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Background: There is a lack of suitable predictive markers for assessing the
efficacy of amlodipine in treating children with primary hypertension. This study
aimed to explore whether plasma calcitonin gene-related peptide (CGRP) and
nitric oxide (NO) could predict the effectiveness of amlodipine in pediatric
primary hypertension.

Methods: This study enrolled 74 children and adolescents with primary
hypertension who were prescribed amlodipine monotherapy, and after
4 weeks of treatment, they were divided into responders and non-responders
according to blood pressure. Baseline data differences between the two groups
were analyzed, followed by binary logistic regression to assess the correlation
between significant variables and therapeutic efficacy. The receiver operating
characteristic curve was used to evaluate the predictive efficacy, and the
nomogrammodel was established to predict therapeutic response to amlodipine.

Results: The responders exhibited lower bodymass index, C-peptide and plasma
CGRP levels, and higher NO levels compared to the non-responders (p < 0.05).
Multivariable logistic analysis revealed that plasma CGRP and NO were
independently associated with the therapeutic response to amlodipine,
showing a higher predictive performance when used in combination (AUC:
0.814, 95% CI 0.714–0.914) with a predictive sensitivity of 86.5% and
specificity of 70.1%. The nomogram model displayed good calibration, and the
decision curve analysis indicated this model led to net benefits in a wide range of
threshold probability.

Conclusion: CGRP and NO may be valuable biomarkers for predicting
amlodipine effectiveness in the treatment of pediatric primary hypertension,
while the nomogram model indicates excellent predictive value.
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1 Introduction

The increasing prevalence of obesity has led to a yearly rise in the
incidence of hypertension among children and adolescents. A cohort
study based on the China Health and Nutrition Survey showed a
significant increase in the prevalence of hypertension in children
and adolescents aged 7–17 from 8.5% in 1991 to 19.2% in 2015 (Ye
et al., 2021), significantly exceeding the global prevalence range of
2%–5% (Samuels et al., 2019; Song et al., 2019). Notably,
hypertension in childhood tends to persist into adulthood,
thereby posing a major risk for cardiovascular morbidity and
mortality in later life (Chen and Wang, 2008; Rapsomaniki et al.,
2014; Samuels et al., 2019). Recent studies have also shown a
significant association between adolescent hypertension and an
increased risk of stroke in early adulthood (Fishman et al., 2023).
Early treatment and proactive management of hypertension in
children and adolescents are crucial.

Amlodipine is a well-established first-line antihypertensive drug
for pediatric hypertension. As a long-acting calcium channel
blocker, amlodipine inhibits calcium influx into smooth muscle
cells, which is believed to be the primary mechanism leading to
vascular relaxation. Notably, substantial interindividual variations
in the therapeutic response to amlodipine are observed in the
management of pediatric hypertension. Meta-analyses revealed
that amlodipine achieved a significant decrease in both systolic
and diastolic blood pressure (BP) in children with various medical
conditions (Meyers and Siu, 2011). However, limited evidence
suggests that only 30%–50% of patients achieve the target BP
(Flynn et al., 2004; Parker et al., 2002; von Vigier et al., 2001).
Therefore, identifying biomarkers to predict amlodipine
effectiveness may help to improve the therapeutic effect.
However, no relevant studies have been reported.

The calcitonin gene-related peptide (CGRP) is widely
acknowledged as the most potent endogenous vasodilator,
present in nearly all vascular nerve fibers and playing a crucial
role in BP regulation (Al-Rubaiee et al., 2013). Studies have shown
that CGRP acts with significant relaxant effects on all vessels and
stimulates peripheral arterial vasodilation through nitric oxide
(NO)-/endothelium-independent pathway in most vessels (Kumar
et al., 2019; Kumar et al., 2022). NO is a free radical produced by
L-arginine through nitric oxide synthase (NOS), which plays a
crucial role in vasodilation and is a significant factor in the
development of primary hypertension and other cardiovascular
diseases (Bryan, 2022). Therefore, the study was conducted to
investigate whether plasma CGRP and NO could successfully
predict the effectiveness of amlodipine on pediatric primary
hypertension, aiming to improve the effectiveness of
individualized therapy with amlodipine.

2 Materials and methods

2.1 Study population

Inclusion criteria for the participants included being aged
6–18 years, diagnosed with hypertension, and requiring
antihypertensive medication. Patients with secondary
hypertension, white coat hypertension, and primary hypertension

receiving other antihypertensive medications were excluded.
Secondary hypertension was evaluated by medical history,
physical examination, 24-h urine vanillylmandelic acid, blood
renin-angiotensin-aldosterone system levels, renal ultrasound,
and craniocerebral magnetic resonance imaging. Moreover, 24-h
ambulatory blood pressure monitoring was used to exclude white-
coat hypertension (Bhatt et al., 2020; Flynn et al., 2017). Responders
were defined as those with BP below the target systolic blood
pressure (SBP) and diastolic blood pressure (DBP) after
treatment, while others were defined as non-responders. The
study flowchart is displayed in Figure 1.

2.2 Data collection, blood pressure
measurement and diagnostic criteria

The demographic data of all subjects were collected. Laboratory
test parameters of hypertensive patients were obtained from the
electronic medical record system, including serum creatinine, uric
acid, fasting blood glucose, alanine aminotransferase, aspartate
aminotransferase, fasting insulin, C-peptide, total cholesterol,
triglycerides, high-density lipoprotein-cholesterol, serum calcium,
and urinary calcium; the estimated glomerular filtration rate was
calculated as described elsewhere (de Simone et al., 2022). BP was
measured using a mercury sphygmomanometer in all subjects and
was graded according to the 2018 Chinese Guidelines for Prevention
and Treatment of Hypertension (Joint Committee for Guideline
Revision, 2019). Hypertension was diagnosed when SBP and/or
DBP ≥95th percentile for age, sex, and height on at least 3 separate
occasions. Stage 1 hypertension was defined as SBP and/or
DBP ≥95th but <99th percentile +5 mmHg for age, sex, and
height, while stage 2 was defined as SBP or DBP ≥99th percentile
+5 mmHg for age, sex, and height.

2.3 Plasma calcitonin gene-related peptide
and nitric oxide measurement

All subjects fasted for at least 8 h before 2 mL of cubital venous
blood was collected in an EDTA anticoagulant tube in the morning.
The collected blood samples were immediately subjected to
centrifugation at 3,500 rpm for 15 min, and the upper plasma
was carefully collected and stored at −80°C until further analysis.
Plasma CGRP levels were measured using an enzyme-linked
immunosorbent assay kit (Jiangsu Meimian Industrial Co., Ltd.,
Jiangsu, China), and plasma nitric oxide levels were evaluated using
a nitric oxide assay kit (Nanjing Jiancheng Bioengineering Institute,
Jiangsu, China), strictly following the manufacturer’s instructions.
All the measurements were performed by a single-blinded
researcher. All standards, controls, and samples were assayed
simultaneously in duplicate.

2.4 Treatment and follow-up protocols

Patients with primary hypertension were initially prescribed
5 mg of amlodipine daily, targeting a BP at the 95th percentile for
age, sex, and height. A physician evaluated patients weekly for BP
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reduction and adverse events, and if necessary, the dosage was
adjusted starting from the second week of treatment, with a
maximum daily dose of 10 mg. According to Flynn’s study,
amlodipine treatment can achieve stable BP levels after 4 weeks
(Flynn et al., 2004). Therefore, the last follow-up for BP
measurement was scheduled after 4 weeks of treatment. For
patients receiving the maximum dose but still not achieving the
target BP, replacement or combined antihypertensive medications
were considered. It is important to highlight that all participants
underwent a standardized lifestyle intervention, including a low-
sodium and low-fat diet, heightened aerobic exercise and weight
reduction, under the guidance and supervision of the certified
nutritionist and pediatrician, and demonstrated high adherence
throughout the treatment period.

2.5 Statistical analyses

All statistical analyses were performed using SPSS 23.0,
GraphPad Prism 8 software and R version 4.2.2 for Windows.
Data normality was tested by the Kolmogorov-Smirnov test.
Parametric continuous data were expressed as mean ± standard
deviation (SD) and compared with the student t-test between
groups. Non-parametric data were presented as median (the

interquartile range) and analyzed by the Mann-Whitney test. The
Chi-squared test was used to compare categorical variables.
Variables with P less than 0.05 and demographic variables were
included in a binary logistic regression model. The receiver
operating characteristic (ROC) curve and areas under the curve
(AUCs) were used to evaluate the accuracy of the selected major
factors in predicting amlodipine efficacy. The sensitivity and
specificity were highest at the points of ROC curves closest to the
top left corner. Furthermore, a pairwise comparison between the two
AUCs was performed using the DeLong method (Delong et al.,
1988). A nomogram was developed based onmultivariate regression
analysis to facilitate clinical interpretation, the discriminability of
the prognostic nomogram was evaluated using the calibration curve,
and decision curve analysis (DCA) was performed to test the clinical
applicability of the model. p < 0.05 was considered statistically
significant.

3 Results

3.1 Patient characteristics

Totally 74 children with primary hypertension were included in
the study, with 37 identified as responders and 37 categorized as

FIGURE 1
The study flowchart. ABPM ambulatory blood pressure monitoring.
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non-responders. There were no significant differences in age,
gender, height, baseline SBP and DBP, aminotransferase, serum
lipid and calcium between the two groups (Table 1). However,
responders exhibited lower body mass index (BMI), fasting
C-peptide and plasma CGRP levels compared to non-responders
(all p < 0.05), while plasma NO levels were higher (p < 0.05).

3.2 Predictive value of plasma calcitonin
gene-related peptide and nitric oxide

Factors with significant differences were included in binary
logistic regression analysis. After adjusting for age and gender,

results indicated that plasma CGRP (odds ratio (OR) = 0.944,
95% confidence interval (CI): 0.912–0.978, p = 0.001) and NO
(OR = 1.027, 95%CI: 1.001–1.053, p = 0.041) were independently
associated with amlodipine responsiveness (Table 2). Furthermore,
The AUCs of plasma CGRP and NO in predicting the response to
amlodipine were 0.779 (95% CI 0.673–0.885) and 0.638 (95% CI
0.511–0.765), with the corresponding cutoff values of 67.54 ng/L and
23.80 μmol/L, respectively (Table 3; Figure 2). To further improve
the predictive values, a model was constructed based on logistic
regression as follows: Logit(P) = 2.899 - 0.058 × CGRP + 0.024 ×
NO. The AUC for the combined prediction model was 0.814 (95%
CI 0.714–0.914, Figure 2) with the optimum prediction cut-off value
0.484, producing a predictive sensitivity and specificity of 86.5% and

TABLE 1 Comparison of baseline characteristics between responders and non-responders.

Characteristic Responders (n = 37) Non-responders (n = 37) P-value

Male (n, %) 30 (81.1) 30 (81.1) 1.000a

Age (years) 13.0 (2.0) 13.0 (2.0) 0.493b

Height (m) 1.71 (0.15) 1.71 (0.13) 0.669b

Weight (kg) 81.36 ± 19.93 88.57 ± 17.73 0.104c

BMI (kg/m2) 28.27 ± 4.50 30.64 ± 4.95 0.035c

SBP (mmHg) 140.0 (13.0) 144.0 (17.5) 0.128b

DBP (mmHg) 80.0 (10.5) 82.0 (14.0) 0.244b

Family history (n, %) 21 (56.8) 26 (70.3) 0.227a

Stage 2 (n, %) 32 (86.5) 34 (91.9) 0.708a

Dosage (mg/kg) 0.06 (0.03) 0.07 (0.03) 0.144b

Total cholesterol (mmol/L) 3.90 ± 0.67 3.92 ± 0.91 0.953c

Triglyceride (mmol/L) 1.14 (0.91) 1.24 (0.80) 0.837b

HDL-C (mmol/L) 1.08 ± 0.18 1.05 ± 0.19 0.502c

LDL-C (mmol/L) 2.62 ± 0.59 2.65 ± 0.96 0.876c

FBG (mmol/L) 4.66 (0.51) 4.54 (0.80) 0.991b

ALT (U/L) 19.80 (9.45) 23.40 (15.70) 0.254b

AST (U/L) 18.30 (8.00) 18.80 (7.50) 0.224b

Fasting insulin (uIU/mL) 19.50 (11.45) 22.90 (21.70) 0.056b

Fasting C-peptide (ng/mL) 2.79 (1.24) 3.42 (1.53) 0.042b

CGRP (ng/L) 56.67 ± 17.55 80.19 ± 25.71 <0.001c

NO (μmol/L) 42.72 (33.40) 33.91 (33.74) 0.041b

Serum calcium (mmol/L) 2.44 (0.08) 2.41 (0.12) 0.176b

Urine calcium (mmol/L) 1.40 (1.61) 1.58 (1.78) 0.372b

Serum creatinine (µmol/L) 55.20 ± 12.55 52.06 ± 14.01 0.313c

Serum uric acid (mmol/L) 448.65 ± 102.86 485.08 ± 102.61 0.132c

eGFR (ml/min/1.73 m2) 110.15 ± 18.16 115.28 ± 18.88 0.237c

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FBG, fasting blood

glucose; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CGRP, calcitonin gene-related peptide; NO, nitric oxide; eGFR, estimated glomerular filtration rate. The continuous

variables were presented as mean ± standard deviation or median (interquartile range).
achi-square test.
bMann–Whitney U test.
cStudent T test.
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70.1%. Pairwise comparison indicated that the combined model
exhibited better predictive performance (p < 0.05, Table 3).

3.3 Nomogram model establishment and
clinical application evaluation

To enhance clinical interpretation, a nomogram model was
developed to predict amlodipine treatment efficacy based on
binary logistic regression analysis (Figure 3A). The

model revealed that the effective rate of amlodipine increased
with the reduction in CGRP and the elevation of NO levels
before treatment. The calibration curve confirmed that the
predicted results of the nomogram were close to the actual
observations (Figure 3B). Furthermore, the DCA curve showed
that if the threshold probability is between 2%–77%, the
application of this nomogram to predict the efficacy of
amlodipine would add up to 0.49 net benefit (Figure 3C).
These results suggested the favorable clinical applicability of
our nomogram model.

TABLE 2 Multivariate logistic regression of amlodipine therapeutic efficacy.

Variables B SE Wald OR 95% CI P-value

Age 0.089 0.148 0.362 1.093 0.818–1.460 0.547

Male −0.036 0.757 0.002 0.965 0.219–4.251 0.962

BMI −0.082 0.081 1.027 0.921 0.787–1.079 0.311

C-peptide 0.001 0.343 0.000 1.001 0.511–1.961 0.997

CGRP −0.057 0.018 10.512 0.944 0.912–0.978 0.001

NO 0.026 0.013 4.193 1.027 1.001–1.053 0.041

Constant 4.048 2.360 2.941 57.297 — 0.086

SE, standard error; OR, odd ratio; CI, confidence interval; BMI, body mass index; CGRP, calcitonin gene-related peptide; NO, nitric oxide.

TABLE 3 The cut-off value of predictor variables predicting amlodipine efficacy in pediatric primary hypertension.

Variables AUC 95% CI Cut-off value Sensitivity Specificity P-value

CGRP 0.779 0.673–0.885 ≤67.54 ng/L 75.7% 75.7% 0.008

NO 0.638 0.511–0.765 ≥23.80 μmol/L 83.8% 43.2% 0.037

Combined Prediction 0.814 0.714–0.914 ≥0.484 86.5% 70.1% —

ROC, receiver operating characteristic; AUC, the area under the ROC, curve; CI, confidence interval; CGRP, calcitonin gene-related peptide; NO, nitric oxide. The P-value indicates comparisons

with the combined model.

FIGURE 2
Receiver operating characteristic curves analysis of plasma CGRP and NO levels for predicting amlodipine therapeutic efficacy. (A) ROC of CGRP. (B)
ROC of NO. (C) ROC of CGRP + NO. CGRP, calcitonin gene-related peptide; NO, nitric oxide.
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4 Discussion

In this study, we followed 74 children with primary hypertension
treated with amlodipine, and after 1 month of treatment, 50% of them
achieved the target BP. There were statistical differences in plasma
CGRP and NO between the responders and non-responders, and a
combined prediction model of the two factors could accurately predict
the efficacy of amlodipine, with the AUC was 0.814 (95% CI
0.714–0.914), yielding the sensitivity and specificity of 86.5% and
70.1%, respectively. Furthermore, a nomogram model was developed
to predict the response to amlodipine, facilitating decision-making for
clinicians and displaying good clinical practicability.

Primary hypertension is the leading form of hypertension in
children and adolescents, which is thought to be associated with
impaired vasodilatation due to an imbalance between vasoconstrictors
and vasodilators. Therefore, pharmacological treatment focuses on this
process (Ambrosino et al., 2022; Ye et al., 2019). Amlodipine, the only
calcium channel blocker recommended by the Food and Drug
Administration for pediatric hypertension treatment, has been widely
reported for its efficacy and safety (Flynn, 2005). However, upon
reviewing the existing evidence, considerable variability in the
antihypertensive response to amlodipine is observed among children

with hypertension, with an effective rate of less than 50% (Meyers and
Siu, 2011). Therefore, the identification of convenient, rapid, and
affordable indicators that can accurately predict the effectiveness of
amlodipine before treatment would greatly enhance the control rate of
amlodipine therapy in pediatric hypertension patients, which is
indispensable to implement individualized treatment strategies.
Nevertheless, no relevant studies have been reported.

CGRP, a 37-amino acid neuropeptide produced by the calcitonin
gene, is currently recognized as themost potent vasodilator, which exerts
vasodilation through the activation of the CGRP receptors on smooth
muscle cells. The plasma levels of CGRP were observed significantly
decreased in patients with primary hypertension and spontaneous
hypertensive rat models (Li et al., 2009; Smillie and Brain, 2011).
Previous studies have shown a significant correlation between plasma
CGRP levels and vasodilatory effects in children with vasovagal syncope
(VVS). Notably, VVS children with higher CGRP levels tend to exhibit a
more favorable therapeutic response to the vasoconstrictor drug
midodrine hydrochloride (Li et al., 2022). In this study, we found
that lower baseline CGRP levels could predict a better response to
amlodipine treatment in pediatric hypertension. Studies have shown that
CGRP release is calcium channel dependent (Chichorro et al., 2024;
Smillie and Brain, 2011). A clinical study examining the efficacy of a

FIGURE 3
Construction of the nomogram model. (A) Nomogram model predicting the therapeutic efficacy of amlodipine. (B) Calibration curves for
nomogram model predicting the therapeutic efficacy of amlodipine. (C) Decision curve analysis showing higher net benefit with nomogram model.
CGRP, calcitonin gene-related peptide; NO, nitric oxide.
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traditional Chinese medicine prescription for primary hypertension
treatment revealed a significant increase in plasma CGRP levels
following 12 weeks of amlodipine treatment (Zhong et al., 2010).
Intravenous administration of exogenous CGRP has also shown
notable antihypertensive effects in hypertensive rats and human
volunteers (DiPette et al., 1989; Gennari and Fischer, 1985).
Furthermore, it has been found that amlodipine enhances the
sensitivity of the CGRP receptor (Hong et al., 1997). Therefore,
children with hypertension may benefit from amlodipine treatment
due to its ability to enhance the sensitivity of the CGRP receptor and
increase plasma CGRP levels, resulting in greater blood pressure
reduction among those with lower baseline CGRP levels. These
findings suggest that measuring plasma CGRP can serve as an early
predictive indicator of the effectiveness of amlodipine in pediatric
primary hypertension, which may also be suitable for the guidance of
antihypertensive treatment in children with secondary hypertension.

NO is a crucial signaling molecule in endothelial function.
Subsequently, it acts on vascular smooth muscle cells to activate
guanylate cyclase and induce upregulation of cyclic guanosine
monophosphate (cGMP) expression, which indirectly activates ATP-
sensitive K+ channels and participates in the regulation of vascular
relaxation, inhibition of smoothmuscle cell proliferation, and inhibition
of platelet aggregation. Studies have shown that hypertensive
adolescents exhibit significantly lower plasma NO levels compared
to normotensive adolescents of the same age (Aflyatumova et al., 2018).
In vitro studies have shown that amlodipine enhances NO production
and prolongs its half-life in endothelial cells, thereby improving NO
bioavailability (Berkels et al., 2004; Sharma et al., 2011). We observed
that plasmaNO levels are higher in responders than in non-responders,
andNO can predict the antihypertensive response to amlodipine, which
may be attributed to elevated BMI, insulin, and C-peptide levels in non-
responders, indicating the presence of insulin resistance, which
mediates endothelial dysfunction leading to reduced NO synthesis
and utilization (Clayton et al., 2023). Previous research has also
indicated that lower levels of NO may be associated with more
severe endothelial dysfunction (da Silva et al., 2021), and these
patients may exhibit better responses to prolonged treatment and
improved endothelial function. However, our study only followed up
on the efficacy of amlodipine for 1 month, and further investigation is
underway to assess long-term efficacy.

Furthermore, the nomogram model constructed by combining
CGRP and NO demonstrated superior predictive performance and
clinical practicability. Studies have indicated that CGRP is present in
nearly all vascular nerve fibers and exerts a significant relaxant effect on
blood vessels. Inmost blood vessels, CGRP binds to CGRP receptors on
vascular smooth muscle cells, activating adenylyl cyclase to synthesize
cyclic adenosine monophosphate (cAMP), which then induces ATP-
sensitive K+ channel activation through protein kinase A, resulting in
smooth muscle relaxation and vasodilation (Kumar et al., 2022; Younis
et al., 2024). Furthermore, animal experiment has shown that the CGRP
receptor-mediated contribution to external Ca2+ concentration-induced
vasorelaxations predominantly involve an endothelium-dependent
pathway (Carlton-Carew et al., 2024). Within vascular endothelial
cells, CGRP can facilitate the activation of endothelial NOS (eNOS)
through a cAMP signaling cascade, thereby promoting the synthesis
and release of NO, but only in the presence of an intact endothelium
(Kumar et al., 2022; Brabenec et al., 2022). Consequently, amlodipine
treatment promotes the release of CGRP and enhances its receptor

sensitivity, thereby facilitating the relaxation of vascular smoothmuscle.
Furthermore, it further stimulates eNOS to facilitate the production and
release of NO, which mediates vasodilation in hypertensive children
with intact endothelial function, ultimately leading to a more significant
reduction in blood pressure. Further investigation into the underlying
mechanisms of CGRP andNO involved in the antihypertensive effect of
amlodipine is warranted.

To our knowledge, this is the first study to investigate predictive
markers for amlodipine efficacy in pediatric hypertension and to develop
a nomogram model for individualized treatment. However, the
limitations of the current study should be acknowledged. First, the
plasmaCGRP andNO levels after treatmentwere notmeasured. Second,
this is a single-center studywith a small sample size that cannot represent
the entire pediatric population and has not been externally validated,
which may lead to certain extrapolation limitations of our results. In the
future, multi-center, large-sample prospective studies are necessary to
validate the reliability of the nomogram model, provide clinical
individualized medication guidance for pediatricians, and enhance
amlodipine therapeutic efficacy on primary hypertension in children.

5 Conclusion

Our findings suggest that plasma CGRP and NO may serve as
valuable biomarkers for the effectiveness of amlodipine treatment in
children with primary hypertension, and the newly developed
nomogram model indicates good prediction accuracy and clinical
application.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Capital Institute of Pediatrics (No.
SHERLL2022017). The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent for participation in this study was provided by the
participants’ legal guardians/next of kin.

Author contributions

HW: Conceptualization, Formal Analysis, Investigation,
Methodology, Visualization, Writing–original draft, Writing–review
and editing. YoL: Conceptualization, Data curation, Methodology,
Writing–review and editing, Writing–original draft. YW: Data
curation, Formal Analysis, Writing–review and editing. CS: Data
curation, Formal Analysis, Writing–review and editing. YqL: Formal
Analysis, Supervision, Writing–review and editing. YnL: Formal
Analysis, Supervision, Writing–review and editing. LS:
Conceptualization, Funding acquisition, Supervision, Writing–review
and editing, Project administration.

Frontiers in Pharmacology frontiersin.org07

Wang et al. 10.3389/fphar.2024.1425863

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1425863


Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by The Special Fund of BeijingMunicipal Science and
Technology Commission (Z211100002921035), and Capital’s Funds
for Health Improvement and Research (CFH2022-3-2105).

Acknowledgments

We thank Dr. Junting Liu for statistical support, and we
appreciate all the participants for their voluntary participation in
the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Aflyatumova, G. N., Nigmatullina, R. R., Sadykova, D. I., Chibireva, M. D., Fugetto, F.,
and Serra, R. (2018). Endothelin-1, nitric oxide, serotonin and high blood pressure in
male adolescents. Vasc. Health. Risk. Manag. 14, 213–223. doi:10.2147/VHRM.S170317

Al-Rubaiee, M., Gangula, P. R., Millis, R. M., Walker, R. K., Umoh, N. A., Cousins, V.
M., et al. (2013). Inotropic and lusitropic effects of calcitonin gene-related peptide in the
heart. Am. J. Physiol. Heart. Circ. Physiol. 304, H1525–H1537. doi:10.1152/ajpheart.
00874.2012

Ambrosino, P., Bachetti, T., D’Anna, S. E., Galloway, B., Bianco, A., D’Agnano, V.,
et al. (2022). Mechanisms and clinical implications of endothelial dysfunction in arterial
hypertension. J. Cardiovasc. Dev. Dis. 9, 136. doi:10.3390/jcdd9050136

Berkels, R., Taubert, D., Bartels, H., Breitenbach, T., Klaus, W., and Roesen, R. (2004).
Amlodipine increases endothelial nitric oxide by dual mechanisms. Pharmacology 70,
39–45. doi:10.1159/000074241

Bhatt, G. C., Pakhare, A. P., Gogia, P., Jain, S., Gupta, N., Goel, S. K., et al. (2020).
Predictive model for ambulatory hypertension based on office blood pressure in obese
children. Front. Pediatr. 8, 232. doi:10.3389/fped.2020.00232

Brabenec, L., Hellenthal, K. E. M., Müller, M., Kintrup, S., Zurek-Leffers, F., Kardell,
M., et al. (2022). Procalcitonin mediates vascular dysfunction in obesity. Life. Sci. 307,
120889. doi:10.1016/j.lfs.2022.120889

Bryan, N. S. (2022). Nitric oxide deficiency is a primary driver of hypertension.
Biochem. Pharmacol. 206, 115325. doi:10.1016/j.bcp.2022.115325

Carlton-Carew, S. R. E., Greenberg, H. Z. E., Greenwood, I. A., and Albert, A. P.
(2024). Stimulation of the calcium-sensing receptor induces relaxations through CGRP
and NK1 receptor-mediated pathways in male rat mesenteric arteries. Physiol. Rep. 12,
e16125. doi:10.14814/phy2.16125

Chen, X., and Wang, Y. (2008). Tracking of blood pressure from childhood to
adulthood: a systematic review and meta-regression analysis. Circulation 117,
3171–3180. doi:10.1161/CIRCULATIONAHA.107.730366

Chichorro, J. G., Gambeta, E., Baggio, D. F., and Zamponi, G. W. (2024). Voltage-
gated calcium channels as potential therapeutic targets in migraine. J. Pain 25, 104514.
doi:10.1016/j.jpain.2024.03.010

Clayton, T. L., Fitch, A., and Bays, H. E. (2023). Obesity and hypertension: obesity
medicine association (OMA) clinical practice statement (CPS) 2023. Obes. Pillars. 8,
100083. doi:10.1016/j.obpill.2023.100083

da Silva, G. M., da Silva, M. C., Nascimento, D. V. G., Lima Silva, E. M., Gouvêa, F. F.
F., de França Lopes, L. G., et al. (2021). Nitric oxide as a central molecule in
hypertension: focus on the vasorelaxant activity of new nitric oxide donors. Biology
10, 1041. doi:10.3390/biology10101041

DeLong, E. R., DeLong, D. M., and Clarke-Pearson, D. L. (1988). Comparing the areas
under two or more correlated receiver operating characteristic curves: a nonparametric
approach. Biometrics 44, 837–845. doi:10.2307/2531595

de Simone, G., Mancusi, C., Hanssen, H., Genovesi, S., Lurbe, E., Parati, G., et al.
(2022). Hypertension in children and adolescents. Eur. Heart. J. 43, 3290–3301. doi:10.
1093/eurheartj/ehac328

DiPette, D. J., Schwarzenberger, K., Kerr, N., and Holland, O. B. (1989). Dose-
dependent systemic and regional hemodynamic effects of calcitonin gene-related
peptide. Am. J. Med. Sci. 297, 65–70. doi:10.1097/00000441-198902000-00001

Fishman, B., Bardugo, A., Zloof, Y., Bendor, C. D., Libruder, C., Zucker, I., et al.
(2023). Adolescent hypertension is associated with stroke in young adulthood: a
nationwide cohort of 1.9 million adolescents. Stroke 54, 1531–1537. doi:10.1161/
STROKEAHA.122.042100

Flynn, J. T. (2005). Efficacy and safety of prolonged amlodipine treatment in
hypertensive children. Pediat. Nephrol. 20, 631–635. doi:10.1007/s00467-004-1781-9

Flynn, J. T., Kaelber, D. C., Baker-Smith, C. M., Blowey, D., Carroll, A. E., Daniels, S.
R., et al. (2017). Clinical practice guideline for screening and management of high blood
pressure in children and adolescents. Pediatrics 140, e20171904. doi:10.1542/peds.2017-
1904

Flynn, J. T., Newburger, J. W., Daniels, S. R., Sanders, S. P., Portman, R. J., Hogg, R. J.,
et al. (2004). A randomized, placebo-controlled trial of amlodipine in children with
hypertension. J. Pediatr. 145, 353–359. doi:10.1016/j.jpeds.2004.04.009

Gennari, C., and Fischer, J. A. (1985). Cardiovascular action of calcitonin gene-related
peptide in humans. Calcif. Tissue. Int 37, 581–584. doi:10.1007/BF02554909

Hong, K. W., Yu, S. S., Shin, Y. W., Kim, C. D., Rhim, B. Y., and Lee, W. S. (1997).
Decreased CGRP level with increased sensitivity to CGRP in the pial arteries of
spontaneously hypertensive rats. Life. Sci. 60, 697–705. doi:10.1016/s0024-3205(97)
00001-5

Joint Committee for Guideline Revision (2019). 2018 Chinese guidelines for
prevention and treatment of hypertension-a report of the revision committee of
Chinese guidelines for prevention and treatment of hypertension. J. Geriatr. Cardiol.
16, 182–241. doi:10.11909/j.issn.1671-5411.2019.03.014

Kumar, A., Supowit, S., Potts, J. D., and DiPette, D. J. (2019). Alpha-calcitonin gene-
related peptide prevents pressure-overload induced heart failure: role of apoptosis and
oxidative stress. Physiol. Rep. 7, e14269. doi:10.14814/phy2.14269

Kumar, A., Williamson, M., Hess, A., DiPette, D. J., and Potts, J. D. (2022). Alpha-
calcitonin gene related peptide: new therapeutic strategies for the treatment and
prevention of cardiovascular disease and migraine. Front. Physiol. 13, 826122.
doi:10.3389/fphys.2022.826122

Li, D., Chen, B. M., Peng, J., Zhang, Y. S., Li, X. H., Yuan, Q., et al. (2009). Role of
anandamide transporter in regulating calcitonin gene-related peptide production and
blood pressure in hypertension. J. Hypertens. 27, 1224–1232. doi:10.1097/hjh.
0b013e328329bbd7

Li, L., Zhao, H., Ma, X., Jiao, F., and Lin, J. (2022). Calcitonin gene-related peptide
predicts therapeutic response to midodrine hydrochloride in children with vasovagal
syncope. Front. Neurosci. 16, 1026539. doi:10.3389/fnins.2022.1026539

Meyers, R. S., and Siu, A. (2011). Pharmacotherapy review of chronic pediatric
hypertension. Clin. Ther. 33, 1331–1356. doi:10.1016/j.clinthera.2011.09.003

Parker, M. L., Robinson, R. F., and Nahata, M. C. (2002). Amlodipine therapy in
pediatric patients with hypertension. J. Am. Pharm. Assoc. 42, 114–117. doi:10.1331/
108658002763538152

Rapsomaniki, E., Timmis, A., George, J., Pujades-Rodriguez, M., Shah, A. D.,
Denaxas, S., et al. (2014). Blood pressure and incidence of twelve cardiovascular
diseases: lifetime risks, healthy life-years lost, and age-specific associations in
1·25 million people. Lancet 383, 1899–1911. doi:10.1016/S0140-6736(14)60685-1

Samuels, J. A., Zavala, A. S., Kinney, J. M., and Bell, C. S. (2019). Hypertension in
children and adolescents. Adv. Chronic. Kidney. Dis. 26, 146–150. doi:10.1053/j.ackd.
2019.02.003

Sharma, A., Trane, A., Yu, C., Jasmin, J. F., and Bernatchez, P. (2011). Amlodipine
increases endothelial nitric oxide release by modulating binding of native eNOS protein
complex to caveolin-1. Eur. J. Pharmacol. 659, 206–212. doi:10.1016/j.ejphar.2011.
03.028

Smillie, S. J., and Brain, S. D. (2011). Calcitonin gene-related peptide (CGRP) and its
role in hypertension. Neuropeptides 45, 93–104. doi:10.1016/j.npep.2010.12.002

Frontiers in Pharmacology frontiersin.org08

Wang et al. 10.3389/fphar.2024.1425863

https://doi.org/10.2147/VHRM.S170317
https://doi.org/10.1152/ajpheart.00874.2012
https://doi.org/10.1152/ajpheart.00874.2012
https://doi.org/10.3390/jcdd9050136
https://doi.org/10.1159/000074241
https://doi.org/10.3389/fped.2020.00232
https://doi.org/10.1016/j.lfs.2022.120889
https://doi.org/10.1016/j.bcp.2022.115325
https://doi.org/10.14814/phy2.16125
https://doi.org/10.1161/CIRCULATIONAHA.107.730366
https://doi.org/10.1016/j.jpain.2024.03.010
https://doi.org/10.1016/j.obpill.2023.100083
https://doi.org/10.3390/biology10101041
https://doi.org/10.2307/2531595
https://doi.org/10.1093/eurheartj/ehac328
https://doi.org/10.1093/eurheartj/ehac328
https://doi.org/10.1097/00000441-198902000-00001
https://doi.org/10.1161/STROKEAHA.122.042100
https://doi.org/10.1161/STROKEAHA.122.042100
https://doi.org/10.1007/s00467-004-1781-9
https://doi.org/10.1542/peds.2017-1904
https://doi.org/10.1542/peds.2017-1904
https://doi.org/10.1016/j.jpeds.2004.04.009
https://doi.org/10.1007/BF02554909
https://doi.org/10.1016/s0024-3205(97)00001-5
https://doi.org/10.1016/s0024-3205(97)00001-5
https://doi.org/10.11909/j.issn.1671-5411.2019.03.014
https://doi.org/10.14814/phy2.14269
https://doi.org/10.3389/fphys.2022.826122
https://doi.org/10.1097/hjh.0b013e328329bbd7
https://doi.org/10.1097/hjh.0b013e328329bbd7
https://doi.org/10.3389/fnins.2022.1026539
https://doi.org/10.1016/j.clinthera.2011.09.003
https://doi.org/10.1331/108658002763538152
https://doi.org/10.1331/108658002763538152
https://doi.org/10.1016/S0140-6736(14)60685-1
https://doi.org/10.1053/j.ackd.2019.02.003
https://doi.org/10.1053/j.ackd.2019.02.003
https://doi.org/10.1016/j.ejphar.2011.03.028
https://doi.org/10.1016/j.ejphar.2011.03.028
https://doi.org/10.1016/j.npep.2010.12.002
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1425863


Song, P., Zhang, Y., Yu, J., Zha, M., Zhu, Y., Rahimi, K., et al. (2019). Global
prevalence of hypertension in children: a systematic review and meta-analysis. JAMA.
Pediatr. 173, 1154–1163. doi:10.1001/jamapediatrics.2019.3310

von Vigier, R. O., Franscini, L. M., Bianda, N. D., Pfister, R., Casaulta Aebischer,
C., and Bianchetti, M. G. (2001). Antihypertensive efficacy of amlodipine in
children with chronic kidney diseases. J. Hum. Hypertens. 15, 387–391. doi:10.
1038/sj.jhh.1001203

Ye, F., Wu, Y., Chen, Y., Xiao, D., and Shi, L. (2019). Impact of moderate- and
high-intensity exercise on the endothelial ultrastructure and function in
mesenteric arteries from hypertensive rats. Life. Sci. 222, 36–45. doi:10.1016/j.
lfs.2019.01.058

Ye, X., Yi, Q., Shao, J., Zhang, Y., Zha, M., Yang, Q., et al. (2021). Trends in prevalence
of hypertension and hypertension phenotypes among Chinese children and adolescents
over two decades (1991-2015). Front. Cardiovasc. Med. 8, 627741. doi:10.3389/fcvm.
2021.627741

Younis, S., Latysheva, N. V., Danilov, A. B., and Ashina, M. (2024). CGRP receptor
antagonists (gepants). Handb. Clin. Neurol. 199, 51–66. doi:10.1016/B978-0-12-
823357-3.00033-1

Zhong, G., Luo, Y., Xiang, L., Xie, Y., Xie, Q., Li, Y., et al. (2010). Clinical efficacy study
on calming liver and restraining Yang formula in treating patients with mild or
moderate degree of essential hypertension. Zhongguo Zhong Yao Za Zhi 35,
776–781. doi:10.4268/cjcmm20100626

Frontiers in Pharmacology frontiersin.org09

Wang et al. 10.3389/fphar.2024.1425863

https://doi.org/10.1001/jamapediatrics.2019.3310
https://doi.org/10.1038/sj.jhh.1001203
https://doi.org/10.1038/sj.jhh.1001203
https://doi.org/10.1016/j.lfs.2019.01.058
https://doi.org/10.1016/j.lfs.2019.01.058
https://doi.org/10.3389/fcvm.2021.627741
https://doi.org/10.3389/fcvm.2021.627741
https://doi.org/10.1016/B978-0-12-823357-3.00033-1
https://doi.org/10.1016/B978-0-12-823357-3.00033-1
https://doi.org/10.4268/cjcmm20100626
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1425863

	Plasma calcitonin gene-related peptide and nitric oxide predict therapeutic response to amlodipine in pediatric primary hyp ...
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Data collection, blood pressure measurement and diagnostic criteria
	2.3 Plasma calcitonin gene-related peptide and nitric oxide measurement
	2.4 Treatment and follow-up protocols
	2.5 Statistical analyses

	3 Results
	3.1 Patient characteristics
	3.2 Predictive value of plasma calcitonin gene-related peptide and nitric oxide
	3.3 Nomogram model establishment and clinical application evaluation

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


