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Abstract

An increased blood pressure is a known comorbidity of both type 1 diabetes (T1DM) and

obesity in children. Increasing evidence suggests a subtle interplay between epidermal

growth factor (EGF) and renin along the juxtaglomerular system, regulating the impact of

blood pressure on kidney health and the cardiovascular system. In this study, we investi-

gated the relation between urinary EGF, serum renin and blood pressure in children with

obesity or T1DM. 147 non-obese children with T1DM and 126 children with obesity, were

included. Blood pressure was measured and mean arterial pressure (MAP) and the pulse

pressure (PP) were calculated. Serum renin and urinary EGF levels were determined with a

commercial ELISA kit. Partial Spearman rank correlation coefficients and multiple linear

regression models were used to study the association between renin, the urinary EGF/uri-

nary creatinine ratio and blood pressure parameters. The urinary EGF/urinary creatinine

ratio is correlated with the SBP and the MAP in boys with obesity as well as in boys with

T1DM. Multiple regression analysis showed that sex and pulse pressure in male subjects

were found to be independently associated with renin. Sex, the presence of diabetes, age,

the glomerular filtration rate and both pulse pressure and mean arterial pressure in male

subjects were independently associated with urinary EGF/urinary creatinine. In conclusion,

in boys with either obesity or diabetes, pulse pressure and mean arterial pressure are nega-

tively associated with the functional integrity of the nephron, which is reflected by a

decreased expression of urinary EGF.
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Introduction

The burden of childhood obesity is undisputable. According to the World Health Organiza-

tion, 340 million children and adolescents worldwide were overweight or obese in 2016 [1]. In

Belgium, 19% of children and adolescents are overweight and about 5.8% of them are obese

[2]. Obesity and its associated comorbidities are related to an increased risk of developing sev-

eral major health problems, finally resulting in a formerly called ‘metabolic syndrome’ com-

prising insulin resistance, dyslipidemia, hyperglycemia and hypertension in the context of

central obesity. It is known that the components of the metabolic syndrome track from child-

hood to adulthood and implicate an earlier onset of diabetes and cardiovascular morbidity [3–

6].

In parallel with the obesity epidemic, also the incidence of Type 1 diabetes mellitus (T1DM)

is increasing in youth [7]. T1DM is an auto-immune metabolic disease with chronic hypergly-

caemia. For many patients with T1DM, it is challenging to maintain near-normal glucose

blood levels and to reduce the risk of both acute (hypoglycaemia, ketoacidosis) and chronic

microvascular (retinopathy, neuropathy and nephropathy) as well as macrovascular complica-

tions (hypertension, cardiovascular disease, stroke,. . .) [8, 9].

Independent of any associated comorbidities, hypertension is a major risk factor for deteri-

oration of the kidney and cardiovascular function in adults [10]. Besides volume and salt over-

load, the renin-angiotensin system (RAS) plays a major role in the development of

renovascular hypertension. Renin is secreted from the juxtaglomerular system in the kidney

and elicits a cascade activating angiotensin II (ANG II), which is considered a potent vasocon-

strictor of vascular smooth muscle cells as well as a trigger for release of aldosterone from the

adrenal cortex [11].

Already in an early phase, tubulo-interstitial changes induced by glomerulopathies lead to

diminished production and urinary excretion of epidermal growth factor (EGF), making uri-

nary EGF a sensitive and ‘early stage’ biomarker for the deterioration of kidney function [12].

In children and adolescents with T1DM, it has been shown by our own research group that the

urinary EGF is decreased and related to diabetes nephropathy [13]. To the best of our knowl-

edge, no data have been published on urinary EGF in a paediatric population with obesity.

Epidermal growth factor (EGF) stimulates cell growth, proliferation and differentiation by

binding to its receptor EGFR [14]. In the kidney, EGF is locally produced in Henle’s loop and

in the distal convoluted tubule and is involved in the repairing process of kidney structures

[15–17]. On the other hand, excessive stimulation of the EGF receptor has been described to

lead to kidney fibrosis and inflammation as well as sodium retention. Moreover, activation of

the EGF receptor in tubular cells can be modulated by other ligands such as tumour necrosis

factor (TNF) alpha, angiotensin II (Ang II) and high glucose levels [18, 19]. Urinary EGF also

plays a role in regulating salt-sensitive hypertension by stimulating urinary salt excretion

through epithelial sodium channels (ENaC) in the collecting duct [20]. Finally, the stimulatory

effect of (angiotensin-converting enzyme (ACE)-inhibition on urinary EGF excretion [19, 21]

provides indirect proof for a suppressive effect of renin on urinary EGF. So increasing evi-

dence suggests an intriguing, subtle interplay between EGF and renin along the juxtaglomeru-

lar system, regulating and fine tuning the impact of blood pressure on kidney health and on

cardiovascular system.

In this study, we hypothesized that intrarenal renin production plays a role in the fluctua-

tion of urinary EGF excretion, including a suppression of kidney EGF production by high

intrarenal renin and vice versa. An increased blood pressure is a known comorbidity in chil-

dren and adolescents with both T1DM and obesity, however the pathophysiological mecha-

nisms differ between the conditions. In obesity, hypertension is (at least partly) caused by salt-
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retention and associated with a low to normal renin production [22] which in turn could trig-

ger the kidney EGF production. In contrast, T1DM mediated hypertension is accompanied

with hyperfiltration followed by an increase in renin production which hypothetically could

depress the tubular EGF production. To investigate these hypotheses, a clinical study was set

up in which we included children and adolescents with either T1DM or obesity, and analysed

urinary EGF and serum renin in relation to blood pressure parameters.

Materials and methods

Study design and patients

Paediatric patients with T1DM. Were included at the Antwerp University Hospital

(n = 147) between October 2016 and April 2018 in an observational, monocentric, prospective

cohort study. Serum and urine samples were collected from each patient.

Inclusion criteria: 8–18 years of age; T1DM diagnosis for at least one year; and insulin treat-

ment of�0.5E/kg/d (thereby excluding patients with a significant autonomous insulin

production).

Exclusion criteria: obesity defined by a body mass index (BMI) z-score > 2, use diuretics,

calcineurin inhibitors, platinum derivates or aminoglycosides and known genetic syndromes.

Paediatric patients with obesity and insulin resistance. Were recruited by consecutive

inclusion at the paediatric obesity clinic of the Antwerp University Hospital through two

research projects (the WELCOME trial, and the ULTROMEC study) (n = 126) [23]. Patients

were included between May 2017 and October 2020. Serum and urine samples were collected

from each patient. Part of the study population was included via a randomized controlled trial

(nISRCTN14722584) of which the results were previously reported [24].

Inclusion criteria: Children with overweight or obesity (aged 8–18 years old) who were

diagnosed with insulin resistance. Insulin resistance was defined by meeting one of the follow-

ing three criteria, depending on a 3-hour oral glucose tolerance test (OGTT): a fasting

insulin > 100 pmol/l; or a peak insulin during OGTT > 1000 pmol/l or a glycaemia that

exceeds 140 mg/dl at 120’. The OGTT was performed after a 12-hour overnight fast and blood

samples were withdrawn at six different moments: 0’, 15’, 30’, 60’, 120’ and 180’. Glucose

levels > 140 mg/dl at minute 120 of the OGTT is an indicator of impaired glucose tolerance

and therefore of insulin resistance [25, 26].

Exclusion criteria: an underlying illness with intestinal malabsorption, an endogenous

cause of obesity (hormonal or genetic), epilepsy, use diuretics, calcineurin inhibitors, platinum

derivates or aminoglycosides, T1DM and known genetic syndromes.

In order to avoid overlap between the 2 populations, we explicitly excluded patients with

T1DM with a BMI z-score> 2 as well as patients with obesity with characteristics of T1DM.

The study was conducted in accordance with the Declaration of Helsinki and the principles

of Good Clinical Practice. The study protocol was reviewed and approved by the Ethics Com-

mittee of the Antwerp University Hospital (approval numbers 16/22/2258 (T1DM), 17/10/112

(WELCOME), 19/45/519 (ULTROMEC)). All patients and the parents or legal guardians of

the children below 18 years old gave a written informed consent.

Clinical data

Age, sex, medical and medication history, and laboratory values were extracted out of the elec-

tronic patient files for all patients.

Anthropometric measurements. Height (cm) was measured to 0.1cm using a standing

stadiometer and weight was measured to the nearest 0.05kg using a digital weighing scale.
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BMI was calculated as weight in kg over height in m2. Weight, height and BMI were fur-

ther analysed as z-scores using the Flemish Growth Study as reference population [27].

Overweight and obesity were defined according to the International Obesity Task Force

(IOTF) criteria [28].

Systolic and diastolic blood pressure. The arterial blood pressure was measured three

times consecutively by an automated validated oscillometric device at the right upper arm with

an adjusted cuff. The mean value of these measurements was calculated. Systolic and diastolic

blood pressure z-scores for age, height and sex were calculated [29].

Pulse pressure (PP), a measure for artery stiffness and flow pulsatility [30], (PP) was calcu-

lated as the systolic blood pressure (SBP; in mmHg) minus diastolic blood pressure (DBP; in

mmHg).

Mean arterial pressure (MAP) was calculated as DBP plus 1/3(PP), and is determined by

small resistance artery function and cardiac output [30].

Laboratory measurements

Serum and urine creatinine were analysed with an automated Dimension Vista 1500 system

(Siemens Healthcare Diagnostics, Deerfield, MA, USA).

The estimated glomerular filtration rate (eGFR) was then calculated using the Bedside

Swartz equation, which includes serum creatinine and height and is the preferred method in

subjects under 18 years old [31].

Urine EGF was measured using an EGF human Elisa kit1 (Invitrogen, California, USA),

according to the manufacturer’s guidelines. The detection limit of the assay was 3.9 pg/ml.

Urine EGF was corrected for kidney function (creatinine) as previously published [32].

Serum renin was measured using a Human Renin Quantikine ELISA kit1 (R&D systems,

Abingdon, UK), according to the manufacturer’s guidelines [33]. The detection limit of this

assay was 31.3 pg/ml.

Statistical analysis

Normality was tested with Shapiro-Wilk test and visual inspection of QQ-plots. Since not all

parameters were normally distributed, patient characteristics were presented per group (obe-

sity/diabetes) as median with range (min-max). As it is known that serum renin levels are

higher in boys when compared to age-matched girls [34], all data are shown separately for

boys and girls.

The association between renine, the urinary EGF (uEGF)/urinary creatinine (uCreat) ratio

and blood parameters was studied in each of the four subgroups (diabetes/obesity by sex) by

partial Spearman rank correlation coefficients (rho), controlling for age and height-z-score.

Both age and height-z-score were used as controlling variables as children with obesity were

seen to be taller than non-obese peers.

Finally, a multiple linear regression model was constructed for renin and log-transformed

uEGF/uCreat ratio, containing sex, disease (obesity/diabetes), age, height-z-score, eGFR, PP,

MAP and interactions between PP and sex, and between MAP and sex as explanatory vari-

ables. In this way a different association was allowed between blood pressure parameters and

renin or uEGF/uCreat ratio for boys and girls. Adding an interaction between PP and disease

or between MAP and disease did not significantly improve the model fit. Model assumptions

were judged by looking at residual plots. Added variable plots were constructed to visualize the

relation between renin or uEGF/uCreat ratio and blood pressure parameters after controlling

for the remaining variables in the model.
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All analyses were performed in R 4.1.3 (R Core Team 2022) and significance was concluded

when p-values were below 0.05.

Results

Population demographics

Group descriptions. As presented in Table 1, 147 normal weighted children and adoles-

cents with T1DM and 126 children and adolescents with obesity, were included into this

study.

Based on the height z-scores, we see that children and adolescents with obesity were taller

than their peers and had an increased BMI z-score meeting the criteria for obesity as described

by the IOTF. The z-scores for height and BMI in children and adolescents with T1DM were

within normal range.

Both in boys with T1DM and boys with obesity, the serum renin levels are higher when

compared to girls.

Pulse pressure was significantly higher in the T1DM group compared to the group with

obesity (p< 0.001) after correction for age, sex and height-z-score, while no significant differ-

ence in MAP could be withheld. Overall, no significant difference in SBP z-score or DBP z-

score was seen between the subpopulations with obesity or diabetes. Five percent (7/139) of

the children and adolescents with diabetes had a SBP of more than 5 mmHg above 95th centile

and 2.2% (3/139) displayed a DBP of more than 5 mmHg above 95th centile (called pre-hyper-

tension or stage 1 hypertension). In the subgroup with obesity, 7.3% (9/124) of the children

and adolescents were in the pre-hypertensive range for SBP and 8.1% (10/124) for DBP. The

criteria for stage 2 hypertension (> 5 mmHg above P99 for age and height) were only met in

2.2% of the T1DM group (0.7% DBP (1/139) and 1.4% SBP (2/139)), and in 4.0% of the popu-

lation with obesity (2.4% DBP (3/124) and 2.4% SBP (3/124)). The boxplots shown in Fig 1,

represent differences between boys and girls with T1DM and obesity for blood pressure related

variables and kidney related variables.

In children and adolescents with T1DM, proteinuria was 14.5 (10.0–20.8) mg/dl and in

children and adolescents with obesity 12.6 (8.2–18.0) mg/dl (p = 0.016). In children and ado-

lescents with T1DM, microalbuminuria was 8.4 (5.6–12.6) mg/g creatinine and in children

and adolescents with obesity 5.5 (2.9–7.8) mg/g creatinine (p<0.001). Eight percent of the chil-

dren and adolescents with obesity and 10% of the children and adolescents with T1DM had

microalbuminuria >30mg/g creatinine (p = 0.630).

Partial correlation analysis

Partial correlations controlling for age and height z-score between renin, urinary EGF/ urinary

creatinine ratio, blood pressure parameters and eGFR are depicted in Table 2. Both in boys

with obesity as well as boys with T1DM the urinary EGF/urinary creatinine ratio is signifi-

cantly correlated with the SBP and the MAP. No significant correlations were withheld in

girls. The serum renin levels were not correlated with the urinary EGF/urinary creatinine

ratio, the glomerular filtration rate nor blood pressure.

Regression analysis

Two multiple linear regressions models were fitted to determine which parameters are inde-

pendently related to renin or urinary EGF/urinary creatinine as presented in Table 3. Sex and

the pulse pressure in male subjects were found to be independently associated with renin while

disease (diabetes or obesity), age, height z-score, glomerular filtration and MAP were not. Sex,
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the presence of diabetes, age, the glomerular filtration rate and both pulse pressure and mean

arterial pressure in male subjects appeared to be independently associated with urinary EGF/

urinary creatinine. The added variable plots in Fig 2 visualize the relation between uEGF/

uCreat and respectively PP and MAP, after correction for the other covariates in the linear

regression model (i.e. age, height-z-score, eGFR and diabetes). The darker (blue) dots and

lines correspond with the boys, while the lighter (orange) dots and lines depict the girls. As

seen in the model, no clear relationship is seen for the girls, while in the boys we see a negative

association between uEGF/uCreat and PP or MAP.

Discussion

Aiming at dissecting a hypothetical interaction between systemic blood pressure, plasma renin

and urinary EGF in children, we compared the characteristics of these three actors in two dis-

tinct paediatric populations, namely children with obesity and T1DM, thereby avoiding any

overlap of disease. Although no direct link between renin and urinary EGF could be withheld,

two interesting patterns of association were observed in male subjects: pulse pressure was

found to be independently related to renin, and both pulse pressure and mean arterial pressure

showed a clear association with urinary EGF.

Table 1. Characteristics of patients with obesity and T1DM.

Obesity T1DM

All Boys Girls All Boys Girls

General

N 126 57 69 147 83 64

Age (y) 12.8 (8.1–17.4) 12.0 (8.92–16.7) 13.2 (8.11–17.4) 13.5 (3.70–17.9) 13.6 (5.68–17.8) 13.4 (3.70–17.9)

Height (cm) 161 (131–187) 158 (135–187) 162 (131–178) 160 (101–195) 163 (115–194) 158 (101–182)

Height z-score 1.18 (-1.07–4.06) 1.19 (-1.07–3.92) 1.07 (-0.76–4.06) -0.06 (-3.17–2.70) 0.01 (-2.51–2.70) -0.18 (-3.17–2.65)

BMI (kg/m2) 31.5 (18.2–48.7) 31.0 (22.1–39.1) 31.6 (18.2–48.7) 19.2 (12.0–28.9) 18.9 (14.0–26.9) 19.9 (12.0–28.9)

BMI z-score 2.49 (1.89–3.30) 2.41 (1.90–3.20) 2.50 (1.89–3.30) 0.34 (-4.28–1.83) 0.26 (-1.83–1.70) 0.40 (-4.28–1.83)

Blood pressure

N 126 57 69 139 78 61

SBP (mmHg) 113 (87–170) 115 (87–148) 111 (87–170) 117 (89–154) 118 (93–154) 116 (89–140)

DBP (mmHg) 68 (46–106) 68 (46–92) 68 (48–106) 66 (41–90) 65 (47–89) 68 (41–90)

SBP z-scorea 0.66 (-1.88–2.33) 0.81 (-1.64–2.33) 0.41 (-1.88–2.33) 0.88 (-1.55–2.33) 0.74 (-1.23–2.33) 1.17 (-1.55–2.33)

DBP z-scorea 0.37 (-1.75–2.33) 0.50 (-1.34–2.33) 0.31 (-1.75–2.33) 0.33 (-1.75–2.33) 0.14 (-1.28–2.33) 0.52 (-1.75–2.33)

MAP 82 (62–119) 83 (64–103) 82 (62–119) 83 (61–101) 83 (67–101) 84 (61–101)

PP 45 (20–76) 47 (21–71) 44 (20–76) 48 (25–85) 51 (27–85) 46 (25–68)

Nephrological parameters

N 125 56 69 147 83 64

eGFR (ml/min/m2) 120.1 (77.3–175.2) 120.8 (81.7–175.2) 120.1 (77.3–173.1) 109.4 (78.7–168.4) 110.1 (82.4–168.4) 106.7 (78.7–158.9)

N 108 49 59 146 83 63

Renin (pg/ml) 701.5 (265.8–1728.2) 770.7 (437.6–1689.4) 677.5 (265.8–1728.2) 763.5 (224.0–2672.0) 880.8 (425.9–2672.0) 661.2 (224.0–2156.0)

N 97 43 54 103 64 39

uEGF/uCreat (ng/mg) 61.4 (12.3–183.4) 67.3 (12.3–183.4) 54.6 (27.1–106.4) 33.09 (6.3–96.4) 32.7 (6.3–96.4) 34.8 (15.5–94.4)

Table 1: Descriptive data for children and adolescents with obesity (left panel) and T1DM (right panel). Data are presented as median (range) for both patient groups

with subsequently boys and girls separately for each group. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial

pressure; PP: pulse pressure; eGFR: estimated glomerular filtration rate; uEGF: urinary EGF; uCreat: urinary creatinine. a SBP-z-score and DBP-z-score missing for 2

boys with obesity because of height-z > 3

https://doi.org/10.1371/journal.pone.0283716.t001
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Systemic blood pressure

Vascular health is determined by arterial vascular stiffness, which in turn comprises both large

artery elasticity (non-invasively measured by pulse pressure (PP)) and small artery compliance

(indirectly represented by mean arterial pressure (MAP)) [30]. Systemic blood pressure reflects

the functional condition of the arterial vessel wall. Already at childhood age, a limitation of

large artery elasticity can be detected by pulse wave velocity (correlating with pulse pressure)

before vascular wall thickening becomes apparent [35, 36]. In children, and particularly ado-

lescents with either T1DM or obesity, systolic blood pressure has a major contribution to both

increased stiffness of large arteries and structural vascular wall thickening [35–37]. Therefore,

four components of systemic blood pressure, namely systolic BP, diastolic BP, PP and MAP,

should be taken into account when evaluating vascular health in a study population. Mapping

these 4 blood pressure components in the comparison of our 2 study groups, we observed that

pulse pressure was significantly higher in the T1DM group compared to the obese (p< 0.001)

after correction for age, sex and height z-score, while no significant difference in MAP could

be withheld. Overall, no significant differences in SBP z-score or DBP z-score were seen

between the subpopulations with obesity or diabetes. According to the epidemiologic criteria

of hypertension in children [38], thus taking age and height into account, 5.0% (7/139) of the

children with diabetes had a SBP of more than 5 mmHg above 95th centile and 2.2% (3/139)

displayed a DBP of more than 5 mmHg above 95th centile (called pre-hypertension or stage 1

Fig 1. Boxplots represent differences in blood pressure related variables (upper panel) and kidney related variables (lower panel) between boys and girls with T1DM

(light grey) and obesity (black). MAP: mean arterial pressure; PP: pulse pressure; eGFR: estimated glomerular filtration rate; uEGF: urinary epidermal growth factor;

uCreat: urinary creatinine.

https://doi.org/10.1371/journal.pone.0283716.g001
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hypertension). In the subgroup with obesity, 7.3% (9/124) of the children were in the pre-

hypertensive range for SBP and 8.1% (10/124) for DBP. The criteria for stage 2 hypertension

(> 5 mmHg above P99 for age and height) were only met in 2.2% of the T1DM group (0.7%

DBP (1/139) and 1.4% SBP (2/139)), and in 4.0% of the population with obesity (2.4% DBP (3/

124) and 2.4% SBP (3/124)).

Plasma renin

Children with obesity had lower renin levels compared to the paediatric T1DM group

although this difference was only significant in the male subjects. The lower renin levels

observed in the subjects with obesity correspond to the well-documented difference in patho-

physiological cause of hypertension between obese and diabetic subjects, namely salt-driven

low or normal renin hypertension in obesity [22] opposed to renin-induced renovascular

hypertension in T1DM patients. When comparing subgroups by sex, this significance could

only be confirmed in boys (p = 0.042), which is in line with the recently described differences

in renin levels according to sex during puberty [34]. From the age of 12 years on, sex-

Table 2. Partial correlations, controlling for age and height z-score, between renin, uEGF/uCreatinine eGFR and blood pressure parameters in boys and girls with

obesity or T1DM.

Boys Girls

Obesity Renin uEGF/uCreat Renin uEGF/uCreat

uEGF/uCreat ρ = -0.067 uEGF/uCreat ρ = 0.22

(p = 0.69) (p = 0.15)

eGFR ρ = -0.22 ρ = 0.093 eGFR ρ = -0.11 ρ = 0.22

(p = 0.14) (p = 0.56) (p = 0.40) (p = 0.11)

SBP z-score ρ = -0.04 ρ = -0.38 SBP z-score ρ = -0.053 ρ = 0.11

(p = 0.79) (p = 0.016) (p = 0.69) (p = 0.46)

DBP z-score ρ = -0.23 ρ = -0.30 DBP z-score ρ = 0.056 ρ = 0.27

(p = 0.12) (p = 0.062) (p = 0.68) (p = 0.056)

MAP ρ = -0.066 ρ = -0.33 MAP ρ = 0.016 ρ = 0.24

(p = 0.66) (p = 0.037) (p = 0.90) (p = 0.089)

PP ρ = 0.095 ρ = -0.18 PP ρ = -0.18 ρ = -0.026

(p = 0.53) (p = 0.26) (p = 0.17) (p = 0.86)

Diabetes Renin uEGF/uCreat Renin uEGF/uCreat

uEGF/uCreat ρ = -0.11 uEGF/uCreat ρ = -0.099

(p = 0.40) (p = 0.56)

eGFR ρ = 0.18 ρ = 0.22 eGFR ρ = 0.23 ρ = 0.15

(p = 0.11) (p = 0.092) (p = 0.07) (p = 0.36)

SBPz-score ρ = 0.039 ρ = -0.27 SBPz-score ρ = 0.058 ρ = 0.20

(p = 0.74) (p = 0.041) (p = 0.67) (p = 0.25)

DBPz-score ρ = 0.030 ρ = -0.25 DBPz-score ρ = -0.078 ρ = 0.054

(p = 0.79) (p = 0.059) (p = 0.56) (p = 0.76)

MAP ρ = 0.063 ρ = -0.38 MAP ρ = -0.002 ρ = 0.041

(p = 0.59) (p = 0.007) (p = 0.99) (p = 0.81)

PP ρ = 0.019 ρ = -0.18 PP ρ = 0.11 ρ = 0.14

(p = 0.87) (p = 0.17) (p = 0.41) (p = 0.43)

Table 2: In this table the partial correlations are presented between renin and related parameters and uEGF/uCreatinine and related parameters in boys (left panels) and

girls (right panels) with obesity (upper panels) or T1DM (lower panels). Spearman’s rho (ρ) controlled for age and height-z-score are shown and the respective p-values.

Significant relations are displayed bold (p<0.05). SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; PP: pulse pressure.

https://doi.org/10.1371/journal.pone.0283716.t002
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hormones appear to have a major influence on the blood level of renin, being more pro-

nounced in males [34]. Moreover, in girls, it has recently been shown that pubertal develop-

ment has a major effect on blood pressure [39]. We presume that the complex endocrine

influence on blood renin as well as on blood pressure during adolescence might partly explain

why no associations could be withheld in the partial correlation analyses for renin with any of

the blood pressure parameters. However, when taking urinary EGF/creatinine into account in

the multiple linear regression model focusing on renin, both pulse pressure and sex appeared

to be independently associated with renin. We will elaborate on this finding in the section on

pulse pressure, plasma renin and urinary EGF of the discussion (see below).

Urinary EGF

The third player in our study was urinary EGF/creatinine, which showed to be significantly

lower in de T1DM group compared to the patients with obesity (p< 0.001 after correction for

age, height z-score and sex). The patients with diabetes had a lower, although not significant

(p = 0.10) eGFR than the children with obesity. However, in the partial correlation analyses,

no significant link between urinary EGF/creatinine and eGFR was withheld in any of the sub-

groups, indicating that the decreased urinary excretion of EGF in the diabetic subgroup was

not merely a reflection of a lower eGFR. As published before, a decreasing urinary EGF might

precede the decline in glomerular filtration rate in patients with T1DM [13].

Strikingly, in boys with obesity as well as in boys with diabetes, the partial correlation analy-

sis did reveal a significant, inverse link between urinary EGF/creatinine and both SBP and

MAP. The inverse correlation between urinary EGF/creatinine and MAP in the male patients

was confirmed in the multiple linear regression model, and appeared to be independent of dis-

ease (T1DM or obesity) and independent of eGFR. It is known that, besides its function as sen-

sitive, pre-clinical biomarker for kidney function and tubulo-interstitial fibrosis, urinary EGF

plays a role in regulating salt-sensitive hypertension. In hypertensive adults, salt-infusion

resulted in an increased urinary expression of EGF, which in turn triggered urinary salt excre-

tion through ENaC channels in the collecting duct [20]. So a direct tubular effect of increased

‘salt-sensitive’ blood pressure on urinary EGF would rather result in a raised EGF excretion.

Although our study patients were not overt hypertensive, the inverse association of blood pres-

sure and urinary EGF/creatinine therefore seems to exclude a similar direct tubular response

Table 3. Multiple linear regression models.

Renin Urinary EGF/Creatinine (log)

Coeff (SE) P-value Coeff (SE) P-value

Sex: Male (ref female) -860.42 (415.27) 0.039 1.98 (0.51) <0.001

Disease: Diabetes (ref obesity) 68.62 (47.84) 0.15 -0.50 (0.062) < 0.001

Age 5.18 (9.25) 0.58 -0.067 (0.012) < 0.001

Height-z-score -23.30 (20.29) 0.25 -0.022 (0.026) 0.40

eGFR 1.13 (1.22) 0.36 0.005 (0.002) 0.005

PP–Female -4.51 (3.09) 0.15 0.001 (0.004) 0.78

PP–Male 6.12 (2.46) 0.014 -0.009 (0.003) 0.006

MAP–Female -3.58 (2.85) 0.21 0.004 (0.003) 0.28

MAP–Male 2.49 (3.44) 0.47 -0.014 (0.004) 0.001

Table 3: Multiple linear regression models for renin (left panel) and urinary EGF/creatinine (right panel). Significant

relations are displayed bold (p<0.05). SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean

arterial pressure; PP: pulse pressure.

https://doi.org/10.1371/journal.pone.0283716.t003
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of urinary EGF activation on salt overload in our population. Our data rather suggest a chronic

state of hemodynamic overload in the glomerular microcirculation, where the decrease in uri-

nary EGF could be interpreted as an early sign of beginning latent glomerular changes (podo-

cyte detachment) preceding initial signs of kidney damage.

On the other hand, the significant difference between urinary EGF/creatinine levels in the

children with obesity or diabetes, seems to confirm the difference in physiological regulation

of blood pressure in the 2 groups, salt-sensitivity-driven in the obese versus renin-induced in

the T1DM patients.

Plasma renin and urinary EGF

Our study could not provide evidence for a direct link between renin and urinary EGF/creati-

nine. Of course, we should keep in mind that the measured serum renin is only a weak surro-

gate of the actual intrarenal RAS, and thus possibly not strong or reliable enough to uncover

intrarenal actions between RAS and urinary EGF.

Reviewing the literature, no direct effect of renin on urinary EGF has been demonstrated so

far. In a few reports, the influence of the intrarenal RAS on urinary EGF has been indirectly

studied by the effect of ACE-inhibition (ACE-I): in a rat model inducing RAS activation (by

salt-depletion), a beneficial stimulatory effect of ACE-I on urinary EGF has been observed

[19]. In humans, a raise of urinary EGF after treatment with ACE-I in hypertensive adult

patients with diabetes similarly suggests that activation of RAS inhibits urinary EGF excretion

[21]. Our data in children and adolescents are in line with the indirect evidence obtained in

these studies: multiple linear regression models applied in our study show a positive link

between renin and pulse pressure, as well as an inverse correlation between pulse pressure and

urinary EGF/creatinine in male subjects.

Fig 2. The added variable plots visualize the relation between uEGF/uCreat and respectively PP and MAP, after

correction for the other covariates in the linear regression model (i.e. age, height z-score, eGFR and diabetes). The

darker (blue) dots and lines correspond with the boys, while the lighter (orange) dots and lines depict the girls. As seen in the

model, no clear relationship is seen for the girls, while in the boys we see a negative association between uEGF/uCreat and PP

or MAP. MAP: mean arterial pressure; PP: pulse pressure; EGF: epidermal growth factor.

https://doi.org/10.1371/journal.pone.0283716.g002
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Pulse pressure, plasma renin and urinary EGF

Pulse pressure is the pulsatile component of the blood pressure, and reflects large arterial stiff-

ness [30]. A gradual decline in kidney function with higher pulse pressure is observed in

healthy adults, and this effect is more pronounced in the presence of diabetes or obesity [10].

Particularly in diabetic adult patients, an increase in pulse pressure is associated with protein-

uria and micro-albuminuria, despite a normal range systolic blood pressure [40]. Although a

raised pulse pressure has been described both in children and adolescents with diabetes [41] or

obesity [42], the effect of increased pulse pressure on glomerular integrity, which appears det-

rimental at adult age, has not yet been studied in children.

The positive correlation between pulse pressure and plasma renin which we observed in the

subpopulation of boys with either obesity or T1DM, does not provide an answer on which of

these 2 actors triggers the other. A higher pulse pressure could theoretically be a consequence

of RAS activation, but the lack of statistical evidence in the partial correlations (Table 2) for

any association between renin and MAP or SBP in the separate subgroups (obesity and diabe-

tes) does not favour a primary role for renin in the cascade, and rather suggests the opposite:

pulse pressure induces early hemodynamic alterations in the glomerular microcirculation

resulting in intrarenal RAS activation, prior to any other measurable sign of glomerular dam-

age such as micro-albuminuria, proteinuria or decline in kidney function. The observation in

the multiple linear regression models that pulse pressure is inversely associated with urinary

EGF (which has been shown to be a very sensitive biomarker for early kidney deterioration),

reinforces the idea that pulse pressure leads to early kidney deterioration by offending glomer-

ular integrity through increased hemodynamic glomerular disturbance.

Mean arterial pressure and urinary EGF

Complementary to pulse pressure, mean arterial pressure (MAP) represents the steady reflec-

tive component of blood pressure, and is determined by cardiac output and systemic vascular

resistance of the small arteries [30]. In order to maintain appropriate perfusion of vital organs,

MAP is tightly regulated through a complex interaction between cardiovascular, kidney and

autonomic nervous systems. The kidney system affects MAP directly via RAS, and helps to

maintain MAP through regulation of plasma volume, thereby affecting cardiac output. In

healthy, non-hypertensive adults, a higher MAP has been significantly linked to glomerular

injury by podocyte detachment, and not to any marker of direct tubular cell injury [43]. Con-

secutive podocyte loss from the glomerulus into the urine results in progression of glomerular

damage and finally glomerulosclerosis [44].

In our study population, a significant inverse correlation between MAP and urinary EGF

was observed in the subgroup of boys with either T1DM or obesity, independent of eGFR. So

again, even before any obvious parameter of kidney decline (such as proteinuria or decrease in

GFR) becomes apparent, a lower urinary EGF in our population seems to reflect the adverse

effect of systemic blood pressure on glomerular integrity, preceding effective kidney decline.

To the best of our knowledge, the observations in our study are the first to provide insight

in the urinary excretion of EGF in children with obesity. Moreover, the association between

PP and MAP on the one hand and the excretion of urinary EGF in boys with either obesity or

T1DM on the other hand, also represents a novel finding that has not been reported before,

not even in adults. So additionally to the known function of urinary EGF as an early prognostic

biomarker for kidney damage, urinary EGF can also be considered as a sensitive alarm bell for

preclinical undermined vascular health in obesity and T1DM at young age, long before the

development of overt hypertension.
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Although no direct effect of renin on urinary EGF excretion could be demonstrated in this

study, extrapolation of the results provides arguments for an either triggering and/or amplify-

ing role of renin in the observed negative loop between blood pressure and urinary EGF in this

pediatric population.

In the prevention of vascular disease in children with diabetes or obesity, we could even

argue that, besides physical exercise and dietary measurement, a lower threshold for ‘preven-

tive’ ACE-inhibition should be envisaged in order to break the vicious circle between increased

blood pressure and early signs of impaired vascular health and of glomerular damage. The cur-

rent decisive algorithm of when to start ACE-inhibition and / or diuretics in children with dia-

betes or obesity [45] relies on systolic and diastolic blood pressure and on renin blood levels.

We believe to have enough arguments to promote urinary EGF as a very sensitive barometer

of vascular condition in children with obesity or diabetes, which should be taken into account

in such a preventive algorithm.

Our findings also shed a new light on the definition of hypertension in childhood, which

currently is still based on the upper segment of normal BP distribution [29], and not on long-

term outcome. The decreased excretion of urinary EGF at young age which correlates with

higher pulse pressure, illustrates that the percentiles nowadays used to define (pre-)hyperten-

sion in children and adolescents underestimate the longitudinal risk, and provides arguments

for a lower level to define high risk BP.

Strengths and limitations

Strengths: By including two well-defined populations of lean children and adolescents with

T1DM and children and adolescents with obesity and insulin resistance, we were able to inves-

tigate the relationship between renin, EGF and vascular status in two important patient groups

of the metabolic spectrum. The young age implies a purer study population (compared to the

adult population) with hardly any co-morbidity or bias from confounding factors of metabolic

syndrome (obesity) or end organ damage (diabetes). The children and adolescents who partici-

pated in this study were not treated for hypertension. This rules out the possibility that drug

treatment influenced the results. Moreover, they had a normal eGFR. Both blood pressure and

renin production can be impaired in kidney failure [46], so if kidney function was impaired,

this could influence the results, which is not the case in our study population.

Limitations: The study is limited by the fact that serum renin was used as a surrogate for

intrarenal RAS. Both plasma and serum renin have been analysed in other studies as measures

of renal RAS [22, 34, 46, 47], although it remains a proxy for actual intrarenal renin produc-

tion. Although there are many advantages of investigating a pediatric population and provid-

ing new insights (e.g. time of onset of disturbed physiological processes and the absence of

comorbidities), the hormonal fluctuations that occur during puberty by fluctuations in testos-

terone and estrogens levels may affect renin levels. The pubertal stages were not determined in

this study, so unfortunately, we were not able to correct for this. The children with T1DM

were slightly older than those with obesity, so differences between these two groups are possi-

bly due to hormonal influences during puberty. Although blood pressure z-scores, PP and

MAP are representative for arterial hypertension, arterial stiffness and small resistance artery

function and cardiac output respectively, other measures like echocardiographic parameters

or pulse wave velocity could provide more detailed information on the hypertensive condition

and endothelial function.

Future perspectives: Future studies should focus on evaluating the individual evolution of

urinary EGF, renin and blood pressure under the influence of weight loss in children and ado-

lescents with obesity, or the effect of physical exercise in both children and adolescents with
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obesity or T1DM. It would be interesting to implement a roadmap in future studies in which

the measurement of a mean blood pressure over 24h and overnight blood pressure measure-

ment can be decided based on decreased urinary EGF levels. This might highlight the function

of urinary EGF in selecting patients with nightly dipping and thus at risk of early cardiovascu-

lar morbidity.

Conclusion

In boys with either obesity or diabetes, pulse pressure and mean arterial pressure are negatively

associated with the functional integrity of the nephron (altered hemodynamic glomerular

microcirculation, disturbing intrarenal RAS production), which is reflected by a decreased

expression of urinary EGF. So in the prevention of cardiovascular morbidity in children with

either obesity or diabetes, urinary EGF measurement could play an important role to monitor

the earliest phase of impaired vascular health and of preclinical kidney damage.
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