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ORIGINAL ARTICLE

Undiagnosed Pediatric Elevated Blood Pressure 
Is Characterized by Induction of Proinflammatory 
and Cytotoxic Mediators
Loreen Thürmann ,*  Mario Bauer ,*  Maike Ferland,* Marey Messingschlager , Tamara Schikowski , Andrea von Berg, 
Joachim Heinrich , Gunda Herberth , Irina Lehmann ,*  Marie Standl ,*  Saskia Trump * 

BACKGROUND: Inflammatory processes have been suggested as a culprit of vascular damage in pediatric hypertension. We 
aimed to investigate transcriptional changes of immune modulators and determine their association with office blood pressure 
in adolescents who were not diagnosed with hypertension at the time of the study visit.

METHODS: Office blood pressure measurements and blood samples were taken from adolescents of 2 German birth cohorts, 
GINIplus (The German Infant Study on the Influence of Nutrition Intervention Plus Air Pollution and Genetics on Allergy 
Development; discovery cohort, n=1219) and LISA (Influences of Lifestyle-related factors on the Immune System and the 
Development of Allergies in Childhood; validation cohort, n=809), during the 15-year follow-up visit and categorized based 
on the European Society of Hypertension Guideline. Hs-CRP (high-sensitivity C-reactive protein) and expression of 51 
genes encoding cytokines/receptors and transcription factors were analyzed.

RESULTS: The prevalence of elevated systolic blood pressure (overweight/obese) was 14.0% (5.1%) and 16.4% (5.2%) 
in the discovery and validation cohorts, respectively. An enhanced cytotoxic (GZMB, PRF1, IL2RB) and proinflammatory 
(FOS, IL1B, hs-CRP) immune profile was observed in association with the hypertension class in both cohorts. Expression 
of hs-CRP and IL1B was driven by overweight with IL1B being identified as a mediator between body mass index and 
elevated systolic blood pressure (adj.β/95% CI, 0.01/0.0002–0.02). The association of GZMB (adjusted odds ratio/95% CI, 
1.67/1.26–2.21; P=0.0004) and PRF1 (adjusted odds ratio/95% CI, 1.70/1.26–2.29; P=0.0005) in the hypertension class 
remained significant in normal-weight individuals without parental predisposition. These effects were confirmed in LISA.

CONCLUSIONS: Adolescent hypertension is not limited to known risk groups. As adolescents in the hypertension class show 
an inflammatory profile similar to that of established hypertension in adults, blood pressure monitoring at a young age 
is critical to ensure early intervention and prevention of adverse sequelae. (Hypertension. 2023;80:2425–2436. DOI:  
10.1161/HYPERTENSIONAHA.123.21489.) • Supplement Material.
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Hypertension is a prolonged pathological elevation 
of blood pressure (BP) that can lead to long-term 
sequelae affecting various organs and is a major 

cause of cardiovascular disease and all-cause mortal-
ity.1 Hypertension is not only a disease burden in adults 

but has now been recognized to also affect the pedi-
atric population. Although early hypertension poses lit-
tle immediate risk to most children, an elevated BP in 
childhood can progress into adulthood and promote end 
organ damage.2 As such, early intervention is crucial for 
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the prevention of hypertension-related adverse health 
effects. However, pediatric hypertension is frequently 
underdiagnosed.3,4 Additionally, a considerable proportion 
of asymptomatic cases contribute to underdiagnosis.5

Hypertension often occurs together with risk factors 
such as overweight/obesity, unhealthy diet, and physi-
cal inactivity.6,7 In recent years, the concerning global 
rise of pediatric hypertension is mainly attributed to the 
concomitant increase in body mass index (BMI), in par-
ticular, in Western style countries.8 However, increasing 
rates of obesity in children and adolescents of the Chi-
nese National Survey were accompanied with a fluctuat-
ing but stable prevalence of elevated BP over the same 
period, suggesting that also other factors contribute to 
pediatric hypertension. One leading factor that is involved 
in the origin and progression of hypertension, and of 

overweight, is an activated immune system. A large num-
ber of animal models and human studies have shown 
that activation of the innate or adaptive immune response 
plays a central role in hypertension. A landmark study in 
recombination-activating 1 -deficient mice lacking B and 
T cells showed that while these animals were protected 
from deoxycorticosterone acetate or salt-induced hyper-
tension, adoptive transfer of T cells restored sensitivity to 
hypertension induction.9 Patients with hypertension have 
been shown to have increased numbers of circulating T 
cells compared with normotensive control subjects10,11 
establishing the role of the adaptive immune system in 
hypertension development. But also cells of the innate 
immune system have been implicated in hypertension 
pathophysiology. For example, an increase of mono-
cytes/macrophages and their infiltration in vasculature 
and other BP-regulating organs has been described in 
different rodent models of hypertension.12,13

The contribution of these immune-modulatory pro-
cesses in pediatric hypertension is less well investigated 
and has predominantly focused on smaller studies in 
clinically confirmed cases. These studies, in line with 
what has been seen in adults, showed an increase in 
inflammatory mediators and a shift in T cell subsets in 
children with hypertension diagnosis compared with nor-
motensive peers.14,15

The current study aimed to investigate the associa-
tion between BP/hypertension and immune modulation 
in 2 German population-based birth cohorts, GINIplus 
(The German Infant Study on the Influence of Nutrition 
Intervention Plus Air Pollution and Genetics on Allergy 
Development) and LISA (Influences of Lifestyle-Related 
Factors on the Immune System and the Development of 
Allergies in Childhood). Office blood pressure measure-
ments were taken at the 15-year study follow-up and 
transformed to standardized Z scores that subsequently 
were categorized according to the European Society of 
Hypertension (ESH) guideline.16 BP and hypertension 

Novelty and Relevance

What Is New?
In adolescents without a clinical hypertension diag-
nosis increased blood pressure was associated with 
elevated expression of cytotoxic (GZMB/PRF1) and 
proinflammatory mediators (FOS, IL1B, CRP). The 
cytotoxic activation was retained in adolescents with-
out hypertensive risk factors (overweight, parental pre-
disposition) underscoring the importance to consider 
hypertension as a common health concern not limited 
to known risk groups.

What Is Relevant?
Implementing blood pressure monitoring in well-child 
visits should be reinforced in countries not yet follow-
ing current guideline recommendations.

Clinical/Pathophysiological Implications?
Stratification of pediatric patients to potential immune 
modulatory therapies is warranted, as proinflamma-
tory IL1B (interleukin 1B)/hs-CRP (high-sensitivity 
C-reactive protein)-induction was driven by over-
weight, while in normal-weight adolescents’ hyperten-
sion was associated with an elevated cytotoxic profile.

Nonstandard Abbreviations and Acronyms

BMI	 body mass index
BP	 blood pressure
DBP	 diastolic blood pressure
eSBP	 elevated systolic blood pressure
FOS	 Fos proto-oncogene
GINIplus	� The German Infant Study on the  

Influence of Nutrition Intervention Plus 
Air Pollution and Genetics on Allergy 
Development

GZMB	 granzyme B
hs-CRP	 high-sensitivity C-reactive protein
IL-1B	 interleukin 1B
LISA	� Influences of Lifestyle-Related Factors 

on the Immune System and the Devel-
opment of Allergies in Childhood

PRF1	 perforin 1
SBP	 systolic blood pressure
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categories were analyzed in conjunction with whole 
blood gene expression changes assed by multiplex-
quantitative polymerase chain reaction. The investigated 
gene set was comprised of immune modulators, such 
as alarmins, cytokines, cytokine receptors, and tran-
scription factors regulating various immune processes, 
known to be involved in the pathophysiology of adult 
hypertension.17–22

Gene expression was examined for its association with 
BP and BP classes. In addition, risk factors for hyperten-
sion, including a predisposition by parental hypertension 
and overweight, were independently studied for their 
relationship with transcriptional changes in both cohorts. 
This is one of the first studies comprehensively assess-
ing the immune modulation at the transcriptional level in 
a population-based sample of adolescents (n=2128) in 
relation to BP/hypertension.

METHODS
Data Availability
The data underlying this article cannot be shared publicly due 
to the privacy of individuals that participated in the study. The 
data will be shared on reasonable request to the corresponding 
author.

Study Design
The present study is based on the 15-year follow-up of the 
ongoing prospective population-based birth cohorts GINIplus 
and LISA, both with very similar study design and question-
naires. During the 15-year follow-up, blood was drawn and BP 
was measured. Details on the study design can be found in the 
Supplemental Material and have been described elsewhere.23

Subcohorts were selected based on the availability of 2 
BP measurements on the day of the 15-year follow-up study 
visit, relevant confounder information, and gene expression 
data (Figure 1). For the initial analysis and subsequent valida-
tion, n=1219 participants of GINIplus (discovery cohort) and 
n=809 participants of LISA (validation cohort) were included.

Participation in the studies was voluntary. Written informed 
consent was obtained from both parents and adolescents. 
Approval was obtained by local Institutional Review Boards 
(Bavarian Board of Physicians: 10090, Board of Physicians of 
North-Rhine-Westphalia: 2010424 and 2015491).

This study is reported in line with the Strengthening the 
Reporting of Observational Studies in Epidemiology statement.

BP Measurement, Z Score Transformation and 
Hypertension Definition
Arterial systolic and diastolic BP (SBP/DBP) were measured 
twice at the 15-year follow-up using a standardized proto-
col according to the procedure used in the population-based 
German Health Interview and Examination Survey for Children 
and Adolescents (Studie zur Gesundheit von Kindern und 
Jugendlichen in Deutschland, 2003–2006) and as previously 
described.24 Only participants with 2 measurements for DBP 
and SBP were included in this study. The average of the 2 BP 

measurements was used for further analyses irrespective of 
the difference between both measurements.

BP measurements were standardized for height, sex, and 
age by Z score transformation based on reference percentiles 
of Studie zur Gesundheit von Kindern und Jugendlichen in 
Deutschland and conversion formulas given in Neuhauser et 
al.25 The standardized Z scores of BP measurements were used 
for further categorization according to the ESH Guideline.16 For 
details on BP measurements and BP class categorization, see 
Supplemental Material.

Physician Diagnosis of Hypertension
A 20-year follow-up for GINIplus and LISA was conducted, 
of which questionnaire information was available while no BP 
measurements or blood samples were taken. Information on 
physician diagnosis of hypertension was only available from 
this 20-years follow-up questionnaire in which also the age of 
diagnosis was inquired. A confirmative answer to the question 
“Have you ever been diagnosed with hypertension by a physi-
cian?” was considered as physician diagnosed hypertension.

Consideration of Body Weight
BMI in kg/m2 was calculated from body weight and height 
derived from the 15-year examination protocol. As BMI depends 
on age and sex, percentile curves of the Studie zur Gesundheit 
von Kindern und Jugendlichen in Deutschland 2003 to 2006 

Figure 1. Study design.
Evaluation of immune gene expression in relation to systolic and 
diastolic blood pressure was performed in the 15-years follow-up 
of the GINIplus study (The German Infant Study on the Influence 
of Nutrition Intervention plus Air pollution and Genetics on Allergy 
Development; discovery cohort). Identified candidate genes, which 
were associated to BP, were subsequently analyzed in the 15-years 
follow-up of the LISA study (Influences of Lifestyle-related factors on 
the Immune System and the Development of Allergies in Childhood; 
validation cohort).
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reference data set were used for Z score transformation.26 
For details, see Supplemental Material. In regression analyses 
examining BMI as a risk factor for hypertension, all participants 
with a BMI Z score above ≥90th percentile were treated as one 
group. In all other analyses, nonstandardized BMI was consid-
ered as a metric variable.

Gene Expression Analysis
The quantitative polymerase chain reaction was performed 
independently in 2 different laboratories for the discovery and 
the validation cohorts on the Biomark HD system (Fluidigm, 
San Francisco, CA) using BioMark 96.96 Dynamic Array chips 
according to the manufactures recommendations and as previ-
ously described.27 Only genes that could be analyzed with a 
PCR efficiency between 90% and 110%,28 and a linear stan-
dard curve with a Pearson correlation coefficient r2≥0.96 were 
included in down-stream analysis (Table S1). For details, see 
Supplemental Material.29

hs-CRP Concentration
Serum concentrations of hs-CRP (high-sensitivity C-reactive 
protein; mg/L) were determined in 15-year-old participants 
of the GINIplus or LISA studies using the Roche (Mannheim, 
Germany) Tina-quant CRP (latex) high-sensitive assay accord-
ing to the manufacturer’s instructions. Values above 10 mg/L 
were excluded as those values are commonly considered as a 
result of acute phase response to infections.30

Confounding Factors
Potential confounding factors were tested by univariate logistic 
regression with either elevated SBP (eSBP) or elevated DBP 
(eDBP) as the dependent variable and the respective influ-
encing factor as the independent variable. This analysis was 
restricted to participants of the GINIplus and LISA subcohorts 
for whom 2 BP measurements and gene expression data were 
available. The initial selection of potential confounding factors 
was based on a priori knowledge of known factors contribut-
ing to hypertension in adolescence,31 including genetic-lifestyle 
factors,32,33 and influential factors at the time of BP examination 
(season of BP measurement, study center). See Supplemental 
Material for the investigated confounders.

Whenever a significant association with either eSBP or 
eDBP in both cohorts of LISA and GINIplus was observed, the 
respective factor was retained in the final adjusted model (Table 
S2). To this end, the adolescent’s sex, BMI, parental history of 
hypertension, parental educational level, season of BP mea-
surement and study center were included in the final model.

Since Z score BP values already account for adolescent’s 
sex and height, in models with Z score values as the dependent 
variable these 2 factors were excluded as covariates, instead 
weight was introduced as a confounding factor. Likewise, in 
logistic regression models with BP/hypertension as the depen-
dent variable, BMI and the adolescent’s sex were included in 
addition to the aforementioned predictor variables.

Statistics
χ2 and Mann-Whitney U test were used to test for equal param-
eter distribution between the analyzed subcohort of GINIplus 

or LISA and the entire 15-year follow-up cohort, and between 
the discovery and validation subcohorts.

Multiple regression models were applied to study the asso-
ciation of gene expression with Z score transformed SBP or 
DBP (adjusted for: weight at the age of 15, parental hyper-
tension, parental education, study center, season of BP mea-
surement). The association of gene expression with BP classes 
(adjusted for sex, BMI at the age of 15, parental hypertension, 
parental education, study center, season of BP measurement) 
was assessed by adjusted logistic regression. Hs-CRP values 
were naturally log-transformed and considered as independent 
variable in all adjusted regression analyses except mediation 
analysis.

Adjusted mediation analyses were performed with the 
PROCESS macro version 4.234 for SPSS version 29. Statistical 
significance of the indirect effect was determined by bootstrap-
ping as implemented in PROCESS. Bias-corrected 95% CIs 
were derived from the distribution of bootstrap estimates of the 
indirect effect from random resampling of 5000 samples. Note 
that standardized effect size is not available for a dichotomous 
dependent variable.

Subgroup analyses were performed in adolescents with-
out the 2 hypertension risk factors overweight/obesity and a 
parental history of hypertension (low-risk group). Therefore, 
the adjusted logistic regression models were repeated exclud-
ing adolescents with either one of these risk factors. The same 
analysis was then repeated in this low-risk group, excluding 
those with a physician diagnosis of hypertension up to age 20.

Accounting for missing data was not necessary as the dis-
covery and validation cohorts were selected based on complete 
outcome and confounder information. Whenever applicable, we 
performed multiple test corrections by Bonferroni. P ≤0.05 
were considered significant. See Supplemental Material for 
software used.

RESULTS
Prevalence of Elevated BP in Adolescents
The discovery cohort comprised 1219 participants of 
GINIplus and 809 participants of LISA who were included 
in the subsequent validation analyses (validation cohort, 
Figure 1). There was no general selection bias regard-
ing the basic study characteristics (Table S3A). In the 
validation cohort, the participation rate of adolescents 
with higher educated parents and BP measurement in 
the summer season was slightly higher compared with 
the discovery cohort (Table 1). To account for this bias 
potentially affecting the influence of gene expression on 
BP, both factors were included in downstream analyses 
as confounding factors in addition to the participant’s 
sex, height and weight (where applicable), the history of 
parental hypertension and study center.

The vast majority of adolescents were of normal 
weight. Approximately, 5% were overweight or obese, 
while 11.2% and 13.5% of the 15-year-olds in the dis-
covery and validation cohort, respectively, were under-
weight (Table 1).
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Based on the ESH guideline16 to classify BP 18.5% 
(n=225) of the adolescents in the discovery and 22.1% 
(n=179) of those in the validation cohort were in the 
hypertension class. Isolated systolic hypertension, that 
is, normotensive DBP, but eSBP, was observed in 9.2% 
(n=112) of the individuals in the discovery cohort and 
9.5% (n=77) of the validation cohort. Isolated diastolic 
hypertension, that is, normotensive SBP but eDBP was 
observed in 3.0% (n=36) participants of the discovery 
and in 3.2% (n=26) of the validation cohort.

Note, none of the adolescents in our study reported 
the use of antihypertensive medication or a physician 
diagnosis of hypertension at the age of 15 years. Less 
than 5% of those in the hypertension class at the age 
of 15 years reported hypertension diagnosis by a physi-
cian until the age of 20 years (discovery cohort: n=10 
diagnosed until age of 20 years of n=225 in the hyper-
tension class at age 15 (4.4%), validation cohort: n=9 
diagnosed until age of 20 years of n=179 in the hyper-
tension class at age 15 (5.0%). Table S3B shows the 
comparison of study characteristics between normoten-
sive participants and those in the hypertension class. 
We observed a significantly higher SBP in female and 
male study participants from the Eastern part of Ger-
many compared with the Western part (Mann-Whitney 
U test U test [Leipzig versus Wesel/Bad Honnef]: girls, 
P=0.003/boys, P<0.0001) or compared with South 
Germany (Mann-Whitney U test U test (Leipzig versus 
Munich): girls, P=0.0002/ boys, P<0.0001, Table S4A). 
No regional differences for the BMI were observed in 
GINIplus or in LISA (Table S4B).

Transcriptional Immune Profile in Adolescents 
With High BP
Initially, the expression of 51 immune modulatory genes 
was measured in the discovery cohort (for gene selection 

Table 1.  Study Characteristics of the Discovery and  
Validation Cohort

 

Discovery 
cohort, N=1219 
(GINIplus) 

Validation 
cohort, N=809 
(LISA)  

Basic characteristics n (%) n (%) P value*

Study center

 � Munich 465 (38.1) 348 (43.0) NA

 � Wesel 754 (61.9) 92 (11.4)  

 � Leipzig NA 255 (31.5)  

 � Bad Honnef NA 114 (14.1)  

Adolescents’s sex

 � Female 612 (50.2) 381 (47.1) 0.170

 � Male 607 (49.8) 428 (52.9)  

Weight classification†

 � Underweight 137 (11.2) 109 (13.5) 0.380

 � Normal weight 1019 (83.6) 658 (81.3)  

 � Overweight 48 (3.9) 35 (4.3)  

 � Obese 15 (1.2) 7 (0.9)  

Parental education‡

 � Low 90 (7.4) 25 (3.1) <0.001

 � Middle 356 (29.2) 216 (26.7)  

 � High 773 (63.4) 568 (70.2)  

Season of BP measurement

 � Spring 354 (29.0) 231 (28.6) <0.001

 � Summer 387 (31.7) 291 (36.0)  

 � Autumn 263 (21.6) 199 (24.6)  

 � Winter 215 (17.6) 88 (10.9)  

Parental history of hypertension

 � Parental 324 (26.6) 228 (28.2) 0.427

 � No history 895 (73.4) 581 (71.8)  

BP classes

 � Diastolic eBP 98 (8.0) 88 (10.9) 0.016

 � Systolic eBP 171 (14.0) 132 (16.3)  

 � HTN 225 (18.5) 179 (22.1)  

 � Isolated systolic HTN 112 (9.2) 77 (9.5)  

 � Isolated diastolic HTN 36 (3.0) 26 (3.2)  

 � Normotensive BP 877 (71.9) 529 (65.4)  

BP, mm Hg Median, 25%–
75% quartiles

Median, 25%–
75% quartiles

P 
value§

(min/max) (min/max)  

 � Females

  �  Diastolic BP 70.0, 64.5–75.0 70.0,  
65.0–76.0

0.575

 (48.5/96.5) (51.5/97.0)  

  �  Systolic BP 116.5,  
110.0–123.5

117.0,  
110.0–125.5

0.528

 (87.5/149.0) (87.0/151.0)  

 � Males

  �  Diastolic BP 68.0, 63.0–73.5 70.0,  
65.0–75.5

<0.001

 (41.0/98.0) (46.5/96.5)  

(Continued )

 

Discovery 
cohort, N=1219 
(GINIplus) 

Validation 
cohort, N=809 
(LISA)  

  �  Systolic BP 122.5,  
115.5–131.5

123.5,  
116.5–132.5

0.181

 (81.5/167.5) (95.5/177)  

BP indicates blood pressure; eBP, elevated BP; GINIplus, The German Infant 
Study on the Influence of Nutrition Intervention Plus Air Pollution and Genet-
ics on Allergy Development; HTN, hypertension; KiGGS, Studie zur Gesundheit 
von Kindern und Jugendlichen in Deutschland; and LISA, Influences of Lifestyle-
Related Factors on the Immune System and the Development of Allergies in 
Childhood.

*P value from χ2 test for cross-relationship between discovery- and validation 
cohort.

§P value from Mann-Whitney U test U test comparing discovery- and valida-
tion cohort.

†Classification based on the German Health Interview and Examination Survey 
for Children and Adolescents (KiGGS) provided by the Robert Koch Institute.

‡Based on the highest number of years of school education of either parent: 
low <10 y, medium=10 y, high >10 y.

Table 1.  Continued
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see Supplemental Material; Figure S1; Table S1). Eleven 
genes did not pass quantitative polymerase chain reac-
tion quality control thresholds (Figure S1) such as IL17A 
or IFNG, which showed generally low expression values 
across all samples. As such 40 genes remained (Table 
S1) that were analyzed in the discovery cohort for their 
relationship with Z score transformed DBP and SBP.

Expression of FOS, IL1B, GZMB, and PRF1, CXCR2, 
IFNGR2, and TIPARP was directly associated with both 
SBP and DBP, whereas IL2RB, IL33, and PPARG were 
solely linked to SBP and IL18R1, IL18RAP, and IFNGR1 
to DBP, respectively (Table 2; Table S5). Although most 
genes had a positive association with BP, elevated IL33 
and PPARG related to lower BP (Table 2).

To determine whether expression of these 13 BP-
related genes was associated with the different BP 
classes, adjusted logistic regression models were 
applied. Expression of IL1B and the AP-1 transcription 
factor subunit FOS, PRF1, and GZMB showed a positive 
relationship with eSBP and a trend towards higher IL2RB 
expression. GZMB and PRF1 increase was associated 
with all BP classes, although only in trend for PRF1 in 
isolated systolic hypertension. Although enhanced IL33 
expression was associated with decreased risk for eSBP, 
and hypertension, isolated systolic hypertension, respec-
tively (Figure 2A; Figure S2A; Table S6).

Findings were then evaluated in the validation cohort 
(Table S7).

In the validation cohort, elevated GZMB, PRF1, and 
IL2RB levels were associated with higher risk for all BP 
classes, except isolated systolic hypertension that only 
associated with higher IL2RB, confirming the results for 
PRF1, GZMB in eSBP, eDPB, hypertension, and isolated 
diastolic hypertension. Although induction of IL1B was only 
associated with an increased risk for eSBP (Figure  2B; 

Table S6). The negative association of IL33 with BP classes 
could not be confirmed in the validation cohort.

Influence of Body Weight and Parental 
Predisposition on the Transcriptional Immune 
profile
We next sought to determine whether the hyperten-
sion-related expression changes could be explained—at 
least in part—by body weight and a parental history of 
hypertension. Both, an increased BMI or the presence 
of parental history of hypertension were predictors of 
hypertension (Figure 2C).

Regression analyses revealed that parental hyper-
tension was not consistently associated with the expres-
sion of any of the genes evaluated in the discovery and 
the validation cohorts (Table S8). However, a positive 
relationship of adolescent BMI and increased IL1B was 
found for both cohorts (β/SE [SE; β] discovery cohort: 
0.15/0.03, n=1219, P<0.0001; validation cohort: 
0.11/0.03, n=809, P=0.001, Table S9; Figure 3A).

A similar trend was observed for FOS (Fos proto-
oncogene), albeit only in the discovery cohort (β/SE [β] 
discovery cohort: 0.08/0.03, n=1219, P=0.005; valida-
tion cohort: 0.04/0.03, n=809, P =0.299). IL2RB was 
negatively associated with the BMI solely in the valida-
tion cohort (Table S9; Figure 3A).

Weight-Related Effects on Adolescent Elevated 
BP
Since increased IL1B was positively associated with 
body weight, we investigated whether the relationship 
between IL1B and hypertension was related to a sys-
temic inflammatory response driven by overweight.

Table 2.  Association Between Immune-Inflammatory Gene Expression and Systolic or Diastolic BP Z 
Scores in the Discovery Cohort (n=1219)

Gene 

Systolic BP (Z score) Diastolic BP (Z score)

β value* 95% CI Raw P value Gene β value* 95% CI Raw P value 

FOS 0.32 0.20/0.43 <0.0001 FOS 0.29 0.18/0.40 <0.0001

GZMB 0.19 0.10/0.27 <0.0001 IL1B 0.20 0.10/0.30 <0.0001

IL1B 0.21 0.11/0.30 <0.0001 GZMB 0.16 0.07/0.24 0.0004

PRF1 0.17 0.08/0.26 0.0003 IFNGR2 0.20 0.08/0.32 0.0010

CXCR2 0.16 0.05/0.27 0.0047 PRF1 0.13 0.04/0.22 0.0053

IL2RB 0.13 0.03/0.23 0.0098 TIPARP 0.23 0.07/0.38 0.0057

TIPARP 0.18 0.02/0.34 0.0240 IL18R1 0.17 0.05/0.29 0.0066

IL33 −0.08 −0.16/−0.01 0.0271 CXCR2 0.14 0.03/0.25 0.0136

PPARG −0.08 −0.16/−0.01 0.0271 IL18RAP 0.12 0.02/0.21 0.0146

IFNGR2 0.12 0.00/0.24 0.0416 IFNGR1 0.17 0.03/0.30 0.0199

Given are multiple regression models adjusted for weight, parental HTN, parental education, season of BP measurement and study 
center. Shown are all significant (P<0.05) associations, Bonferroni correction threshold P<0.0013. Table S7 shows list for all investi-
gated genes. BP indicates blood pressure; and HTN, hypertension.

*Nonstandardized regression coefficient β.
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The systemic inflammation marker hs-CRP that has 
been suggested as an independent risk factor for hyper-
tension is known to be induced by IL-1B (interleukin 
1B).35 In line, we observed an association of hs-CRP with 
IL1B (β/SE [β] discovery cohort: 0.39/0.04, P<0.0001, 
n=1200; validation cohort: 0.24/0.05, P<0.0001, 
n=793), and an association of hs-CRP with SBP Z 
scores (β/SE(β) discovery cohort: 0.10/0.02, P<0.0001, 
n=1205; validation cohort: 0.07/0.03, P<0.0001, n=793) 
as determined by univariate multiple regression.

However, when BMI was added as a confounding fac-
tor to the models, only the association of hs-CRP with 
IL1B persisted (β/SE [β] discovery cohort: 0.33/0.04, 
P<0.0001, n=1200; validation cohort: 0.19/0.05, 
P=0.0001, n=793), while the association between hs-
CRP and SBP Z scores disappeared (β/SE(β) discov-
ery cohort: −0.00/0.02, P=0.881, n=1205; validation 
cohort: 0.00/0.03, P=0.989, n=793). Note that BMI 
was still significantly associated with hs-CRP even when 
IL1B or SBP were included in the model.

Confounder adjusted mediator analysis was then per-
formed to examine the relationship between BMI, IL1B 
expression, and eSBP. (Figure 3B). IL1B was identified 
as a mediator between increased BMI and eSBP in the 
discovery cohort (indirect mediating effect adj.β, 0.01 
[95% CI, 0.0002–0.02]), which was confirmed in the 
validation cohort (adj.β, 0.02 [95% CI, 0.0003–0.02]). A 
significant direct effect and a significant indirect effect 
of increased BMI on eSBP—via IL1B transcription—was 
observed (discovery cohort: β=0.23 [95% CI, 0.18–0.29] 
P<0.0001; validation cohort: β=0.20 [95% CI, 0.13–
0.27] P<0.0001, Figure 3B).

In line with the multiple regression results, hs-CRP 
did not mediate the effect between BMI and eSBP (indi-
rect mediating effect adj.β, 95% CI for discovery cohort: 
0.003, −0.02/0.02, n=1037; validation cohort: −0.01, 
−0.04/0.01, n=651, Figure S3).

Immune Profile in Nonrisk Adolescents

More than half of the adolescents, who were classified 
as hypertensive (systolic or diastolic) were neither over-
weight nor had a parental history of hypertension (dis-
covery cohort: n/N=127/225, 56.4%, validation cohort: 
n/N=94/179, 52.5%).

To investigate the cytotoxic (GZMB, PRF1, IL2RB) 
and proinflammatory immune profile (IL1B, FOS, and 
CRP protein) in this subgroup of adolescents, being 
hypertensive despite absence of known risk factors 
for hypertension, we repeated the adjusted logistic 
regression analyses for both cohorts by excluding 
participants with a BMI Z score above ≥90th percen-
tile or those with a parental history of hypertension 
(Table 3).

Although PRF1, GZMB, and FOS were still signifi-
cantly associated with an increased risk for hyper-
tension even when only nonrisk participants were 
included, the effect of IL1B on hypertension was no 
longer significant (discovery cohort: P=0.088, valida-
tion cohort: P=0.200, Table 3). Again, hs-CRP protein 
concentration was not linked to hypertension (dis-
covery cohort: P=0.669, validation cohort: P=0.332, 
Table 3).

In both cohorts, no physician-diagnosed hypertension 
was reported at the time of the 15-year follow-up visit, 
however in the 20-years questionnaire, n=10 partici-
pants in GINIplus and n=9 in LISA reported a hyperten-
sion diagnosis after age of 15. Further refining our risk 
group by restricting the analysis to adolescents without 
risk factors for hypertension and individuals with hyper-
tension diagnosis, retained the positive association of 
GZMB, PRF1, and FOS with hypertension (Table 4). For 
both, IL1B and hs-CRP no significant relationship to 
hypertension was observed neither in the discovery nor 
in the validation cohort.

Table 3.  Association Between Immune-Inflammatory Gene Expression and HTN Excluding  
Adolescents With Overweight or a Parental History of HTN

 

Discovery cohort Validation cohort

adj.OR* 95% CI P value 
n, HTN class 
(yes/no) adj.OR* 95% CI P value 

n, HTN class 
(yes/no) 

Cytotoxic mediators

 � IL2RB 1.32 0.97/1.80 0.076 127/655 1.81 1.21/2.71 0.004 93/398

 � GZMB 1.67 1.26/2.21 0.0004 127/655 1.70 1.24/2.33 0.001 93/398

 � PRF1 1.70 1.26/2.29 0.0005 127/655 1.75 1.22/2.49 0.002 94/398

Inflammatory immune response

 � FOS 1.78 1.23/2.57 0.002 127/655 1.75 1.12/2.73 0.01 93/398

 � IL1B 1.29 0.96/1.73 0.088 127/655 1.25 0.84/1.84 0.272 93/398

 � hs-CRP 1.03 0.89/1.20 0.669 126/648 0.86 0.63/1.16 0.323 91/393

Given are adjusted logistic regression models with HTN as the dependent variable. adj.OR indicates adjusted odds ratio; BP, blood 
pressure; hs-CRP, high-sensitivity C-reactive protein; and HTN, hypertension.

*Adjusted for sex, parental education, season of BP measurement, and study center.
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DISCUSSION
Based on the 15-year follow-up of 2 large birth cohort 
studies including >2000 participants, we characterized 
the transcriptional immune profile of adolescents in 
association with OBP measurements.

In adolescents whose OBP measurements on the 
day of the 15-year study visit met the criteria for cat-
egorization into the hypertension class, we observed a 
transcriptional activation of cytotoxic (GZMB, PRF1) and 
proinflammatory (IL1B, FOS) mediators. We found that 

the expression of very similar genes was associated with 
either SBP or DBP.

GZMB (granzyme B) and PRF1 (perforin 1) are 
cytolytic mediators that are secreted by cytotoxic 
lymphocytes including natural killer cells, natural 
killer T cells and cytotoxic or senescent T cells.36,37 
Although all these cell types have been implicated in 
the pathophysiology of hypertension in animal mod-
els, in humans particularly cytotoxic or senescent 
CD8+ T cells have been implicated in promoting 
hypertension-associated end-organ damage.11,38 In 

Figure 2. Immune gene expression in adolescents with elevated blood pressure (BP).
A, Forest plots indicate associated risk for elevated systolic BP (eSBP) and elevated diastolic BP (eDBP) of those immune genes, which were 
significantly associated with BP in the discovery cohort (n=877 controls, n=98 eDBP, n=171 eSBP) as determined by adjusted logistic regression. 
B, Risk increase for elevated BP of significantly associated genes identified in the discovery cohort was assessed in the validation cohort (n=529 
controls, n=88 eDBP, n=133 eSBP). Odds ratio (#OR) from logistic regression adjusted for sex, body mass index (BMI), parental hypertension 
(HTN), parental education, season of BP measurement and study center. *Significant association with P<0.05. C, Risk factors associated with HTN 
in adolescents. Shown are ORs from univariate logistic regression for the discovery cohort in black (n=877 controls, n=225 HTN class), and in blue 
for the validation cohort (n=529 controls, n=179 HTN class). IFNG indicates interferon gamma; and TF, transcription factor.
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line, increased numbers of circulating cytotoxic CD8+ 
T cells were found in humans and in murine models of 
hypertension.10,11

An explorative study suggested changes in CD8+ 
T cell subpopulations in pediatric hypertension. By 
comparing clinically confirmed cases of hypertension 

Figure 3. Influence of body mass index (BMI) on IL1B (interleukin 1B) expression and elevated systolic blood pressure (eSBP) 
in adolescents.
A, Overlap of genes significantly associated to eSBP (refer to Figure 2) and with BMI as determined by multiple regression analysis (see Table S9 
for multiple regression results). B, Mediation analysis for the relationship of BMI, IL1B transcription, and eSBP in the GINIplus (The German Infant 
Study on the Influence of Nutrition Intervention Plus Air Pollution and Genetics on Allergy Development) discovery cohort (n=1044, black font) and 
the LISA (Influences of Lifestyle-related factors on the Immune System and the Development of Allergies in Childhood) validation cohort (n=661, 
blue font), respectively. Model was adjusted for sex, parental hypertension (HTN), parental education, season of BP measurement and study 
center. Effect sizes for the indirect paths are given as β values with +/−95% CIs. Significance determined by bias-corrected bootstrapping. FOS 
indicates Fos proto-oncogene; and and IL2RB, interleukin 2 receptor beta.

Table 4.  Association Between Immune-Inflammatory Gene Expression and HTN Excluding  
Adolescents With Overweight or a Parental History of HTN, or With HTN Diagnosis

 

Discovery cohort Validation cohort

adj.OR* 95% CI P value 
n, HTN class 
(yes/no) adj.OR* 95% CI P value 

n, HTN class 
(yes/no) 

Cytotoxic mediators

 � IL2RB 1.31 0.96/1.79 0.091 125/651 1.71 1.14/2.58 0.009 89/398

 � GZMB 1.63 1.22/2.17 0.001 125/651 1.64 1.19/2.26 0.003 89/398

 � PRF1 1.65 1.22/2.23 0.001 125/651 1.69 1.18/2.40 0.004 89/398

Inflammatory immune response

 � FOS 1.80 1.24/2.61 0.002 125/651 1.79 1.13/2.81 0.012 89/398

 � IL1B 1.30 0.97/1.75 0.081 125/651 1.22 0.82/1.83 0.324 89/398

 � hs-CRP 1.04 0.90/1.21 0.588 124/644 0.87 0.64/1.17 0.365 88/393

Given are adjusted logistic regression models with HTN as the dependent variable. adj.OR indicates adjusted odds ratio; BP, blood 
pressure; hs-CRP, high-sensitivity C-reactive protein; and HTN, hypertension.

*Adjusted for sex, parental education, season of BP measurement and study center
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(n=34, 85% male) to normotensive controls (n=35, 
69% male) Gackowska et al observed an overall 
increase in CD8+ T cells, with a higher proportion of 
naïve and memory CD8+ T cells. However, these dif-
ferences were diminished after correcting for BMI, age 
and sex.15

In our study, we were not able to distinguish between 
specific immune cell populations since no cell count 
data were available. Although we observe a cytotoxic 
immune profile (PRF1, GZMB) that could be associated 
to senescent or cytotoxic CD8+ T cells also other cyto-
toxic lymphocytes might be involved. Adolescents with 
OBP measurements fulfilling hypertension criteria had 
higher expression levels of PRF1, GZMB, and IL2RB 
than their normotensive peers. In our case, the relation-
ship between GZMB and PRF1 and BP/hypertension 
was not affected by BMI, suggesting that this cytotoxic 
phenotype is rather related to increased BP/hyperten-
sion and not promoted by overweight. This hypothesis 
is further supported by the fact that GZMB and PRF1 
were still increased in hypertensive adolescents when 
excluding overweight individuals. It is known that already 
modest increases in BP can lead to ROS production and 
neoantigen formation promoting subsequent activation 
of T cells. As such the cytotoxic activation, we observed 
in our study is a likely consequence of tissue damage 
caused by the elevated BP.39

However, we cannot exclude the possibility that also 
other factors contributed to the cytotoxic phenotype that 
we were not able to further delineate.

Next to the hypertension-associated induction of 
GZMB and PRF1, we also observed an increase in IL2 
receptor subunit beta (IL2RB) transcription. IL-2RB was 
already described in the context of adult DBP and has 
been functionally linked to fine-tuning of CD8+ T cells.40 
As this receptor mediates IL-2-triggered proliferative 
response in CD8+ T cells, an increased IL2RB expres-
sion might counteract the previously described accu-
mulation of senescent CD8+ T cells in hypertension by 
promoting expansion.41

In children with clinically confirmed hypertension 
increased chemokine concentrations including Regulated 
upon Activation, Normal T Cell Expressed and Presum-
ably Secreted (RANTES; CCL5) have been suggested 
as a consequence of monocyte-endothelial cell adhesive 
interaction, which supposedly plays a role in early vascu-
lar inflammation.14 In our study, CCL5 transcription was 
not associated with BP. Also, CXCR2 a receptor shown 
to be important for monocyte infiltration in hypertension 
was not affected by BP changes, probably because the 
increase in BP was not yet prevalent to the same extent 
and for a shorter period in the adolescents compared 
with adults. However, we found IL1B, which is mainly 
produced by activated monocytes or macrophages, to 
be associated with higher BP. IL-1B has been described 
to induce Fos proto-oncogene, which likely contributes 

to the significantly enhanced FOS expression related 
to hypertension observed in this study.42 Of note, over-
expression of c-Fos was shown to be essential for IL-1 
mediated CRP induction in vitro.43 IL-1B and CRP are 
both markers of systemic inflammation that have been 
associated with cardiovascular diseases.44 In the recent 
clinical trial, CANTOS (Canakinumab Anti-inflammatory 
Thrombosis Outcomes Study) the anti-IL-1B antibody 
canakinumab was investigated for its efficacy to lower 
BP and hypertension incidence.45 Canakinumab reduced 
hs-CRP and the number of recurrent cardiovascular 
events, but had no significant effect on BP.45 Indicat-
ing that the beneficial anti-inflammatory effect of IL-1B 
reduction on cardiovascular events might not be directly 
linked to changes in BP. In line, also our results suggest 
that the increased levels of IL1B and hs-CRP are related 
to BMI rather than BP, suggesting inflamed adipose tis-
sue as a source of these mediators.46

Overall, our results point to an activation of cytotoxic 
lymphocytes already at this early stage of elevated BP. 
However, we do not observe an increase in chemokines 
or adhesion molecules that might yet have promoted 
tissue infiltration and damage. Suggesting that inter-
ventions at this disease stage might be particularly valu-
able to prevent endothelial dysfunction and end-organ 
damage.

Our results have to be interpreted in light of some 
study limitations. Although standardized BP measure-
ments were performed twice on the day of the study visit, 
it was not possible to follow-up with additional BP mea-
surements on subsequent occasions or with ambulatory 
BP monitoring. These one-time measurements do not 
adhere to the criteria necessary for a clinical diagnosis 
of hypertension and likely overestimated the proportion 
of adolescents classified as hypertensive. However, the 
prevalence of hypertension in our study is in line with 
recent observations in Germany and global reports 
showing a peak in prevalence of hypertension around 
the age of 15.47 Furthermore, the observed positive rela-
tionship between TIPARP expression and BP, as repeat-
edly described in studies in adults, supports the validity 
of our BP measurements.48 Although we assessed the 
influence of BMI, a known risk factor for hypertension, 
our study did not include information on visceral obesity 
and waist circumference, which may contribute to BP 
elevation despite normal BMI.

We are aware that the targeted gene expression 
approach, we applied limited the overall number of 
genes investigated. For some of the genes, quality con-
trol thresholds for further analysis were not reached. As 
such, we could not follow-up on some of the immune-
inflammatory mediators previously implicated in adult 
hypertension. How the transcriptional changes observed 
in this study contribute to change on the protein level or 
to a cell population shift needs to be further pursued in 
future studies.
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Perspective
In this population-based sample of German 15-year-
olds, we showed that elevated BP is associated with 
enhanced expression of cytotoxic and proinflammatory 
immune mediators already in the pediatric population. As 
none of the participants in this study had been diagnosed 
with hypertension by age 15 and only a few had received 
a physician diagnosis by the age of 20, the prevalence 
of underdiagnosed hypertension is alarmingly high and 
represents a major obstacle for prevention strategies. 
The majority of adolescents classified as hypertensive 
in our study were neither overweight nor predisposed 
by parental hypertension. These children may currently 
escape regular BP monitoring as they are thought to 
have a low risk for hypertension. However, these indi-
viduals already show an elevated transcription of cyto-
toxic mediators that may increase their risk for long-term 
sequelae. This underscores the need to closely monitor 
BP in all children and to reinforce implementation in well-
child visits, also in those countries that do not yet follow 
current guideline recommendations, to prevent adverse 
long-term cardiovascular events.
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