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ABSTRACT

Background: Overweight and obesity may predispose women to clinical complications during
their pregnancy. We hypothesize that a higher degree of overweight status is related to a range
of aberrations in biomarkers already in early pregnancy. Our objective was to investigate
whether intestinal microbiota, serum metabolic and inflammatory profiles differ in relation to

the degree of overweight status in pregnant women.

Methods: This study investigated 52 overweight and 47 obese pregnant women in early
pregnancy. Fecal samples were analyzed for intestinal microbiota composition by 16S
ribosomal RNA gene sequencing and Qiime pipeline. Circulating serum metabolites, including
lipids, amino acids and GlycA, a marker of low-grade inflammation, were analyzed by NMR
metabolomics and hsCRP was quantified by immunoassay. Serum zonulin levels were
analyzed to depict intestinal permeability by Zonulin ELISA kit and LPS activity for
endotoxemia by Limulus amebocyte lysate assay. The analyses were adjusted for multiple

comparisons using Benjamini-Hochberg procedure for false discovery rate controlling.

Results: The relative abundance of bacterial family Prevotellaceae (adjusted P=0.19) and
markers of low-grade inflammation, hsCRP (P=0.0015) and GlycA (P<0.001) and three
branched chain amino acids (isoleucine, adjusted P=0.024; leucine, adjusted P=0.026; valine,
adjusted P=0.10) and one aromatic amino acid (phenylalanine, adjusted P=0.050) and
concentrations of several VLDL particles and lipid measures in several VLDL particles were
higher in obese pregnant women compared to their overweight pregnant counterparts (adjusted
P<0.12). In contrast, lipid measures in a few HDL particles and many fatty acids were lower

in obese compared to overweight pregnant women (adjusted P<0.12).
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Conclusions: The detected alterations in intestinal microbiota and metabolic and inflammatory
profiles related to obesity status may offer new alternative tools to supplement standard clinical

measures to predict the risk for metabolic alterations during the early phase of pregnancy.

Keywords: Intestinal microbiota, metabolic profile, low grade inflammation, obesity,

overweight, pregnancy

Abbreviations: BMI, body mass index; GlycA, glycoprotein acetyls, mainly al-acid
glycoprotein; HbAl1c, glycated haemoglobin; hsCRP, high-sensitive C-reactive protein;
HOMAZ2-IR, homeostatic model assessment-method; LPS, lipopolysaccharide; PCA, principal

component analysis

INTRODUCTION

Several metabolic changes take place during pregnancy to meet the high demands posed by
fetal growth and development®. Furthermore, changes have been observed in the intestinal
microbiota composition? and inflammatory profilel. These physiological changes are
stringently regulated by several hormones from thyroid gland, ovaries and placenta. If the
woman is either overweight (body mass index, BMI, 25-30) or obese (BMI < 30), this may
impose an additional burden during pregnancy, as manifested in metabolic disturbances such
as insulin resistance®. Indeed, overweight and obesity have been shown to associate with an
increased risk of adverse pregnancy outcomes, these including gestational diabetes* and even
miscarriage®. In the offspring, the risks include excessive fetal growth®, and also metabolic

diseases in later life mediated through early programming mechanisms’.

However, the extent to which intestinal microbiota composition and metabolic and

inflammatory profiles i.e. markers potentially related to adverse events during pregnancy,
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differ according to the women’s overweight and obesity status is poorly known. Some previous
studies have indicated that an increasing maternal weight is related to lowered numbers of
Bacteroidetes and Bifidobacterium® and a higher number of Staphylococcus as assessed by
targeted microbiota analyses®. Further, some metabolic markers, i.e. decreased urinary
concentrations of hippurate and phenylalanine and increased levels of creatine, lactate, lysine,
citrate and acetate!® and increased concentrations of serum inflammatory markers, including
C-reactive protein, monocyte chemoattractant protein-1, interleukin-6 and interleukin-1
receptor antagonist!! were detected in pregnant women with increasing weight. Currently the
potential adverse consequences of overweight and obesity during pregnancy is regulated by
limiting the pregnancy weight gain defined according to the prepregnancy BMI*2, We would
argue that an early identification of additional modifiable risk factors in this at-risk group of
pregnant women would be likely to provide motivational strategy for health counselling of
pregnant women, and thus be helpful in lowering the risk of adverse clinical manifestations in

both mother and child.

The objective of this study was to investigate whether intestinal microbiota composition and
serum metabolic and inflammatory profiles differ and are interrelated in overweight and obese

women during early pregnancy.

SUBJECTS AND METHODS

Subjects

The study investigated 99 overweight and obese pregnant women at early pregnancy who
participated in the on-going mother-infant dietary intervention trial (ClinicalTrials.gov,
NCT01922791). Mothers were taken to the study for the analysis of intestinal microbiota and
serum markers at baseline in order of enrollment in the trial. A total of 52 mothers were

overweight (BMI 25-30) with the remaining 47 classified as obese (BMI > 30). The inclusion
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criteria into the trial were overweight (prepregnancy BMI > 25) and early pregnancy (< 17
weeks of gestation). The exclusion criteria were gestational diabetes diagnosed before
enrollment, multifetal pregnancy, presence of metabolic or inflammatory chronic disease,
including type 1 and 2 diabetes, coeliac disease and inflammatory bowel disease. Written
informed consent was obtained from all participants. The study was conducted according to
the Declaration of Helsinki and all procedures were approved by the Ethics Committee of the

Hospital District of Southwest Finland (permission 115/180/2012).
Clinical procedures and sampling

Blood and fecal samples and clinical measurements were obtained in early pregnancy (a mean
of 13.2 + 4.4 weeks of gestation). Height was measured by a wall stadiometer to the nearest
0.1 cm, fat percent by air displacement plethysmography (Bod Pod system, COSMED, Inc.,
Concord, CA, USA), blood pressure by digital sphygmomanometer, prepregnancy weight was
self-reported and was obtained from the maternal welfare clinic records. Prepregnancy BMI
was calculated as weight in kilograms/(height in meters squared). Overweight was defined a
BMI equal to or greater than 25 kg/m?, whereas the woman was obese if their BMI was equal
to or greater than 30 kg/m? (ref. 13). Values of 120 mmg Hg for systolic and 80 mm Hg for

diastolic blood pressure or below were considered normotensive.
Diet and physical activity

Three-day food diaries were gathered in the week prior to study visit. The subjects were
instructed to record their food intake and to guarantee the completeness and accuracy diaries
were checked with a portion picture booklet. Mean daily intakes of energy, energy yielding
nutrients and fiber were calculated by using computerized software (Aivo diet 2.0.2.3, Aivo,
Turku, Finland). Women completed a physical activity questionnaire containing questions

regarding the physical activity at occupation, commuting and from work and during leisure
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time. An index number (MET index, h/iwk) was calculated from three questions describing the

leisure time activity level**,
Glucose metabolism

The glucose concentration was measured using an enzymatic method utilizing hexokinase
(Cobas 8000 automatic c702-analyzer, Roche Diagnostics, Mannheim, Germany), the insulin
concentration with an immunoelectrochemiluminometric assay (a modular E170 automatic
analyzer, Roche Diagnostics, Mannheim, Germany), glycated haemoglobin (HbA1c) by ion-
exchange HPLC (Bio-Rad Variant 1l Haemoglobin Alc Program, Bio-Rad Laboratories,
Marnes-la-Coquette, France) and insulin resistance was estimated with the homeostatic model

assessment-method (HOMAZ2-IR) using HOMA calculator (http://www.dtu.ox.ac.uk/)®.

Glucose concentration below value of 5.3 mmol/l, insulin values below 26 mU/lI and HAbc1l

levels under 6.5 % were considered within reference limits.

Low-grade inflammation, LPS and zonulin

High-sensitivity C-reactive protein (hsCRP) was determined to assess low-grade inflammation
by using an automated colorimetric immunoassay on the Dade Behring Dimension RXL
autoanalyzer (Siemens Healthcare, Camberly, Surrey, UK) and lipopolysaccharide (LPS)
activity for endotoxemia by Limulus amebocyte lysate assay coupled with a chromogenic
substrate (HyCult Biochemistry, Uden, theNetherlands). For hsCRP, the lower limit of
detection was 0.1 mg/l and for LPS, the interassay coefficient of variation was 5.9%. Serum
zonulin levels were was analyzed for intestinal permeability by the Zonulin ELISA kit

(Immundiagnostik, Bernsheim, Germany); the zonulin interassay variation assay was 10.6%.

Metabolomics
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A high-throughput proton NMR metabolomics platform (Brainshake, Helsinki, Finland) was
used to analyze serum metabolic profile as described earlier'®. The analysis platform
encompasses 223 variables (213 lipids, 9 amino acids and Glycoprotein acetyls, mainly al-
acid glycoprotein (GlycA), a novel marker of low-grade inflammation). GlycA consists of a
complex of heterogeneous nuclear magnetic resonance signal containing N-acetyl sugar groups
originating from multiple acute phase circulating glycoproteins; al-acid glycoprotein,

haptoglobin, al-antitypsin, a1-antichymotrypsin and transferrin®”’.
Intestinal microbiota composition, richness and diversity

Intestinal microbiota composition was analyzed using 16S RNA gene sequencing and Qiime
pipeline as previously described®. Based on the sequences, a total of 731 operating taxonomic
units (OTUs) were detected, and the relative abundance was determined using these OTUs.
The bacteria with relative abundance > 1% were considered to be reliable and were taken for
further analysis. To evaluate richness and diversity, we analyzed Chaol, observed species,

phylogenetic diversity (PD) and Shannon index*®.
Statistical analysis

SPSS Statistics 24.0 (IBM, Chicago, IL, USA) for Windows was used for statistical analyses.
The normality distributions of the data was checked through visual inspection of histograms
and with Kolmogorov-Smirnov test. The independent samples t-test was used for comparing
normally distributed data and the Mann-Whitney U test for comparing the non-parametric data
(insulin, HbAlc, HOMAZ2-IR, hsCRP, observed species, PD, Shannon index, intestinal
microbiota and NMR metabolites) between overweight and obese pregnant women. Chi-
square-test was used to compare categorical data. To further test whether specific metabolic
patterns could be detected, a principal component analysis (PCA) of serum metabolites was

performed. The correlations between prepregnancy BMI, diet, microbiota, metabolites and
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low-grade inflammation markers were evaluated with a Spearman rank order test. To examine
the interrelations among microbiota, metabolic and low-grade inflammatory markers a
stepwise linear regression was conducted. Two linear regression models with either HOMA2-
IR or GlycA (mmol/l) as outcome variable with multiple variables as predictors were used.
These factors are known risk factors for the development of metabolic diseases including type
2 diabetes?®?!, gestational diabetes?> and cardiovascular diseases?® (serum triglycerides,
mmol/l; very large VLDL particles, mol/l; cholesterol in large HDL, mmol/l; ratio of omega-
3, omega-6 and polyunsaturated fatty acids to total fatty acids, % from lipid metabolites; MET
index, h/wk; intake of energy and energy yielding nutrients as grams and as percentages.
Further, the variables from microbiota (Prevotellaceae) and amino acids (leucine, isoleucine,
valine and phenylalanine, mmol/l) variables that remained significant, after correction for
multiple analyses, in comparison between overweight and obese women and after correction
for multiple analysed were included in the model. These variables have also been associated

with BMI?,

The results are shown as mean + standard deviation (SD), median and interquartile range (IQR)
or median difference and confidence interval (95 % CI), percentage difference of median or
correlation coefficient (rho) or regression coefficient (B) and 95% CI. Differences were
considered significant with P-value below 0.05. The statistical analysis of metabolites (lipids
and amino acids separately) and intestinal microbiota (at each taxonomic level) was adjusted
for multiple comparisons using adaptive Benjamini-Hochberg procedure for the false discovery
rate controlling. Adjusted P-values < 0.20 concerning microbiota (number of tested variables
57) and adjusted P-values < 0.12 concerning metabolites (number of tested variables 222) and
adjusted P-values < 0.05 considering Spearman rank order test between pregestational BMI
with microbiota (number of tested variables 57), lipids (number of tested variables 213) or

amino acids (number of tested variables 9) and Spearman rank order test between low-grade
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inflammation and lipids (number of tested variables 213) or amino acids (number of tested
variables 9) and Spearman rank order test between diet and metabolites (hnumber of tested

variables 222) were considered significant.

RESULTS

Clinical characteristics

Clinical characteristics of the women are shown in Table 1. The groups of overweight and
obese women were clearly distinguishable according to their prepregnancy BMI, weight and
body fat percent at early pregnancy. Half of the pregnant women were highly educated with
college or university degrees. Both groups were normotensive and normoglycemic according
to their mean systolic and diastolic blood pressure and fasting glucose concentration. Even
though, mean glucose and insulin concentrations as well as HOMAZ2-IR were within reference
limit in both groups, obese pregnant women had significantly higher values than the overweight
pregnant women. Five women had thyroxine related disease and thyroxine medication, nine
women had lung disorders with four of them being administered corticosteroid medication,
fifteen women had allergies of which one was taking antihistamines and two women had
psoriasis, with one of them receiving corticosteroid therapy. Mean daily intakes of energy,
energy yielding nutrients and fiber or MET index describing physical activity did not differ
between overweight and obese pregnant women. Neither, serum zonulin levels, a marker of
intestinal permeability, nor LPS activity, a marker of endotoxemia, differ between the two

groups.

Metabolic profile

In the evaluation of lipid profile, 157 of 213 lipid metabolites differed statistically significantly

between overweight and obese pregnant women (Figure 1; Exact values are presented in
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Supplementary Table 1a). After adjusting the P-values (Benjamini-Hochberg procedure) 84
lipid metabolites remained statistically significantly different between the two groups. The
majority of these (59/84) were higher in obese compared to overweight pregnant women.
Specifically, concentrations of several VLDL subclasses and several lipid measures in many
VLDL subclasses were higher in obese than overweight pregnant women. In contrast, lipids in
certain HDL subclasses and omega-6 fatty acid, 18:2 linoleic acid plus the ratio of
polyunsaturated fatty acids to total fatty acids, as well as the estimated degree of unsaturation

of fatty acids were lower in obese (Figure 1).

Further, we evaluated the association of prepregnancy BMI as continuous variable with lipid
metabolites and found a correlation with 92/213 lipid metabolites. After adjusting the P-values
(Benjamini-Hochberg procedure), 65/213 remained statistically significant (Supplementary
Table 1Db), these including mainly measures related to VLDL and HDL particles as well as fatty

acids.

The concentrations of three branched chain amino acids and one aromatic amino acid were
statistically significantly different between overweight and obese pregnant women. After
adjusting the P-values (Benjamini-Hochberg procedure), these four amino acids, namely
isoleucine (median 0.05 (IQR 0.04-0.06) vs median 0.04 (IQR 0.04-0.05) mmol/l, P = 0.024),
leucine (median 0.07 (IQR 0.06-0.08) vs median 0.06 (IQR 0.06-0.07) mmol/l, P = 0.026),
valine (median 0.2 (IQR 0.1-0.2) vs median 0.1 (IQR 0.1-0.2) mmol/l, P = 0.10) and
phenylalanine (median 0.08 (IQR 0.08-0.09) vs median 0.08 (IQR 0.07-0.08) mmol/l, P =
0.050) remained statistically significantly higher in the obese pregnant women. Exact values
of the analyzed metabolites in overweight and obese pregnant women are presented in
Supplementary Table la. PCA was conducted to evaluate whether overweight and obese
pregnant women differed in their amino acid metabolic pattern. Glycine, alanine,

phenylalanine, isoleucine, leucine, tyrosine and valine clustered with obese pregnant women
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while glutamine and histidine clustered with overweight pregnant women (Figure 2a & b).
When analyzing the association between prepregnancy BMI and the nine amino acids and after
adjusting for multiple testing (Benjamini-Hochberg procedure), branched chain and aromatic
amino acids remained statistically significant (isoleucine adjusted P-value < 0.001, leucine
adjusted P-value = 0.01, valine adjusted P-value = 0.01 and phenylalanine adjusted P-value =
0.04) while glycine did not (adjusted P-value = 0.07) (see Supplementary Table 1b for

unadjusted and adjusted correlation coefficient values).

Intestinal microbiota profile, richness and diversity

In both groups of pregnant women the main dominating phyla were Bacteroidetes and
Firmicutes which did not differ between overweight and obese women (Table 2). The relative
abundances of four bacteria belonging to the phylum Bacteroidetes, including a bacterial family
Prevotellaceae (mean 3.69 = SD 9.03 vs mean 2.50 = SD 6.82, P = 0.019), genus Prevotella
(mean 3.69 + SD 9.03 vs mean 2.50 + SD 6.82, P = 0.019) and species copri (mean 3.14 + SD
8.47 vsmean 2.18 £ SD 6.84, P =0.033) were higher in obese compared to overweight pregnant
women whilst species uniformis (mean 3.62 + SD 3.09 vs mean 6.00 + SD 5.06, P = 0.012)
was lower in the obese pregnant women. After adjusting for multiple variables (Benjamini-
Hochberg procedure), the bacterial family Prevotellaceae was found to be higher in obese
compared to overweight pregnant women (p = 0.19). No statistically significant differences
were detected between obese and overweight pregnant women in the richness index Chaol
(mean + SD: 376.4 £ 58.7 vs 387.5 £ 56.6, P = 0.36), observed species (median (IQR): 336.2
(296.2-372.1) vs 348.6 (296.2-372.1), P = 0.38), PD (median (IQR): 36.5 (31.7-39.8) vs 36.93
(31.5-41.8), P = 0.53), Shannon index (median (IQR): 5.4 (5.0-5.9) vs 5.48 (5.3-5.8), P = 0.64)
and Firmicutes to Bacteroidetes ratio (median 0.89 (IQR 0.61-1.22) vs 0.92 (0.62-1.23),

P=0.59). Prepregnancy BMI correlated statistically significantly with species uniformis (rho =



259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

-0.22, P = 0.036), although this did not remain significant after adjusting for multiple variables

(Benjamini-Hochberg adjusted P-value = 0.76; Supplementary Table 1b).

Interrelations of low-garde inflammation, microbiota, metabolic markers and diet

Low-grade inflammatory markers, GlycA and hsCRP, were statistically significantly elevated
in obese compared to overweight pregnant women (Table 1). Moreover, prepregnancy BMI
correlated with hsCRP and GlycA (rho = 0.38, P < 0.001 and rho = 0.46, P < 0.001,

respectively) (Supplementary Table 1b).

Next, we evaluated the relation of GlycA and hsCRP with lipid and amino acid profiles
separately as continuous variables. After adjusting the P-values (Benjamini-Hochberg
procedure) of the Spearman rank order test, 171 of 213 lipids correlated statistically
significantly with GlycA while 59 of 213 lipids correlated with hsCRP. The correlation
coefficients were also higher between GlycA and lipids than between hsCRP and lipids

(Supplementary Table 1c).

With respect to the amino acids, both GlycA and hsCRP correlated with the following
concentrations; isoleucine (r = 0.64, P > 0.001 and r = 0.27, P = 0.007, respectively, Spearman
rank order test), leucine (r = 0.44, P < 0.001 and r = 0.23, P = 0.023) and phenylalanine (r =
0.50, P < 0.001 and r = 0.40, P < 0.001). GlycA also correlated with alanine (p = 0.36, P <

0.001) (Supplementary Table 1c).

We evaluated the interrelations of inflammation, amino acids and other metabolic risk markers
by conducting a PCA correlation plot (Figure 2¢). GlycA and four amino acids, these including
isoleucine, leucine, phenylalanine and valine, were found to cluster with HOMAZ2-IR and

insulin.
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In the stepwise linear regression models the best explanatory factors for HOMA2-IR were
prepregnancy BMI ( 0.072; 95% CI 0.046, 0.099; P < 0.001), very large VLDL particle (p
9.58, 95% CI 5.65, 13.51, P < 0.001) and valine (B 6.22; 95% CI 1.63, 10.80; P = 0.008) and
for GlycA very large VLDL particle (p 3.15, 95% CI 2.15, 4.14, P < 0.001), phenylalanine (8
5.96; 95% Cl 4.10, 7.82; P < 0.001), leucine (B -8.42; 95% CI -12.75, -4.09; P < 0.001) and
isoleucine (B 9.65; 95% CI 3.74, 15.57; P = 0.002) (Table 3). Physical activity and diet were
found not to explain HOMAZ2-IR or GlycA. Instead, dietary intake correlated with several lipid
metabolites (Supplementary Table 1d). After adjusting for multiple comparison, correlation

between fiber and lipid metabolites remained significant.
DISCUSSION

We found that the intestinal microbiota, as well as serum metabolic and inflammatory profiles
differ according to the degree of overweight status in women with no clinical manifestations
of pregnancy related complications, with the aberrations being more pronounced in obese
women. As far as we are aware, this is the first study which has investigated jointly these
profiles in relation to the overweight and obesity status of the pregnant women. These results
may be of significance considering the elevated risk for both short and long-term health risks

associated with higher degree of obesity®2.

We demonstrated that lipid values in several VLDL subclasses were found to be higher whereas
there was a reduction in the lipid measures in HDL particles and several fatty acid related
measures in obese compared to overweight pregnant women. These obesity status related
alterations in lipid profile have also been detected previously in both pregnant?>2® and non-
pregnant subjects?’. The new finding in our study relates to the detailed examination of several
lipid measures in VLDL, LDL and HDL lipoprotein subclasses utilizing metabolomics analysis

in obese and overweight pregnant women. In general, by utilizing more traditional measures,
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dyslipidemia in obesity has been characterized by elevated triglycerides, total cholesterol and
LDL cholesterol, as well as decreased HDL cholesterol concentrations?® which can further
contribute to pregnancy related adverse clinical manifestations2°%3! In addition to
prepregnancy BMI, we found that diet, but not exercise, associated with lipid metabolites,
particularly the relation of dietary fibre with serum polyunsaturated fatty acids was detected.
This correlation may be mediated by intestinal microbiota as we have recently shown in
pregnant women that fiber enhances gut microbiota richness®2, which again has been linked to

a healthier metabolic phenotype®3*.

We propose that the key denominator for the adverse clinical manifestations is likely related to
the interaction of aberrant metabolism and low-grade inflammation as we found that the levels
of two markers of low-grade inflammation, hsCRP and GlycA, were higher in obese compared
to overweight pregnant women. In particular, the novel marker, GlycA*°, has been shown to
correlate with obesity and insulin resistance?®, which may be of particular importance during
pregnancy considering the heightened risk of gestational diabetes in overweight and obese
pregnant women®, Furthermore, to confirm the interaction aspect we showed that several lipids
and amino acids correlated with GlycA and hsCRP. Interestingly, we found that the correlation
with GlycA was more pronounced than with hsCRP. Our finding is in line with previous studies
in which GlycA has been shown to correlate with higher concentrations of triglycerides and
other lipid levels, such as LDL cholesterol, in non-pregnant subjects?’’ and obese and
overweight pregnant women®. In addition to lipids, the level of GlycA has been shown to
correlate with the amounts of branched chain amino acids in non-pregnant subjects®’. This is
the first time that a correlation between GlycA and branched chain and aromatic amino acids
has been detected in pregnant women. Interestingly, in stepwise linear regression modelling
the relation of branched chain amino acids to GlycA was even stronger than that of

prepregnancy BMI. Furthermore, we found that the levels of GlycA, branched chain and
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aromatic amino acids associated with HOMAZ2-IR and insulin. In contrast, in the stepwise
linear regression modelling the best explanatory predictor of HOMAZ2-IR was prepregnancy

BMI.

In previous studies, the concentrations of branched chain amino acids along with aromatic
amino acids, have been related to obesity and insulin resistance®**’, as well as to an increased
risk of type 2 diabetes®® in non-pregnant individuals. In the evaluation of amino acid profile,
we found that in comparison to overweight pregnant women, the obese women had higher
serum concentrations of four amino acids, these including three branched chain amino acids
and one aromatic amino acid, which is in line with the previous studies demonstrating an
association of maternal BMI with concentration of circulating branched chain amino acids®.
Moreover, the detected correlations between prepregnancy BMI and branched chain and
aromatic amino acids in our study strengthen the finding. These results may be of significance
regarding maternal health as serum concentrations of amino acids, particularly those of arginine
and glycine, in the targeted mass-spectrometry analysis were associated with an increased risk
of gestational diabetes* . In our study, the elevated concentration of branched chain amino acids
was coincidental with higher insulin and glucose concentrations already during early

pregnancy.

The mechanism to explain how increased levels of branched chain amino acids induce insulin
resistance has been postulated to involve uncoupling of insulin receptor from insulin receptor
substrate-1 by activation of mammalian target rapamycin complex 1*. Possible factors
influencing the branched chain amino acid levels in the serum include dietary intake and
catabolism of branched chain amino acids*'. In our study, we did not detect differences in
protein intake between obese and overweight pregnant women or correlation between protein
intake and amino acid metabolites, suggesting that the diet was not a contributing factor in our

study. Although, it is possible that instead of single nutrients, it could be useful to evaluate the
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associations of dietary patterns with serum metabolites*?. The second mechanism relates to the
catabolism of the branched chain amino acids through down-regulation of mitochondrial
activity, as observed in a study conducted in twins®, with subsequent elevated blood
concentrations. Recently, intestinal microbiota composition has been suggested as a contributor
to these changes. We detected a higher relative abundance of Prevotella copri in obese
compared to overweight pregnant women, although after adjusting for multiple variable
comparison, this was not statistically significant. Nevertheless, this finding is of interest** as
Prevotella copri has been linked to the biosynthesis of branched chain amino acids and
subsequent development of insulin resistance. Microbiota composition and the metabolic
activity of the microbiota may also explain our findings on the more enhanced levels of serum
glucose and cholesterol in obese compared to overweight pregnant women. Indeed, the
detected higher relative abundance of family Prevotellaceae in obese compared to overweight
pregnant women may contribute to glucose metabolism through the produced metabolites. It
has been shown previously that the family Prevotellaceae that belong to phylum Bacteroidetes,
produce propionate and acetate that take part in gluconeogenesis and synthesis of cholesterol
and de novo synthesis of lipids, respectively®. Furthermore, one previous study showed that
women with a history of metabolic disorder, have a Prevotellaceae-dominated intestinal
microbiome and lower abundance of the phylum Firmicutes compared to women with no
history of metabolic disorder®®. In contrast, there was a lower abundance of species uniformis
in obese compared to overweight pregnant women in our study. However, after adjusting for
multiple comparisons, the change in the abundance of uniformis did not remain statistically
significant. Nevertheless, administration of species uniformis has been shown to decrease
metabolic and immune dysfunction by affecting macrophage and dendritic cell function and
intestinal dysbiosis in obese mice consuming a high fat diet*’. Of note is that the gut microbiota

composition may alter during pregnancy?, but further studies are needed to establish which
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bacteria and in which state of pregnancy could be considered as predictive markers of

metabolic disturbances.

The strength of our study lies in its detailed analysis of a large number of circulating
metabolites and intestinal microbiota data from well characterized overweight and obese
pregnant women who were otherwise healthy. We also used robust statistical methods and
corrected for multiple comparisons. One possible limitation relates to the lack of normal weight
pregnant women as a comparative groups. Although our focus was in a group of pregnant
women at risk for clinical complications, normal weight pregnant women as a comparative

group would have allowed generalization of the results to a wider population.

In conclusion, this study highlights the impact of overweight and obesity status on maternal
intestinal microbiota, metabolic and inflammatory profiles during early pregnancy. The
observations of early alterations in these markers could provide new predictors to supplement
standard clinical markers, particularly as costs associated with microbiota and particularly
metabolomics analytics are becoming reasonable, providing information about a large number
of metabolites while at the same time providing comparable results to the traditional assays of

biomarkers.
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Table 1. Clinical characteristics and intake of energy yielding nutrients and fiber of overweight

and obese pregnant women at early pregnancy.

Overweight Obese pregnant | P-value

pregnant women, | women, n =48

n=>52
Characteristics:
Age (years) 305 305 0.78
Education (college or university) 0.519 0.511 0.88
Gestational age (weeks) 13+3 13+3 0.82
Prepegnancy BMI (kg/m2) 27 £2 34 x4 <0.001
Weight (kg) 77.3+8.6 945+ 14.0 <0.001
Fat percent (%) 39.8+4.6 48.3+ 3.8 <0.001




560

561

562

563

Systolic blood pressure (mmHgQ) 117 £ 14 119+10 0.37
Diastolic blood pressure (mmHg) 76+ 9 799 0.12
Intake of energy, energy yielding nutrients & fiber:

Energy (kJ) 8090 + 1503 8194 + 2203 0.79
Carbohydrates

) 215 + 56 229 £ 75 0.31
(%) 45+ 7 47 + 6 0.090
Protein

9) 85+ 22 80+ 19 0.29
(%) 18+5 17+3 0.24
Fat

) 76 + 22 7525 0.73
(%) 35+7 34+6 0.38
Fiber

) 19+6 207 0.58
Physical activity:

MET index (h/wk) | 75(3.0-12.0) [3.9(12-12.0) |0.27
Serum glucose markers:

Insulin (mU/l) 9.0 (7.0-11.0) 14.0 (9.0-17.0) <0.001
Glucose (mmol/l) 4.7+0.3 49+0.3 0.015
HbA1c (%) 4,98 + 0.22 49+0.3 0.36
HOMAZ2-IR 1.2 (0.9-1.4) 1.7 (1.1-2.2) <0.001
Low-grade inflammation markers:

hsCRP (mg/l) 4.0 (1.8-6.9) 6.1 (4.0-10.0) 0.0015
GlycA (mmol/l) 1.45+0.11 1.57+0.19 <0.001
Intestinal permeability marker:

Zonulin (ng/ml) [446+87 [48.9+13.1 | 0.052
Metabolic endotoxemia marker:

LPS (EU/ml) 0.37+£0.06 0.37+0.08 | 0.80

Values are mean x SD for normally distributed, median (interquartile range) for non-distributed

variables or percent (%) of total. Independent samples t-test, Mann-Whitney U test or chi-

square-test. P value < 0.05 is considered significant.
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Table 2. Relative abundance (percentage of total bacteria) of intestinal microbiota in overweight and obese pregnant women.

Overweight  pregnant  women, | Obese pregnant women, relative
relative abundance of (%) of total | abundance of (%) of total bacteria, n
bacteria, n = 48 =43
Bacteria mean = SD median (IQR) mean = SD median (IQR) P-value Benjamini-
Hochberg
P-value
k__Bacteria;p__Actinobacteria 1.22+1.16 0.79 (0.34-1.23) 1.12+1.59 0.65 (0.34-1.23) 0.36 0.58
k__Bacteria;p__Bacteroidetes 48.89£9.95 | 48.86(42.01-58.38) | 50.98 + 12.76 | 51.19 (42.18-58.38) | 0.44 0.58
c__Bacteroidia 48.89 £ 9.95 | 48.86(42.01-58.38) | 50.98 + 12.76 | 51.19 (42.18-58.38) | 0.44 0.65
0__Bacteroidales 48.89+£9.95 | 48.86(42.01-58.38) | 50.98 + 12.76 | 51.19 (42.18-58.38) | 0.44 0.65
f__Bacteroidaceae 33.04 £ 11.77 | 32.77 (23.75-38.57) | 32.62 + 13.85 | 30.69 (23.18-38.57) | 0.61 0.99
g__Bacteroides 33.04 £ 11.77 | 32.77 (23.75-38.57) | 32.62 + 13.85 | 30.69 (23.18-38.57) | 0.61 0.98
s__non identified 20.43+9.04 | 19.16 (13.25-28.24) | 22.17 + 13.52 | 20.17 (13.38-28.24) | 0.74 0.98
s__caccae 2.01+3.82 |0.83(0.30-1.77) 1.36+2.00 | 0.93(0.08-1.77) 0.43 0.98
s__eggerthii 0.55+ 153 | 0.00 (0.00-0.01) 1.03+2.51 | 0.00 (0.00-0.01) 0.51 0.98
s__fragilis 0.90+1.70 | 0.33(0.03-1.33) 1.54+3.64 | 0.44 (0.00-1.33) 0.60 0.98
s__ovatus 3.08+4.68 | 1.76 (0.84-2.89) 2.73+4.27 | 1.43(0.75-2.89) 0.44 0.98




s__uniformis 6.00 = 5.06 4.66 (2.53-6.36) 3.62+ 3.09 3.38 (0.90-6.36) 0.01 0.26

f _Porphyromonadaceae 3.87+261 3.28 (2.11-5.08) 3.82+ 263 3.34 (2.40-5.08) 0.99 0.99
g__Parabacteroides 3.87 1261 3.27 (2.11-4.83) 3.79 £ 2.62 3.34 (2.40-4.83) 0.98 0.98
s__non identified 244+ 241 1.82 (0.56-3.58) 2.38+2.68 1.87 (0.05-3.58) 0.69 0.98
s__distasonis 1.36+1.11 | 1.17 (0.59-2.05) 1.36+1.54 | 0.90 (0.16-2.05) 0.44 0.98
f__Prevotellaceae 250+6.82 | 0.01(0.00-0.01) 3.69+9.03 | 0.00(0.00-0.01) 0.02 0.19
g__Prevotella 250+6.82 | 0.01(0.00-0.01) 3.69+9.03 | 0.00(0.00-0.01) 0.02 0.29
s__copri 2.18+6.84 | 0.01 (0.00-0.01) 3.14+8.47 | 0.00(0.00-0.01) 0.03 0.35
f__Rikenellaceae 6.19 + 3.99 6.09 (3.62-9.28) 6.70 +5.02 5.36 (3.29-9.28) 0.99 0.99
g__non identified 6.19+3.99 | 6.09 (3.62-9.25) 6.69+ 502 |5.36 (3.29-9.25) 0.98 0.98
s__non identified 6.19+3.99 | 6.09(3.62-9.25) 6.69+5.02 | 5.36(3.29-9.25) 0.98 0.98
f__[Barnesiellaceae] 1.78+2.11 | 1.21(0.00-3.00) 1.88 £ 2.00 1.60 (0.00-3.00) 0.91 0.99
g__non identified 1.78+£2.11 | 1.21(0.00-3.00) 1.88 £ 2.00 1.60 (0.00-3.00) 0.91 0.98

s__non identified 1.78+ 211 1.21 (0.00-3.00) 1.88 +2.00 1.60 (0.00-3.00) 0.91 0.98
k__Bacteria;p__Firmicutes 45.10 + 10.13 | 45.13 (36.65-53.29) | 43.60 + 13.10 | 45.06 (33.73-53.29) | 0.79 0.79
c__ Clostridia 43.93+9.25 | 44.41(36.11-52.19) | 42.92 £ 12.88 | 43.82 (33.35-52.19) | 0.89 0.89
o__Clostridiales 43.90+9.24 | 44.21(36.11-52.17) | 42.88 + 12.86 | 43.73 (33.34-52.17) | 0.88 0.88




f__non identified 4.55 + 3.57 3.37 (1.94-6.32) 439+ 314 3.94 (1.78-6.32) 0.91 0.99
g__non identified 455+357 |3.37 (1.94-6.32) 439+314 |3.94 (1.78-6.32) 0.91 0.98
s__non identified 4.55 + 3.57 3.37 (1.94-6.32) 439+ 314 3.94 (1.78-6.32) 0.91 0.98
f__Lachnospiraceae 16.97 £ 7.27 | 17.00 (12.15-19.89) | 15.90 £ 5.08 | 15.45(11.18-19.89) | 0.58 0.99
g__non identified 9.32+540 |8.12(5.41-10.38) |8.24+3.15 | 7.89 (5.90-10.38) 0.76 0.98
s__non identified 9.32+540 |8.12(5.41-10.38) |8.24+3.15 | 7.89(5.90-10.38) 0.76 0.98

g_ Blautia 2.28+2.04 | 1.91(0.97-2.26) 1.99+ 156 | 1.49 (1.22-2.26) 0.61 0.98
s__non identified 2.25+1.99 1.91 (0.96-2.26) 1.98 +1.56 1.49 (1.22-2.26) 0.60 0.98
g__Coprococcus 1.45+1.38 | 1.03 (0.50-2.08) 158+ 1.48 |0.94 (0.61-2.08) 0.59 0.98
s__non identified 0.97 +0.99 0.62 (0.39-1.54) 1.14+1.18 0.69 (0.48-1.54) 0.34 0.98
g__Lachnospira 2.01+155 1.73 (0.61-3.56) 2.11+2.05 1.24 (0.55-3.56) 0.81 0.98
s__non identified 2.01+155 | 1.73(0.61-3.56) 2.11+2.05 | 1.24(0.55-3.56) 0.81 0.98

f __Ruminococcaceae 19.40 £ 6.14 | 19.42 (14.21-25.50) | 19.90 £ 9.94 | 19.92 (14.27-25.50) | 0.70 0.99
g__non identified 9.54 +5.43 8.30 (6.20-12.97) 9.85+ 6.64 10.18 (4.84-12.97) 0.84 0.98
s__non identified 9.54 +5.43 8.30 (6.20-12.97) 9.85+ 6.64 10.18 (4.84-12.97) 0.84 0.98
g__Faecalibacterium 555+ 3.04 4.85 (3.50-7.03) 5.34 £ 3.20 5.39 (2.94-7.03) 0.83 0.98
S__prausnitzii 5.55+3.04 | 4.85(3.50-7.03) 5.34+3.20 | 5.39(2.94-7.03) 0.83 0.98
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g_ Oscillospira 1.26 +0.80 | 1.00 (0.85-1.51) 1.33+0.94 |1.13(0.76-1.51) 0.95 0.98

s__non identified 1.26 £ 0.80 1.00 (0.85-1.51) 1.33+0.94 1.14 (0.76-1.51) 0.95 0.98
g__Ruminococcus 3.04 £ 2.59 2.54 (0.81-5.21) 3.37+297 2.61 (1.15-5.21) 0.77 0.98

s__non identified 3.04 + 2.59 2.54 (0.81-5.21) 3.37+2.97 2.61 (1.15-5.21) 0.77 0.98
f_Veillonellaceae 1.62+1.39 | 1.13(0.65-2.31) 155+ 1.29 | 1.16 (0.59-2.31) 0.93 0.99
k__Bacteria;p__Proteobacteria 2.99+1.94 2.55 (1.49-4.00) 2.89 + 2.97 1.99 (1.21-4.00) 0.34 0.58
c__Betaproteobacteria 1.76 £ 1.44 1.56 (0.845-2.21) 1.87 £2.52 0.98 (0.53-2.21) 0.31 0.65
0__Burkholderiales 1.76 + 1.44 1.56 (0.84-2.21) 1.87 +2.52 0.98 (0.53-2.21) 0.31 0.65
f__Alcaligenaceae 1.76 + 1.44 | 1.56 (0.84-2.21) 1.87+252 |0.98(0.53-2.21) 0.31 0.99

g_ Sutterella 1.75+1.44 | 1.55(0.84-2.21) 1.82+254 |0.87 (0.47-2.21) 0.20 0.98

s__non identified 1.75+ 144 1.55 (0.84-2.21) 1.82+ 254 0.87 (0.47-2.21) 0.20 0.98

Values are mean + SD and median (interquartile range). Mann-Whitney U test. P value < 0.05 and Benjamini-Hochberg P-value < 0.20 are

considered significant. p, Phylum; c, class; o, order; f, family; g, genus; s, species.
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Table 3. Association of prepregnancy BMI and metabolites with HOMAZ2-IR and GlycA in stepwise linear regression in overweight and obese

pregnant women.

B (95% CI) BMI B (95% CI) Very B (95% CI) Valine | B (95% ClI) B (95% CI) Leucine | B (95% CI)
large VLDL Phenylanaline Isoleucine
particle
HOMAZ2-IR | 0.072 (0.046. 0.099) | 9.58 (5.65, 13.51)! | 6.22 (1.63, 10.80) | - - -
P-value <0.001 <0.001 0.008 - - -
GlycA - 3.15, (2.15, 4.14) | - 5.96 (4.10, 7.82) -8.42 (-12.75, -4,09) | 9.65 (3.74, 15.57)
P-value - <0.001 - <0.001 <0.001 0.002

One unit change in HOMA2-IR and GlycA is shown as regression coefficient () with the change in prepregnancy BMI and metabolites. 95%

Cl: 95 % confidence interval for B. 1e-8.
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629  Figure 1. Median percentage differences in the measures reflecting lipids between overweight
630 and obese pregnant women. Mann-Whitney U test. The p-values denote statistical significance

631  after correcting for multiple testing (Benjamini-Hochberg procedure), *p <0.12.
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Figure 2. Principal component analysis plot of amino acids of overweight and obese pregnant
women, a) Scores, b) Loadings and c) Correlation loadings of amino acids and metabolic risk
markers, Insulin and HOMAZ2-IR are located similarly (on top of each other), GIn: glutamate,
His: histidine, Gly: glycine, Tyr: tyrosine, Ala: alanine, Phe: phenylalanine, Val: valine, lle:
isoleucine, Leu: leucine, Cross: Overweight pregnant women, dot: obese pregnant women,
hsCRP: high-sensitivity C-reactive protein, GlycA: al-acid glycoprotein, Insu: insulin, Gluc:
Glucose preBMI: prepregnancy BMI, PC-1: principal component 1, PC-2: principal

component 2.



