/PAI-2 ratio in the
group of vitamin D deficient women when compared to the
group of women having high adequate vitamin D status. In
addition, the group of vitamin D deficient women were found
to have lower levels of vWF (Figure 1).

To further evaluate the data, the levels of each hemostatic
parameter were additionally compared between the 2 groups
using a multiple regression model adjusting for pre-pregnancy
BMI, smoking and use of fish oil supplements, since these
factors could potentially influence on hemostasis (depicted in
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Table 2. Levels of Hemostatic Parameters.

25(OH)D <50 nmol/L 25(OH)D > 100 nmol/L P-value' Adijusted P-value?

vWF [%] 151 +47 170 + 48 .018 .148
Thrombin generation

Lag time [min] 2.69+0.41 2.81+0.39 .079 .022

ETP [nmol/L x min] 2303 +353 2395 + 464 292 011

Peak [nmol/L] 409 +54.5 423 +66.4 248 017

ttpeak [min] 5.28+0.60 5.44+0.58 .109 .058

Start tail [min] 24.0+1.83 239+ 1.97 814 349
Factor VIl [%] 114+35 121 +32 115 291
PAI-1 [ng/mL] 16.8+7.0 135+7.6 .006 .007
PAI-2 [ng/mL] 159+68 19.0£8.9 .009 222
PAI-1/PAI-2 ratio 1.22 +0.66 0.75+0.39 <.001 <.001
tPA [mg/mL] 3.96+1.62 410+ 1.65 .629 421
Fibrinogen [umol/L] 12.3+2.08 12.4+1.98 674 .124
D-dimer [mg/L FEU] 1.30+£3.78 0.85+2.44 273 375
CRP [mg/l] 5.08 +4.51 5.21+5.88 .509 294

Levels of the hemostatic parameters in the group of vitamin D deficient pregnant women (serum vitamin D levels <50 nmol/L) compared to the group of pregnant
women with high adequate vitamin D status (serum vitamin D levels >100 nmol/L). Data are presented as mean + SD. P-values are indicated for primary
comparison' (student’s t test or Mann-Whitney test) and for multiple regressionZ separately. P-values <0.05 are highlighted in bold. Multiple regression models
were adjusted for pre-pregnancy, BMI, smoking status, and use of fish oil supplements. Abbreviations: 25(OH)D, 25-hydroxy vitamin D; BMI, body mass index; CRP,
c-reactive protein; FEU, fibrinogen equivalent units; PAI-1, plasminogen activator inhibitor |; PAI-2, plasminogen activator inhibitor 2; tPA, tissue plasminogen
activator; VWF, von Willebrand factor; ttpeak, time to peak; ETP, endogenous thrombin potential.

full in supplemental table 1). In the multiple regression analy-
ses, the statistically significantly higher levels of PAI-1 and
the significantly increased PAI-1/PAI-2 ratio were maintained
in the group of pregnant women with vitamin D deficiency
when compared to the women with high adequate vitamin D
levels. In the multiple regression analysis, VWF and PAI-2
levels were no longer found to be significantly different in the
2 groups, as smoking seemed to be determining for vWF,
whereas pre-pregnancy BMI had an impact on PAI-2.
Furthermore, a significant difference in thrombin generation
parameters, not initially shown, were found, as the women
with high adequate vitamin D status had a significantly
increased lag time, ETP and peak height. No additional statisti-
cally significant differences in hemostatic parameters were
observed between the 2 groups (Table 2).

Discussion

Despite the markedly increased risk of thromboembolic events
during pregnancy, this study is, to our knowledge, the first
investigation of vitamin D and the hemostatic system focusing
on pregnant women. Moreover, the study assesses hemostatic
parameters covering both primary hemostasis, secondary hemo-
stasis, and fibrinolysis as well as the placental specific factor
PAI-2 which has never been investigated in relation to
vitamin D status. Among the hemostatic parameters investi-
gated, we found significantly higher levels of PAI-1 and an
increased PAI-1/PAI-2 ratio in pregnant women with vitamin
D deficiency (<50 nmol/L) when compared to pregnant
women with high adequate vitamin D levels (=100 nmol/L).
A finding that remained significant, when considering other
potentially relevant factors, namely pre-pregnancy BMI,
smoking status, and use of fish oil supplements.

PAI-1 level is a well-known marker of fibrinolytic activity
and increased levels of PAI-1 impair fibrin clearance. A
reduced fibrinolytic capacity is associated with a prothrombotic
profile, and high plasma levels of PAI-1 have been associated
with increased risk of cardiovascular disease.*’ Likewise, trans-
genic mice over-expressing PAI-1 suffer severe venous throm-
bosis,*® while PAI-1 knock-out mice display reduced venous
thrombosis and atherosclerosis*® supporting a possible clinical
benefit of reduced PAI-1 levels in pregnant women with high
adequate vitamin D levels as presented in our study.
However, prospective data is needed to validate this
assumption.

The inverse relationship between PAI-1 and vitamin D found
in this study, has also previously been reported in other studies
performed in non-pregnant populations, including a large multi-
ethnic cross-sectional study with 6443 participants by Blondon
et al*' and a study by Moin et al*® in 99 women with PCOS.
Furthermore, a randomized controlled trial by Witham et al, 18
also showed a significant reduction in PAI-1 levels after
vitamin D supplementation compared to placebo in a non-
pregnant population. However, no significant associations
were found in 5 other randomized controlled trials and interven-
tion studies.'>>'>* In vitro vitamin D has been shown to sup-
press PAI-1 production in a number of cell types including
osteoblast-like cells and human coronary artery and aortic
smooth muscle cells.”>”® While these observations appear to
be important, the exact mechanism underlying vitamin D sup-
pression of PAI-1 remains to be defined.

The exact role of PAI-1 in gynecological and obstetrical dis-
eases has not been established®’ but some studies suggest a role
of PAI-1 in the occurrence and development of pregnancy com-
plications such as preeclampsia®® and fetal growth restriction
(FGR).> Increased PAI-1 may result in the excessive
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deposition of fibrin and reduced blood flow at the maternal-fetal
interface, which affects the growth and development of the
fetus. Interestingly, a range of pregnancy complications, includ-
ing preeclampsia and FGR, have also been associated with low
maternal vitamin D levels.®*%?

PAI-2 is an inhibitor of fibrinolysis and is produced in the
placenta, hence being unique for pregnancy. Reduced levels
of PAI-2 in vitamin D deficient pregnant women were found
in the initial comparison, however, in the multiple regression
analysis, we found PAI-2 levels to be affected by maternal pre-
pregnancy BMI, which could relate to BMI-related effects on
placental function or on vitamin D levels.”> Notably, PAI-2
has been suggested to play a role in pregnancy complications,
especially preeclampsia, where PAI-2 levels, opposed to
PAI-1 levels, have been found to be decreased,*”*** suggesting
a complex role of PAI-2 in pregnancy complications.

In line with this, the ratio between PAI-1 and PAI-2 levels
has been suggested as an indicator of placental function. With
a low PAI-1/PAI-2 ratio indicating good placental function
and a high PAI-1/PAI-2 ratio indicating poor placental function
and an increased risk of preeclampsia.®*®3 In the present study,
we found a higher PAI-1/PAI-2 ratio in pregnant women with
vitamin D deficiency, which could be associated with the
increased prothrombotic profile and pregnancy complications.

Unexpectedly, this study showed an association between
high adequate vitamin D status and increased levels of vWF.
However, after adjusting for smoking this association was no
longer statistically significant. It is well known that smoking
affects levels of vVWF in healthy adolescent females, indepen-
dently of other risk factors.®® In accordance with our findings,
3 cross-sectional studies'®*' and 2 interventional
studies®”®® previously investigating the association between
vWF and vitamin D in non-pregnant populations did not find
any association between high vitamin D levels and increased
levels of vWF.

Analyses of thrombin generation is often considered a global
measure of hemostasis.®”~"' Multiple regression models in the
present study show a significantly decreased lag time, ETP
and peak height in vitamin D deficient women compared to
women with high adequate vitamin D status. This indicates
both antithrombotic (ETP and peak height) and prothrombotic
(lag time) properties of low vitamin D levels. These results
are somewhat puzzling, as we expected that subjects with low
vitamin D status would have a higher thrombotic potential.
Although ETP may not completely reflect fibrinolytic activity,
the clinical significance of these divergent results on thrombin
generation is unclear. Accordingly, previous studies investigat-
ing the association between vitamin D and thrombin generation
parameters in nonpregnant populations have also shown similar
divergent results.'>->'-¢7-72

No significant differences were shown between the 2 groups of
pregnant women in the present study when comparing the addi-
tional hemostatic parameters. According to our recent systematic
review,”” findings on the effect of vitamin D on hemostatic param-
eters in nonpregnant populations have generally been inconclu-
sive. However, of particular note, Blondon et al'® suggested that

the influence of vitamin D status on hemostasis may be restricted
to individuals with a severe vitamin D deficiency (<25 nmol/L).
However, in the present study, very few of the participants had
vitamin D levels <25 nmol/L limiting our ability to test the
effect of severe vitamin D deficiency in pregnancy.

In the present study, 71% of the pregnant women with vitamin
D deficiency (<50 nmol/L) received a minimum of 10 pg of
vitamin D supplement as recommended by the Danish Health
authorities. This underlines, that vitamin D levels as determined
by 25(OH)D is highly dependent on both dietary intake and the
endogenous synthesis in the skin in response to sun expo-
sure,”*”7® with a higher need for supplementation during winter
months. Currently, there are much debate about the optimal
vitamin D level during pregnancy. To this end, daily doses of
up to 100 pg (4000 IU) have been tested and found safe in preg-
nancy.”” The Endocrine Society®® and the Danish Society for
Obstetrics and Gynecology™® currently suggests that sufficient
vitamin D levels should be defined as a minimum level of
75 nmol/L in pregnancy. However, so far, no studies have consid-
ered whether emphasis should be put on the role of vitamin D in
hemostatic regulation when determining the optimal vitamin D
level in pregnancy. As this study is limited by the exclusion of
women having vitamin D levels in the 50 to 100 nmol/L range,
further studies are needed to clarify if 75 nmol/L also moderates
the prothrombotic profile of pregnancy. This study is further
limited by the sample size, as small differences in the prevalence
of life-style habits and body composition among the 2 groups
might have a more prominent impact on the results with the
current sample size. Furthermore, as we did not register the spe-
cific time for each blood sampling for this study, it can not be
excluded that the circadian rhythm displayed by some of the fibri-
nolytic parameters might also have an impact on the results.

Conclusion

Compared to women with high adequate vitamin D status,
PAI-1 levels, and PAI-1/PAI-2 ratio were statistically signifi-
cantly increased in pregnant women with vitamin D deficiency.
This could indicate fibrinolytic differences in vitamin D defi-
ciency and possible thrombo-protective properties of vitamin
D in pregnancy. Noting that increased PAI-1 levels and
PAI-1/PAI-2 ratio are also associated with increased risk of
pregnancy complications, a deeper understanding on how
vitamin D affects the hemostatic system and how hemostatic
factors may contribute to pregnancy-related diseases are
needed, especially in the light of the high prevalence of
vitamin D deficiency in many pregnant populations.

List of abbreviations

25(OH)D  25-hydroxy vitamin D

BMI Body mass index

CRP c-reactive protein

ELISA Enzyme-linked immunosorbent assay
ETP endogenous thrombin potential
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FEU fibrinogen equivalent units

FGR fetal growth restriction

tPA tissue plasminogen activator
ttpeak time to peak

vWF von Willebrand factor

PAI-1 plasminogen activator inhibitor 1
PAI-2 plasminogen activator inhibitor 2
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