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Abstract

Objective: Childhood obesity is associated with alterations in hypothalamus-pituitary-
adrenal axis activity. We tested the hypothesis that multiple alterations in the metabolism of
glucocorticoids are required for the development of hypertension in children who become

overweight.

Methods: Spot urine for targeted gas chromatography-mass spectrometry steroid
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metabolome analysis was collected from (1) overweight/hypertensive children (n =38),
(2) overweight/non-hypertensive children (n = 83), and (3) non-overweight/non-hypertensive

children (n =56).

Results: The mean (+ s.p.) age of participants was 10.4 + 3.4 years, and 53% of them were
male. Group 1 and group 2 had higher excretion rates of cortisol and corticosterone
metabolites than group 3 (869 (interquartile range: 631-1352) vs 839 (609-1123) vs 608
(439-834) ug/mmol creatinine x m?body surface area, P <0.01, for the sum of cortisol
metabolites), and group 1 had a higher excretion rate of naive cortisol than group 3.
Furthermore, groups differed in cortisol metabolism, in particular in the activities of
11B-hydroxysteroid dehydrogenases, as assessed from the ratio of cortisol:cortisone
metabolites (group 2 < group 3), 5a-reductase (group 1 > group 2 or 3), and CYP3A4 activity

(group 1 < group 2 or 3).

Discussion: The sequence of events leading to obesity-associated hypertension in
children may involve an increase in the production of glucocorticoids, downregulation of

11B-hydroxysteroid dehydrogenase type 1 activity, and upregulation of 5a-reductase activity,
along with a decrease in CYP3A4 activity and an increase in bioavailable cortisol.
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Introduction

Rates of childhood obesity have steeply increased over the
past decades (1). Nowadays, an estimated number of 107.7
million children suffer from obesity worldwide (1), and
approximately 20% of them progress to hypertension (2, 3,
4). Studies show that obesity and hypertension tend to track
from childhood to adulthood (5, 6), which is worrisome.

Glucocorticoids may be involved in the
pathophysiology of obesity and obesity-associated
hypertension, given their effects on body fat disposition
and vascular reactivity. Indeed, childhood obesity has been
associated with alterations in hypothalamus-pituitary-
adrenal (HPA) axis activity, including increased cortisol

© 2022 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-22-0130

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.

D OB


http://orcid.org/0000-0002-6589-9788
mailto:m.finken@amsterdamumc.nl
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-22-0130
https://ec.bioscientifica.com

' Endocrine

W CONNECTIONS

production and flattening of early-morning peak cortisol
(7, 8, 9). Furthermore, in childhood obesity, indices
of cortisol production were positively associated with
components of the metabolic syndrome, that is, a cluster
of metabolic abnormalities characterized by abdominal fat
distribution, raised blood pressure, insulin resistance, and
dyslipidemia (7, 10).

There is controversy as to whether increased HPA
axis activity is a cause or a consequence of childhood
obesity. It has been demonstrated that the rise in serum
corticosteroids associated with obesity was partly reversible
when children managed to lose weight, suggesting that
increased HPA axis activity is a consequence rather than
a cause of obesity (11). A similar conclusion was drawn
from a study of twins who were followed up at ages 9, 12,
and 17 years (12). In this study, BMI positively predicted
later cortisol metabolite excretion, and not vice versa
(12). Conversely, data in adults demonstrated that hair
glucocorticoid levels were positively associated with future
gains in BMI and waist circumference (13).

The need for glucocorticoids in the tissues is regulated
by 11g-hydroxysteroid dehydrogenase (118-HSD) isozymes.
Cortisol is generated from inert cortisone by 118-HSD type
1 in the liver and adipose tissue, while the reverse reaction
is catalyzed by the type 2 isozyme in the kidney (14).
Only few studies have investigated whether childhood
obesity-associated hypertension is accompanied by
alterations in 118-HSDs. A small study (of n =41) found
that children with obesity and hypertension had a higher
ratio of (tetrahydrocortisol+allo-tetrahydrocortisol)/
tetrahydrocortisone in urine than children with obesity but
without hypertension and controls with a normal weight
(15), suggesting that the cortisol-cortisone shuttle favors
cortisol in childhood obesity-associated hypertension.
However, other studies on this topic did not include a
normal-weight control group or lacked information on
metabolic syndrome components (10, 16, 17).

In addition to alterations
of glucocorticoids, it could be possible that rate-
limiting steps in their synthesis contribute to the
development of hypertension in children with obesity.
Patients with 11g-hydroxylase deficiency congenital
adrenal hyperplasia become hypertensive due to the
accumulation of 11-deoxycorticosterone, which has a
strong affinity for the mineralocorticoid receptor (18, 19).
Likewise, mineralocorticoid excess is also apparent in
17a-hydroxylase deficiency congenital adrenal hyperplasia.
To our knowledge, there are no reports that have described
the alterations in the activities of 11g-hydroxylase or
17a-hydroxylase in children with obesity.

in the metabolism

With the present study, we aimed to test the hypothesis
that the development of obesity-associated hypertension
requires various concerted steps that could result in
an increased availability of bioactive glucocorticoids.
Therefore, in the present study using targeted gas
chromatography-mass spectrometry (GC-MS) steroid
metabolome analysis, we compared urinary corticosteroid
profiles (enabling assessment of the activities of various
enzymes involved in the metabolism and synthesis of
glucocorticoids, including 118-HSDs, A-ring reductases,
CYP3A4, 20a-HSD, 11g-hydroxylase, and 17«-hydroxylase)
from children with overweight, with or without
hypertension, to those of controls without overweight or
hypertension.

Materials and methods
Population

A convenience sample of 5-17-year olds was recruited for
the study of glucocorticoid parameters, as assessed from
urine and/or saliva, in childhood obesity-associated
hypertension. Children with overweight or obesity were
recruited at a pediatric outpatient obesity clinic, and
normal-weight controls of the same age were recruited at
two schools and at a general pediatric outpatient clinic,
as described previously (8). Children with conditions
known to affect blood pressure were not eligible for
inclusion.

The study was approved by the medical ethics
committee of VU University Medical Center (protocol
number 2015.121). Written informed consent was obtained
from at least one parent and from all children aged 12 years
or older.

Study protocol

Height was measured to 0.1 cm accuracy by trained
personnel using a fixed stadiometer, according to
standardized procedures. Weight was measured to the
nearest 0.1 kg on a balance scale, while wearing light
clothing. After 5 min of rest in sitting position, blood
pressure was measured three times consecutively using
an oscillometric device. The cuff size was adjusted to the
upper arm circumference, according to the guidelines
of the National High Blood Pressure Education Program
(NHBPEP) Working Group on Children and Adolescents
(20). Based on the lowest of three consecutive blood
pressure measurements, hypertension was defined as
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a value greater than or equal to the 95th percentile for
age, sex, and height. Spot urine was collected at the
study site at a time between the end of the morning and
the beginning of the afternoon, which was not the first
urine output.

BMI was converted to SD score (SDS) using an LMS
method, based on World Health Organization reference
data (21). BMI status was determined based on the
International Obesity Task Force criteria (22). Blood
pressure SDSs were calculated using the equations provided
by the NHBPEP Working Group (20).

Laboratory analysis

Urine samples were stored at —80°C and thawed only once
just before analysis. Steroids in urine samples were analyzed
using quantitative data generated by targeted GC-MS
analysis, as described previously (10, 23, 24). In brief, free
and conjugated urinary steroids were extracted by solid-
phase extraction, and conjugates were enzymatically
hydrolyzed. After recovery of hydrolyzed steroids by solid-
phase extraction, known amounts of internal standards
(Sa-androstane-3a,17a-diol, stigmasterol) were added
to each extract before the formation of methyloxime-
trimethylsilyl ethers. GC was performed using an Optima-1
fused silica column (Macherey-Nagel, Dueren, Germany)
housed in an Agilent Technologies 6890 series GC that was
directly interfaced to an Agilent Technologies 5975 inert
XL mass selective detector. Quantification was performed
in the selected ion monitoring mode.

Statistical analysis

We calculated excretion rates and enzyme activities based
on the measured steroid levels. The excretion rates were
subsequently divided by the product of urine creatinine
concentration (mmol/L) and body surface area (according
to the Mosteller formula (25)), to account for inter-
individual differences in urine production and body size,
respectively.

Non-normally distributed variables were 10log-
transformed prior Based on evidence
demonstrating that the sex difference in A-ring reductase
activity, as observed in young adulthood (26), emerged
from an age of approximately 11 years (27), groups were
compared using linear regression analysis adjusted
for sex and age (< or >11 years). Next, a sex x age (< or
>11 years) interaction term was added to the model.
Statistical significance was defined as a P value <0.05. For
interaction models, a P value <0.10 was deemed significant.

to analysis.

Results
Characteristics

Of a total of 270 children (8), 177 (of whom 38 were
overweight and hypertensive, 83 were overweight and
non-hypertensive, and 56 were non-overweight and non-
hypertensive) provided urine samples for targeted GC-MS
steroid metabolome analysis. The mean (£s.D.) age of
participants in this specific study was 10.4 + 3.4 years, and
53% of them were male, similar to the entire sample (8).
Table 1 presents their characteristics by group, showing
differences in sex distribution, and, by definition, in BMI
and/or blood pressure.

Associations

Table 2 presents the outcomes by group. Boys and girls did
notdiffer in outcomes (datanot shown). Moreover, findings
from tests of sex x age interaction were inconsistent (i.e. of
36 comparisons, only 4 had a P value <0.10), so that there
is no need to stratify analyses.

Overweight/hypertensive
vs overweight/non-hypertensive

The overweight/hypertensive group excreted more
Sa-reduced metabolites (in absolute terms as well as
relative to the excretion of 5g-reduced metabolites) than
the overweight/non-hypertensive group. CYP3A4 activity
was lower in the overweight/hypertensive group than in

the overweight/non-hypertensive group.

Overweight/hypertensive
vs non-overweight/non-hypertensive

The overweight/hypertensive group had higher excretion
rates of naive cortisol, cortisol metabolites, corticosterone
metabolites, and Sa-reduced metabolites than the non-
overweight/non-hypertensive group. In the overweight/
hypertensive group, as compared to the non-overweight/
non-hypertensive group, 11g-hydroxylase activity was
higher and CYP3A4 activity was lower.

Overweight/non-hypertensive
vs non-overweight/non-hypertensive

The overweight/non-hypertensive group had higher
excretion rates of cortisol metabolites and corticosterone
metabolites than the non-overweight group. The
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Table 1 Characteristics of participants by weight and blood pressure status.

Groups P value?
Overweight and Overweight and non- Non-overweight and

Characteristic hypertensive (1) hypertensive (2) non-hypertensive (3) 1vs2 1vs3 2vs3
N/males (%) 38/15 (40%) 83/41 (49%) 56/38 (68%) 0.31 0.006 0.03
Age (years) 9.9+3.8 10.7+34 10.3+3.2 0.25 0.59 0.48
BMI (kg/m?) 27.7+7.6 27.3+5.2 171 +£23 0.72 <0.001 <0.001
BMI (SD score) 2.8+0.7 2.6+0.9 -0.2+1.0 0.40 <0.001 <0.001
Severity of obesity 0.43 - -

Overweight (%) 9 (24%) 23 (28%) -

Obese (%) 12 (32%) 33 (40%) -

Morbidly obese (%) 17 (45%) 27 (33%)
Mean systolic blood 2.0+0.5 0.4+0.9 0.2+0.8 <0.001 <0.001 0.15

pressure (SD score)

Mean diastolic blood 1.2+0.8 0.3+0.6 -0.1+0.7 <0.001 <0.001 0.001

pressure (SD score)

Values represent N (%) or mean +s.p.

2Groups were compared by the independent samples t-test or the chi-square test, as appropriate.

overweight/non-hypertensive group, as compared to the
non-overweight group, had a lower ratio of cortisol to
cortisone metabolites, higher 20«-HSD activity, and lower
17a-hydroxylase activity.

Discussion

Our study provided evidence for a model in the
pathophysiology  of  childhood  obesity-associated
hypertension that includes increased production and
impaired clearance of glucocorticoids.

Childhood obesity, analogous to adult obesity,
may be accompanied by metabolic perturbations that
include insulin resistance and dyslipidemia in addition
to hypertension. In childhood obesity, increased insulin
resistance over time predicted higher blood pressure
(28), implying that the overweight/hypertensive group
might be more insulin-resistant than the overweight/
non-hypertensive group. Previous studies addressing the
impact of childhood obesity on indices of HPA axis activity
either did not include a normal-weight control group or
lacked information on metabolic syndrome components
(10, 16, 17). Therefore, these studies were unable to make
inferences about the role of HPA axis dysregulation in
childhood obesity-associated metabolic perturbation.

We showed that childhood obesity was associated with
an increase in the excretion rate of glucocorticoids. Those
obese children who were hypertensive had, analogous to
obese children who fulfilled the International Diabetes
Federation definition of the metabolic syndrome, a higher
excretion rate of naive cortisol (7), which could most likely
be attributed to increased cortisone-to-cortisol conversion
by 118-HSDs and lower CYP3A4 activity.

In our study, the overweight/non-hypertensive
group, as compared to the non-overweight/non-
hypertensive group, had evidence of a cortisol-cortisone
shuttle that favors cortisone. A previous study in the
same sample demonstrated that the cortisol/cortisone
ratio in spot urine, which provides an estimate of renal
118-HSD type 2 activity, did not differ between these
groups (8). Therefore, our findings, along with data
demonstrating that weight loss increased the expression
and activity of 118-HSD type 1 in omental cells of adults
with obesity (29), lend support to previous observations
showing that childhood obesity, in particular in the
presence of insulin resistance (as assessed from fasting
glucose and insulin levels), reduces 11p-HSD type 1
activity (16, 30). More detailed studies in middle-aged
adults with obesity linked deterioration of glucose
tolerance during 4 years of follow-up to lower 118-HSD
type 1 expression in subcutaneous-tissue biopsies (31).
This might represent a compensatory mechanism to
decrease local glucocorticoid exposure in the face of an
emerging adverse metabolic phenotype.

We found that the overweight/hypertensive group
had higher Sa-reductase activity than the overweight/
non-hypertensive group. A study among adults with
obesity showed that weight loss decreased interstitial
fluid glycerol concentrations during a hyperinsulinemic-
euglycemic clamp, suggestive of insulin sensitization,
along with decreases in Sa-reductase activity and cortisol
production (32). These as well as other data (30, 33)
suggest that insulin resistance rather than obesity per se
upregulates Sa-reductase activity, leading to decreased
central feedback suppression, and, consequently,
increased cortisol production.
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We made a couple of other observations. The
overweight/non-hypertensive group had slightly lower
17a-hydroxylase activity than the non-overweight/non-
hypertensive group, which is expected to have a limited
clinical impact but contrasts with our observation that
glucocorticoid production is increased in overweight
children. Furthermore, the overweight/hypertensive
group had higher 11g-hydroxylase activity than the non-
overweight/non-hypertensive group, which could likely be
attributed to greater glucocorticoid production.

Our study has several strengths and limitations.
The major strength of our study was the inclusion of
three study groups, enabling us to unravel the relative
contributions of obesity and hypertension on selected
outcomes. Another strength of our study was the use of
GC-MS steroid metabolome analysis. Our study also has
its limitations. First, a diagnosis of hypertension was based
on blood pressure measurements obtained on only one
occasion, instead of the gold standard 24-h ambulatory
blood pressure monitoring, which might have caused
misclassification. Nonetheless, to avoid stress and anxiety
falsely elevating blood pressure readings, only the lowest
of three measurements was used after 5 min of rest (34).
Secondly, our study was based on a convenience sample of
children, resulting in lacking information on important
factors, such as socio-economic status, ethnicity, health
status, pubertal stage, and metabolism, for example,
an estimate of body composition or insulin sensitivity,
and heterogeneity in age and sex distribution (although
statistically controlled for). Thirdly, spot urine was collected
in our study, in contrast to previous studies on children
collecting 24-h urine samples (7, 10, 16). Although 24-h
urine sampling seems superior to spot urine, it has been
estimated that approximately half of 24-h urine sample
collections are inaccurate (35). In our study, the timing of
urine sampling was rather fixed, and the excretion rates
were corrected for creatinine output.

In summary, based on our and previous data we
speculate that the sequence of events leading to obesity-
associated hypertension in children follows a certain
route, involving (i) an increase in the production of
glucocorticoids, (ii) downregulation of 118-HSD type 1
activity, probably in an early attempt to preserve insulin
sensitivity (although more detailed studies are necessary
to link tissue-specific 118-HSD type 1 expression to
metabolic disease progression in childhood obesity),
and (iii) upregulation of Sa-reductase activity, probably
due to worsening of insulin resistance, along with a
decrease in CYP3A4 activity and an increase in
bioavailable cortisol.
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