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2-16years were collected and combined with data on selected maternal and pregnancy-

>2x upper limit of normal. Children with and without MAFLD were compared regarding
to the study variables and multivariable regression analysis was utilized.

Results: Median age of the study children was 11.8 (quartiles 9.1-14.2) years;
44% were girls and 17.8% had MAFLD. Children with MAFLD were older (12.7 vs.
11.6years, p=0.002), while the groups did not differ age-standardized body mass
index (BMI-SDS) or gender. Factors associated with MAFLD in a multivariable model
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1 | INTRODUCTION

The prevalence of overweight, obesity and their comorbidities
is increasing in all ages.! One well-known complication of excess
body adiposity is nonalcoholic fatty liver disease (NAFLD), nowa-
days preferably called metabolic dysfunction-associated fatty
liver disease (MAFLD) or steatotic liver disease (MASLD), which
has gradually become the most common chronic hepatic condition
among children and adolescents.? The exact pathogenesis of the
condition remains incompletely understood, but likely involves
complex interaction between genetic predisposition and various
environmental factors. However, the steep increase and highly
variable phenotype and natural history of the disease cannot be
attributed solely to genetic risk and changes in the prevalence of
overweight, indicating the role of additional contributing factors,
many of which could affect particularly during fetal life and early
childhood.®"®

The Developmental Origins of Health and Disease (DOHaD)
theory suggests that intrauterine environment modifies later health
of offspring. For example, maternal obesity and hypertension may
increase the child's risk of cardiovascular disease.®® Maternal over-
weight could predispose also to fatty liver disease in offspring,
whereas the effects of, for example, gestational diabetes (GDM) and
birth size are more controversial.”*? Interpretation of the results is
hampered by the challenging diagnostics, as imaging methods have
suboptimal sensitivity or limited availability, and liver biopsy is rarely
performed in children.® Moreover, previous studies often have not
adjusted for childhood obesity,”** have had low prevalence of af-
fected children'®*>% or have investigated only a few possible risk
factors.1b1216 Altogether, there is a need for additional research on
the association between maternal and intrauterine factors and later
MAFLD in the offspring.

MAFLD is a modified definition of NAFLD which can be diag-
nosed in children with overweight based on laboratory evidence
of liver steatosis.?” By utilizing this simplified and less biased defi-
nition, we aimed to further scrutinize the role of pre- and peri-
natal factors in the risk of MAFLD among overweight or obese
offspring.

overweight, were child's older age (odds ratio [OR] 1.16, 95% confidence interval [CI]:
1.06-1.28), maternal gestational smoking (OR 2.01, 95% Cl: 1.16-3.47), gestational
hypertension (OR 3.44, 95% Cl: 1.08-11.0) and pre-eclampsia (OR 2.93, 95% Cl: 1.15-
7.45). There was no significant association between MAFLD and maternal BMI, birth
anthropometrics or perinatal complications.

Conclusions: Maternal smoking, gestational hypertension and pre-eclampsia were
associated with MAFLD among overweight or obese children. Further prospective

studies are needed to verify causal relationships.

children, fatty liver, MAFLD, obesity, overweight, pregnancy, prenatal

Key message

Exposure to gestational hypertension, pre-eclampsia
and maternal smoking during pregnancy were associated
with increased risk of developing metabolic dysfunction-
associated fatty liver disease in children aged 2-16years.
There was no association with maternal BMI or with child's

sex and BMI- standard deviation score.

2 | MATERIAL AND METHODS

2.1 | Patients and study design

This case-control study was carried out in the Tampere Center
for Child, Adolescent and Maternal Health Research. The study
comprised 553 consecutive children aged 2-16 years who underwent
at least one healthcare visit due to overweight or obesity (ICD-
10 codes E65, E66.0-9 or R63.5) in years 2002-2020 in pediatric
endocrinology or teaching outpatient clinics and had been born in
the same hospital as these clinics, as well as their biological mothers.
Comprehensive data of these child-mother pairs were collected
from systematically maintained medical records. The maternal and
child data were collected independently by the study authors (LA,
HR, SL, HdeR). Maternal data were further supplemented from the
National Birth Registry that contains information on all live births
in Finland.’® Child-mother pairs with insufficient data, and those
including a child with a confounding condition and/or medication
possibly affecting liver transaminases, were excluded. After the data
collection, the children were divided for further analyses to those
who did (cases) or who did not (controls) fulfill the criteria of MAFLD.

2.2 | Data collection and definitions

The collected maternal data included age at delivery, socioeconomic
status, parity, prepregnancy hypertension or diabetes, prepregnancy
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weight as recorded at the first maternity clinic visit, gestational
weight gain, smoking and use of alcohol or illicit drugs during
pregnancy, and the possible presence of gestational hypertension,
pre-eclampsia, GDM and intrahepatic cholestasis of pregnancy.

Prepregnancy overweight was defined as body mass index (BMl,
kg/mz) >25.0 and obesity as BMI >30.0. If BMI was unavailable,
overweight and obesity recorded by the physician were also noted.
Gestational diabetes was defined as at least one abnormal blood glu-
cose value (fasting 25.3mmol/L, 1h 210.0mmol/L, 2 28.6 mmol/L) in
75-g oral glucose tolerance test (OGTT) according to the Finnish na-
tional guidelines.19 Chronic hypertension, gestational hypertension
and pre-eclampsia were diagnosed by the treating clinician following
widely used international criteria.?’ The diagnosis of intrahepatic
cholestasis of pregnancy was established on basis of pruritus with
elevated serum bile acids and/or aminotransferase levels. Maternal
employment status was further subclassified as lower- or higher-
level employee, manual worker, self-employed, or other (students,
unemployed, on parental leave).

The collected perinatal data included pregnancy duration, mode
of delivery (vaginal birth vs. cesarean section), antibiotic use during
labor, birthweight, length and head circumference, 1- and 5-min
Apgar scores, umbilical cord arterial pH, and placental/birthweight
ratio to elucidate possible differences in anthropometrics and birth
outcomes which could be related to hypoplastic placentation, as well
as use of antenatal corticosteroid treatment, presence of neonatal
infection, hypoglycemia and need for respiratory support, and ad-
mission to neonatal ward or intensive care unit.

Birthweight was standardized for sex and gestational weeks and
reported as standard deviations (SDs), and was further classified as
small for gestational age (birthweight below -2 SD) and large for ges-
tational age (birthweight >2 SD) according to the national reference
values.?! Macrosomia was defined as birthweight >4.5kg, and neona-
tal hypoglycemia was recorded if diagnosed by the physician in charge.

The collected offspring data at the time of the first overweight- or
obesity-related healthcare visit included demographic and anthropo-
metric characteristics, blood pressure and plasma alanine aminotrans-
ferase (ALT) values, as well as the presence of possibly liver-affecting
chronic diseases and their medications, use of supplements, herbal
products, alcohol and illicit drugs. The need for ALT measurement
had been based on clinical judgment by the physician in charge.

Overweight in children was further classified using either age-
standardized BMI (BMI-SDS) scores or weight-to-height percentages
as described elsewhere.?>?® Hypertension was diagnosed accord-
ing to Clinical Practice Guideline by the American Academy of
Pediatrics.?* MAFLD was defined as serum ALT value >2x the upper
limit of normal (>44 U/L for girls and >50 U/L for boys) together with

confirmed overweight or obesity.!”2°

2.3 | Statistical analyses

The association between the child's MAFLD and selected charac-
teristics of the mother and offspring were analyzed using stepwise

logistic regression. Most of the continuous variables were found to
be markedly skewed in the Shapiro-Wilk and Kolmogorov-Smirnov
tests as well as visual assessment, and therefore, for simplicity, only
nonparametric tests were used. For the regression analysis, all in-
cluded variables were first tested in univariate analysis for independ-
ent associations applying the Mann-Whitney or Kruskal-Wallis test
for continuous variables and the Chi-square or Fisher's exact test
for categorical variables. Next, variables with a p-value <0.1 in the
univariate analysis,26 as well as selected variables that had been re-
ported to be associated with NAFLD in the previous literature, that
is child's sex, BMI-SDS and maternal prepregnancy overweight,”?’
were tested in a multivariable logistic regression model. Results of
the univariate analysis are reported either as numbers of cases and
percentages or as medians with lower and upper quartiles, and those
of multivariable analysis as odds ratios (OR) with 95% confidence in-
tervals (Cls). Statistical significance was defined as p-value <0.05 or
as OR 95% Cl below or above 1.00 in the logistic regression. All analy-
ses were performed using SPSS version 25.0 (IBM Corp.).

3 | RESULTS

3.1 | Child-related and perinatal factors

After exclusions, the final study cohort comprised 460 children
(Figure S1). Their median age was 11.8 (interquartile range 9.1 and
14.2) years, and 43.5% were girls, 88.0% were obese, 47.0% were
severely obese, and 49.6% had hypertension. Of the children, >90%
were white Caucasians, and 98.0% were born from a singleton preg-
nancy. Children who were excluded due to lacking ALT measurement
were comparable with included patients in age (median 11.5years,
p=0.116) and sex (35.1% girls, p=0.178), and prevalence of obesity
(81.1%, p=0.133), severe obesity (47.3%, p=0.957), and hyperten-
sion (46.2%, p=0.641).

In total, 82 (17.8%) children fulfilled the criteria of MAFLD
(Figure S1). The median ALT value in children with MAFLD was 66
(interquartile range 55 and 105) U/L and those without MAFLD
231830/, Children with MAFLD were older at first overweight-
related healthcare visit than those without MAFLD. Children with
and without MAFLD did not differ in gender, BMI-SDS, prevalence
of hypertension, birth anthropometrics, Apgar scores or complica-
tions after birth (Table 1). In addition, the groups were comparable in
ethnicity, being born small for gestational age, being from a singleton
pregnancy or having received treatment for neonatal infection (data

not shown).

3.2 | Maternal and pregnancy-related factors

The median prepregnancy BMI of the mothers (available from 250
individuals) was 27.7 (interquartile range 23.7 and 32.8). BMI was
>25.0 in 65.4% and >30.0 in 40.5% of the mothers. Altogether
40.4% of the mothers were classified as lower level-employees,
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TABLE 1 Comparison of child-related factors between 460 overweight/obese children with or without metabolic associated fatty liver
disease (MAFLD).

MAFLD, n=82 No MAFLD, n=378
Data available Median Q,,Q, Available Median Q,,Q, p-value
At the obesity visit
Age, years 82 12.7 10.7,14.5 378 11.6 8.7,14.0 0.002
BMI-SDS 82 24 21,27 378 2.5 2.2,2.8 0.233
Boys (n, %) 82 51 62.2 378 209 55.3 0.253
Hypertension? (n, %) 68 33 48.5 309 154 49.8 0.845
After birth
Birthweight, SD 81 0.1 -0.7,1.0 375 0.3 -0.4,1.0 0.821
Birth length, SD 81 0.2 -0.7,0.8 374 0.2 -0.6,0.9 0.695
Head circumference, SD 66 0.5 -0.6,1.2 301 0.3 -04,1.0 0.166
Ponderal index® at birth 82 27.8 26.4,29.7 375 28.1 26.5,30.0 0.409
1-min Apgar score 81 9 8,9 374 9 8,9 0.317
5-min Apgar score 69 9 9,9 309 9 9,9 0.158
Arterial umbilical cord pH 27 7.29 7.21,7.37 162 7.29 7.22,7.34 0.335
MAFLD, n=82 No MAFLD, n=378
Data available n % Available n % p-value
Birthweight >2 SD 81 7 8.6 375 34 9.1 0.904
Macrosomia® 81 5 6.2 375 22 5.9 1.000
Birth length >2 SD 81 7 8.6 375 17 4.5 0.166
Head circumference >2 SD 66 5 7.6 301 24 8.0 0.914
Need for respiratory support 82 5 6.1 378 10 2.7 0.159
Need for neonatal ward or ICU 82 16 19.5 378 78 20.6 0.819
Neonatal hypoglycemia 82 8 10.0 378 30 8.0 0.587

Note: Bold numbers denote statistical significance.

Abbreviations: BMI-SDS, body mass index standard deviation score; ICU, intensive care unit, Q;, Q,, lower and upper quartiles; SD, standard

deviation.

2Systolic or diastolic blood pressure >95th percentile.
P\Weight/height®.

‘Birthweight >4.5kg.

35.8% as manual workers, 6.6% as upper-level employees and 2.7%
as self-employed, and 14.5% were either students, unemployed or
on parental leave. Altogether, 1.5% of the mothers had prepreg-
nancy diabetes and 1.4% chronic hypertension.

The majority of data was collected before universal screening
for GDM in Finland, so OGTT results were available only for 21%
of the mothers. The maternal median 2-h glucose value in OGTT
was significantly higher and there was a trend for increased need
for insulin treatment for GDM in mothers of children with MAFLD.
Gestational hypertension was more common among mothers of
children with MAFLD than in those without it, whereas the groups
did not differ in maternal age, prepregnancy BMI, presence of
overweight or obesity, weight gain or smoking during pregnancy,
pregnancy duration, other OGTT measurements, placenta/birth-
weight ratio, parity, need for insulin-treatment for GDM or type

of delivery (Table 2). The groups were also comparable in maternal

employment status, presence of prepregnancy hypertension and
diabetes, alcohol and illicit drug use, intrahepatic cholestasis of
pregnancy, antenatal corticosteroid treatment and antibiotic use

during labor (data not shown).

3.3 | Risk factors for MAFLD

Factors associated with MAFLD in offspring were age of the child at
first overweight- or obesity-related healthcare visit, maternal smok-
ing during pregnancy, gestational hypertension and pre-eclampsia
(Figure 1). Smoking during pregnancy, gestational hypertension and
pre-eclampsia were independent risk factors for MAFLD. Altogether,
7.4% of mothers who were smokers during pregnancy and 11.6% of
nonsmokers had gestational hypertension or pre-eclampsia during

pregnancy (p=0.251).
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TABLE 2 Comparison of maternal and pregnancy-related factors between 460 overweight/obese children with and without metabolic-

associated fatty liver disease (MAFLD).

MAFLD, n=82 No MAFLD, n=378
Data Data
available Median Q,,Q; available Median Q,,Q; p-value
Age at delivery, years 78 29.7 25.2,33.5 353 29.2 25.6,33.1 0.885
Pregestational BMI, kg/m? 46 27.2 23.7,33.6 223 28.3 23.6,33.6 0.261
Weight gain in pregnancy, kg 35 11.0 6.0,17.0 186 13.0 9.0,18.1 0.133
Pregnancy duration, weeks 81 39.4 38.6,40.7 376 39.9 38.8,40.9 0.632
Gestational measurements
Fasting glucose, mmol/L 18 49 44,53 103 4.9 4.6,5.3 0.564
1-h OGTT, mmol/L 18 9.8 6.4,10.5 101 8.4 6.8,10.0 0.304
2-h OGTT, mmol/L 16 6.9 6.6,8.4 100 6.5 55,75 0.024
Placenta/birthweight ratio, % 57 18.2 16.0,19.6 266 17.5 15.6,19.5 0.341
MAFLD, n=82 No MAFLD, n=378
Data Data
available n % available n % p value
Primiparous 81 24 29.6 376 125 33.2 0.529
Pregestational overweight 80 36 45.0 368 157 427 0.702
Smoked during pregnancy?® 80 30 37.5 368 101 27.5 0.073
Gestational diabetes 23 18 78.3 138 95 68.8 0.361
Dietary treatment only 17 8 471 88 42 47.7 0.960
Oral medication 17 0 0 88 7 8.0 0.595
Insulin 17 6 35.3 88 12 13.6 0.071
Gestational hypertension 82 7 8.5 376 11 2.9 0.018
Pre-eclampsia 81 9 111 376 20 5.3 0.052
Cesarean section 82 14 171 378 59 15.6 0.816

Note: Bold numbers denote statistical significance.

Abbreviations: BMI, body mass index; OGTT, oral glucose tolerance test; Q,, Q3, lower and upper quartiles.

?Recorded if any.

4 | DISCUSSION

The main finding of the present case-control study was that
maternal smoking during pregnancy and gestational hypertension
and pre-eclampsia were associated with the development of MAFLD
in overweight or obese children.

Previous research on the possible impact of maternal factors on
the development of N/MAFLD is sparse. However, a recent Swedish
study using national health register data'* reported an association
between pre-eclampsia and NAFLD, as diagnosed by liver biopsy, in
offspring aged <25years, although maternal obesity was the stron-
gest independent risk factor for NAFLD. The main limitations of
that study were the use of selectively performed biopsy to diagnose
NAFLD, lacking data on gestational hypertension and no adjustment
for child's BMI. As an indirect comparison, a recent meta-analysis
reported an association between pre-eclampsia and an increased
risk of childhood obesity,28 whereas another meta-analysis found an
association between gestational hypertension and childhood obe-
sity.?? In a Danish study using national health register data, maternal

hypertensive disorders during pregnancy were associated with an
increased risk of cardiovascular disease in the offspring in adult-
hood.® In addition to differences in study designs and outcomes
used, the somewhat inconsistent results could be influenced by con-
founders. For instance, the associations of pre-eclampsia and gesta-
tional hypertension with obesity in childhood were attenuated after
controlling for child's sex?® and maternal BMI.2827

A plausible mechanism for the associations of pre-eclampsia
and gestational hypertension with MAFLD may be that they re-
sult in adverse vascular changes and placental hypoperfusion
and thereby lead to fetal hypoxia and growth restriction.30-3%
Suboptimal oxygenation and growth of the fetus have been found
to increase the offspring's risk of NAFLD in animal models®*3°
and in epidemiological studies.'*'? Hence, albeit we found no
difference in birth anthropometric measures between children
with and without MAFLD, subclinical placental dysfunction may
contribute to the observed associations of gestational hyperten-
sion and pre-eclampsia with MAFLD, and is an important area for

future research. Other pathophysiological mechanism of MAFLD
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Adjusted

Child-related Factors OR! 95% Cl
Male sex 1.24 0.72-2.12
Higher BMI-SDS 0.85 0.52-1.38
Age at first obesity-related visit 1.16 1.06-1.28
Maternal Factors

Pregestational overweight 1.16 0.68-1.99
Smoking during pregnancy 2.01 1.16-3.47
Gestational hypertension 3.44 1.08-11.0
Pre-eclampsia 2.93 1.15-7.45

Multivariable model*

—
—.__
.._
—
I T 71T T T T T TTT
0.5 1 5 10
Odds Ratio (95% Cl)

FIGURE 1 Multivariable logistic regression model including child-related and maternal factors for pediatric metabolic dysfunction-
associated fatty liver disease (MAFLD) in 77 overweight or obese children with MAFLD and 350 overweight or obese children without it.
The model includes factors with a p-value of <0.1 in the univariate analysis (Tables 1 and 2) and suggested risk factors for MAFLD in the
literature, including child's sex and BMI-SDS and maternal overweight. BMI-SDS, body mass index standard deviation score; Cl, confidence
interval; OR, odds ratio. Black dots denote odds ratios (ORs) and lines 95% confidence intervals (Cls) on a logarithmic scale.

in children could be, for example, metabolic and epigenetic prim-
ing.3% Of note, the often undiagnosed maternal NAFLD may also
predispose to hypertensive disorders in pregnancy,37 and thus the
observed associations could partially reflect inherited susceptibil-
ity to these conditions.3®

Our findings are in line with the proven harmful impact of
smoking on maternal and fetal health outcomes.*?*° The above-
mentioned Swedish study found an association between moth-
er's smoking at least 10 cigarettes per day and an increased risk
of NAFLD in their children.!* Mice exposed to smoking during
the fetal period also showed more advanced forms of fatty liver
disease than those with no such exposure.34 Moreover, maternal
smoking during pregnancy may predispose children to pediatric
obesity and metabolic syndrome.**™** It is challenging to distin-
guish causal effects of the observed association from other poten-
tially harmful lifestyle factors. However, we found no difference in
maternal socioeconomic status or substance use between children
with MAFLD and those without it in our study, which supports an
independent effect of smoking. Smoking could also interact with
hypertensive disorders in several ways, but this is controversial
as both predisposing and even protective effects of smoking have
been reported. >~

As regards to other pregnancy-related factors, our findings
were in accordance with a recent systematic review which reported
no associations of GDM, birth anthropometrics and prematurity
with NAFLD in offspring.9 There was also no association between
GDM and NAFLD of offspring in the Swedish study.'® However,
we observed significantly higher maternal 2-h blood glucose val-
ues in OGTT and a trend for higher likelihood of insulin-treatment
for GDM among children with MAFLD than among those without
it. This implies that the mothers of affected offspring had a worse

metabolic profile. Consistent with this finding, increased hepatic
fat content has been reported in newborns exposed to maternal
GDM.*® Unfortunately, GDM screening was unsystematic during
the early study period, and thus the number of mothers with GDM
was too small for reliable analyses and conclusions. Contrary to
our findings, increased maternal prepregnancy BMI has also been
found to be an independent risk factor for childhood MAFLD in
some studies.®?

Altogether, assessing the associations of obesity, metabolic dis-
turbances and smoking with pediatric MAFLD is challenging due
to the complex interactions of these possible risk factors. For ex-
ample, maternal overweight by itself has been found to be associ-
ated with an increased risk of hypertensive complications during
pregnancy?’ and obesity in offspring.>® Obesity, GDM and related
dyslipidemia could increase the risk of fetal macrosomia,> whereas
hypertensive complications and smoking may have an opposite
effect on intrauterine growth. Interpretation of the results across
studies is further complicated by varying methods used to assess
the outcomes, examination of children in different age groups from
infants to adolescents and varying prevalence of MAFLD among
the children included.?®"1214-16 Well-designed prospective studies
are thus called for, although it must be realized that the hepatic
abnormalities may develop only at a later age, and that studies re-
quiring randomization for treatment of known risk factors during
pregnancy are unethical.

The main strengths of our study were the well-defined cohort of
children and their mothers and the availability of diverse gestational
and perinatal factors. The risk of selection bias was reduced by in-
cluding consecutive children referred to the hospital and excluding
those with a hepatic comorbidity. Systematically measured ALT and

BMI can also be considered less biased measures for MAFLD than
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selectively performed imaging studies and biopsy.*>*”°? The design
used with clinical patient selection prevented quantitative evalua-
tion of exposures and might have led to variable criteria for mater-
nal conditions, although this was counterbalanced by systematically
maintained patient records and nationwide guidelines.>® Screening
of GDM in particular has changed over time during the study pe-
riod, as before 2008 it was assessed individually based on maternal
risk factors and became systematic only after introduction of new
national guidelines. Additional limitations are the lack of data on di-
etary factors, physical activity and the timing and intensity of smok-
ing.*! The ethnic and socioeconomic homogeneity of the Finnish
population likely improves internal validity of the study but it also
reduces generalizability of the results to more diverse populations
and healthcare settings. Additionally, the study was conducted in a
selected high-risk population obtained from clinical practice, which
further limits the generalizability. In must also be emphasized that
the criteria of MAFLD remain debated, and that optimal ALT values
may differ depending, for example, on ethnicity, age and stage of
puberty.

5 | CONCLUSION

We found that maternal gestational hypertension, pre-eclampsia
and smoking were associated with the risk of MAFLD in overweight
and obese children. We believe that our findings will help to design
future studies to verify the observed associations between maternal
factors and risk of pediatric MAFLD, as well as decipher possible
biological mechanisms underlying these effects.

AUTHOR CONTRIBUTIONS

Hanna de Ruyter and Linnea Aitokari: Study design, data collection
and analysis and drafting of the manuscript. Siiri Lahti and Hanna
Riekki: Data collection and critical revision of the manuscript. Heini
Huhtala: Study design, statistical analysis and critical revision of
the manuscript. Hannele Laivuori and Timo Lakka: Study design
and critical revision of the manuscript. Kalle Kurppa: Study design,
study supervision and critical revision of the manuscript. No writing
assistance was received. All authors approved the final version of

the manuscript.

FUNDING INFORMATION

The Orion Research Foundation, the Paivikki and Sakari Sohlberg
Foundation, the Foundation for Pediatric Research, Valtion
tutkimusrahoitus, Maire Rossin s3atio, the Maud Kuistila Foundation,
the Juho Vainio Foundation, the Mary and Georg Ehrnrooth
Foundation, the Paulo Foundation and the Emil Aaltonen Foundation,
the Finnish-Norwegian Medical Foundation, Keliakialiitto and the

Sigrid Jusélius Foundation.

CONFLICT OF INTEREST STATEMENT
All authors declare they have no conflicts of interest.

ETHICS STATEMENT

The study design and collection of health data were approved by the
Tampere University Hospital and the Finnish Social and Health Data
Permit Authority Findata (permission THL/246/14.02.00/2021, ac-
cepted February 4, 2022). Declaration of Helsinki was strictly fol-
lowed in all stages. Informed consent from the study participants
was not required based on national ethical and data processing regu-

lations, since none of them were contacted during the study.”*

ORCID
Hannele Laivuori "= https://orcid.org/0000-0003-3212-7826

Kalle Kurppa "= https://orcid.org/0000-0003-4757-2164

REFERENCES

1. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in
body-mass index, underweight, overweight, and obesity from 1975
to 2016: a pooled analysis of 2416 population-based measurement
studies in 128-9 million children, adolescents, and adults. Lancet.
2017;390:2627-2642.

2. Welsh JA, Karpen S, Vos MB. Increasing prevalence of nonalcoholic
fatty liver disease among United States adolescents, 1988-1994 to
2007-2010. J Pediatr. 2013;162:496-500.

3. Crudele A, Dato S, Re OL, et al. Pediatric non-alcoholic fatty
liver disease is affected by genetic variants involved in lifespan/
healthspan. J Pediatr Gastroenterol Nutr. 2021;73:161-168.

4. Mosca A, de Cosmi V, Parazzini F, et al. The role of genetic pre-
disposition, programing during fetal life, family conditions, and
post-natal diet in the development of pediatric fatty liver disease. J
Pediatr. 2019;211:72-77.

5. Crespo M, Lappe S, Feldstein AE, Alkhouri N. Similarities and differ-
ences between pediatric and adult nonalcoholic fatty liver disease.
Metabolism. 2016;65:1161-1171.

6. Reynolds RM, Allan KM, Raja EA, et al. Maternal obesity during
pregnancy and premature mortality from cardiovascular event
in adult offspring: follow-up of 1 323 275 person years. BMJ.
2013;347:4539.

7. Razaz N, Villamor E, Muraca GM, Bonamy AKE, Cnattingius S.
Maternal obesity and risk of cardiovascular diseases in offspring:
a population-based cohort and sibling-controlled study. Lancet
Diabetes Endocrinol. 2020;8:572-581.

8. Huang C, Li J, Qin G, et al. Maternal hypertensive disorder of preg-
nancy and offspring early-onset cardiovascular disease in childhood,
adolescence, and young adulthood: a national population-based co-
hort study. PLoS Med. 2021;18:1003805.

9. Querter |, Pauwels NS, de Bruyne R, et al. Maternal and perinatal
risk factors for pediatric nonalcoholic fatty liver disease: a system-
atic review. Clin Gastroenterol Hepatol. 2022;20:740-755.

10. Patel S, Lawlor DA, Callaway M, Macdonald-Wallis C, Sattar N,
Fraser A. Association of maternal diabetes/glycosuria and pre-
pregnancy body mass index with offspring indicators of non-
alcoholic fatty liver disease. BMC Pediatr. 2016;16:47.

11. Newton KP, Feldman HS, Chambers CD, et al. Low and high birth
weights are risk factors for nonalcoholic fatty liver disease in chil-
dren. J Pediatr. 2017;187:141-146.

12. Bugianesi E, Bizzarri C, Rosso C, et al. Low birthweight increases
the likelihood of severe steatosis in pediatric non-alcoholic fatty
liver disease. Am J Gastroenterol. 2017;112:1277-1286.

13. Zhang YN, Fowler KJ, Hamilton G, et al. Liver fat imaging—a
clinical overview of ultrasound, CT, and MR imaging. Br J Radiol.
2018;91:20170959.


https://orcid.org/0000-0003-3212-7826
https://orcid.org/0000-0003-3212-7826
https://orcid.org/0000-0003-4757-2164
https://orcid.org/0000-0003-4757-2164

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

de RUYTER ET AL.

Hagstrom H, Simon TG, Roelstraete B, Stephansson O, Séderling J,
Ludvigsson JF. Maternal obesity increases the risk and severity of
NAFLD in offspring. J Hepatol. 2021;75:1042-1048.

Cantoral A, Montoya A, Luna-Villa L, et al. Overweight and obesity
status from the prenatal period to adolescence and its association
with non-alcoholic fatty liver disease in young adults: cohort study.
BJOG. 2020;127:1200-1209.

Ayonrinde OT, Adams LA, Mori TA, et al. Sex differences between
parental pregnancy characteristics and nonalcoholic fatty liver dis-
ease in adolescents. Hepatology. 2018;67:108-122.

Eslam M, Alkhouri N, Vajro P, et al. Defining paediatric meta-
bolic (dysfunction)-associated fatty liver disease: an interna-
tional expert consensus statement. Lancet Gastroenterol Hepatol.
2021;6:864-873.

Finnish Institute for Health and Welfare. Medical Birth Register—
THL. https://thl.fi/en/web/thifi-en/statistics-and-data/data-and-
services/register-descriptions/newborns

Gestational diabetes. Current care guidelines. Working group set
up by the Finnish Medical Society Duodecim, the Finnish Diabetes
Association and the Finnish Society of Obstetrics and Gynaecology.
Helsinki: The Finnish Medical Society Duodecim. 2024. Available
online at: https://www.kaypahoito.fi/hoi50068#R4

FIGO Textbook of Pregnancy Hypertension. APEC International.
https://apecint.org/professionals/education-and-training/figo-
textbook-of-pregnancy-hypertension/

Sankilampi U, Hannila ML, Saari A, Gissler M, Dunkel L. New
population-based references for birth weight, length, and head cir-
cumference in singletons and twins from 23 to 43 gestation weeks.
Ann Med. 2013;45:446-454.

Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard
definition for child overweight and obesity worldwide: interna-
tional survey. BMJ. 2000;320:1240-1243.

Saari A, Sankilampi U, Hannila ML, Kiviniemi V, Kesseli K, Dunkel L.
New Finnish growth references for children and adolescents aged
0 to 20years: length/height-for-age, weight-for-length/height, and
body mass index-for-age. Ann Med. 2011;43:235-248.

Flynn JT, Kaelber DC, Baker-Smith CM, et al. Clinical practice
guideline for screening and management of high blood pressure in
children and adolescents. Pediatrics. 2017;140:e20171904.

Vos MB, Abrams SH, Barlow SE, et al. NASPGHAN clinical practice
guideline for the diagnosis and treatment of nonalcoholic fatty liver
disease in children: recommendations from the Expert Committee
on NAFLD (ECON) and the North American Society of Pediatric
Gastroenterology, Hepatology and Nutrition (NASPGHAN). J
Pediatr Gastroenterol Nutr. 2017;64:319-334.

Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful se-
lection of variables in logistic regression. Source Code Biol Med.
2008;3:17.

Wiegand S, Keller KM, Robl M, et al. Obese boys at increased risk
for nonalcoholic liver disease: evaluation of 16,390 overweight or
obese children and adolescents. Int J Obes. 2010;34:1468-1474.
Yan S, Lyu J, Liu Z, Zhou S, Ji Y, Wang H. Association of gestational
hypertension and preeclampsia with offspring adiposity: a system-
atic review and meta-analysis. Front Endocrinol. 2022;13:906781.
Patro Golab B, Santos S, Voerman E, et al. Influence of maternal
obesity on the association between common pregnancy complica-
tions and risk of childhood obesity: an individual participant data
meta-analysis. Lancet Child Adolesc Health. 2018;2:812-821.

Staff AC, Fjeldstad HE, Fosheim IK, et al. Failure of physiological
transformation and spiral artery atherosis: their roles in preeclamp-
sia. Am J Obstet Gynecol. 2022;226:895-906.

Falco ML, Sivanathan J, Laoreti A, Thilaganathan B, Khalil A.
Placental histopathology associated with pre-eclampsia: sys-
tematic review and meta-analysis. Ultrasound Obstet Gynecol.
2017;50:295-301.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Miuntefering H, Wysocki M, Rastorguev E, Gerein V. Placenta in
gestational hypertension. Pathologe. 2004;25:262-268.

Tairy D, Weiner E, Kovo M, et al. Fetal growth restriction in hyper-
tensive vs. heavy smoking women-placental pathology, ultrasound
findings, and pregnancy outcomes. Reprod Sci. 2021;28:819-827.
Yang D, Kim JW, Jeong H, et al. Effects of maternal cigarette smoke
exposure on the progression of nonalcoholic steatohepatitis in off-
spring mice. Toxicol Res. 2023;39:91-103.

Cao L, Mao C, Li S, et al. Hepatic insulin signaling changes: possi-
ble mechanism in prenatal hypoxia-increased susceptibility of fatty
liver in adulthood. Endocrinology. 2012;153:4955-4965.
Wesolowski SR, Kasmi KCE, Jonscher KR, Friedman JE.
Developmental origins of NAFLD: a womb with a clue. Nat Rev
Gastroenterol Hepatol. 2017;14:81-96.

Sarkar M, Grab J, Dodge JL, et al. Non-alcoholic fatty liver disease
in pregnancy is associated with adverse maternal and perinatal out-
comes. J Hepatol. 2020;73:516-522.

Long MT, Gurary EB, Massaro JM, et al. Parental non-alcoholic
fatty liver disease increases risk of non-alcoholic fatty liver disease
in offspring. Liver Int. 2019;39:740-747.

Mund M, Louwen F, Klingelhoefer D, Gerber A. Smoking and preg-
nancy—a review on the first major environmental risk factor of the
unborn. Int J Environ Res Public Health. 2013;10:6485-6499.

Tarasi B, Cornuz J, Clair C, Baud D. Cigarette smoking during preg-
nancy and adverse perinatal outcomes: a cross-sectional study over
10years. BMC Public Health. 2022;22:2403.

Albers L, Sobotzki C, KuB O, et al. Maternal smoking during preg-
nancy and offspring overweight: is there a dose-response re-
lationship? An individual patient data meta-analysis. Int J Obes.
2018;42:1249-1264.

Cajachagua-Torres KN, Blaauwendraad SM, El Marroun H, et al.
Fetal exposure to maternal smoking and neonatal metabolite pro-
files. Metabolites. 2022;12:1101.

Fang F, Luo ZC, Dejemli A, Delvin E, Zhang J. Maternal smok-
ing and metabolic health biomarkers in newborns. PLoS One.
2015;10:e0143660.

Gonzalez-Jiménez E, Montero-Alonso MA, Schmidt-RioValle J,
Garcia-Garcia CJ, Padez C. Metabolic syndrome in Spanish adoles-
cents and its association with birth weight, breastfeeding duration,
maternal smoking, and maternal obesity: a cross-sectional study.
Eur J Nutr. 2015;54:589-597.

Virdis A, Giannarelli C, Neves MF, Taddei S, Ghiadoni L. Cigarette
smoking and hypertension. Curr Pharm Des. 2010;16:2518-2525.
Wang X, Lee NL, Burstyn I. Maternal smoking and gestational
hypertension: heterogeneous effect by timing of the exposure.
Pregnancy Hypertens. 2019;15:123-129.

Wei J, Liu CX, Gong TT, Wu QJ, Wu L. Cigarette smoking during
pregnancy and preeclampsia risk: a systematic review and meta-
analysis of prospective studies. Oncotarget. 2015;6:43667-436678.
Brumbaugh DE, Tearse P, Cree-Green M, et al. Intrahepatic fat is in-
creased in the neonatal offspring of obese women with gestational
diabetes. J Pediatr. 2013;162:930-936.

Marchi J, Berg M, Dencker A, Olander EK, Begley C. Risks associ-
ated with obesity in pregnancy, for the mother and baby: a system-
atic review of reviews. Obes Rev. 2015;16:621-638.

Voerman E, Santos S, Patro Golab B, et al. Maternal body mass
index, gestational weight gain, and the risk of overweight and obe-
sity across childhood: an individual participant data meta-analysis.
PLoS Med. 2019;16:e1002744.

Kc K, Shakya S, Zhang H. Gestational diabetes mellitus and macro-
somia: a literature review. Ann Nutr Metab. 2015;66:14-20.

Eslam M, Sanyal AJ, George J, International Consensus Panel. MAFLD:
a consensus-driven proposed nomenclature for metabolic associ-
ated fatty liver disease. Gastroenterology. 2020;158:1999-2014.
www.kaypahoito.fi [Internet]. https://www.kaypahoito.fi/en/


https://thl.fi/en/web/thlfi-en/statistics-and-data/data-and-services/register-descriptions/newborns
https://thl.fi/en/web/thlfi-en/statistics-and-data/data-and-services/register-descriptions/newborns
https://www.kaypahoito.fi/hoi50068#R4
https://apecint.org/professionals/education-and-training/figo-textbook-of-pregnancy-hypertension/
https://apecint.org/professionals/education-and-training/figo-textbook-of-pregnancy-hypertension/
http://www.kaypahoito.fi
https://www.kaypahoito.fi/en/

de RUYTER ET AL.

54. Ludvigsson J, Ngrgaard M, Weiderpass E, et al. Ethical aspects
of registry-based research in the Nordic countries. Clin Epidemiol.
2015;23(7):491-508.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: de Ruyter H, Aitokari L, Lahti S, et al.
Maternal gestational hypertension, smoking and pre-eclampsia
are associated with metabolic dysfunction-associated fatty
liver disease in overweight offspring. Acta Obstet Gynecol
Scand. 2024;103:1183-1191. doi:10.1111/a0gs.14816


https://doi.org/10.1111/aogs.14816

	Maternal gestational hypertension, smoking and pre-­eclampsia are associated with metabolic dysfunction-­associated fatty liver disease in overweight offspring
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Patients and study design
	2.2|Data collection and definitions
	2.3|Statistical analyses

	3|RESULTS
	3.1|Child-­related and perinatal factors
	3.2|Maternal and pregnancy-­related factors
	3.3|Risk factors for MAFLD

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


