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Abstract 
Context: Blood pressure and plasma catecholamines normally decline during sleep and rapidly increase in early morning. This is blunted in adults 
with type 2 diabetes (T2D).
Objective: We hypothesize that increased sympatho-adrenal activity during sleep differentiates youth with T2D from nondiabetic obese youth 
and lean youth.
Methods: Fasting spot morning and 24-hour urines were collected in obese adolescents with and without T2D, and normal-weight controls. 
Fractionated free urine catecholamines (epinephrine, norepinephrine, and dopamine) were measured, and the ratio of fasting spot morning to 
24-hour catecholamines was calculated.
Results: Urinary 24-hour catecholamine levels were comparable across the 3 groups. Fasting morning epinephrine and the ratio of fasting 
morning/24-hour epinephrine were higher in youth with T2D (P= 0.004 and P= 0.035, respectively). In males, the ratio of fasting morning/24- 
hour epinephrine was also higher in youth with T2D (P= 0.005). In females, fasting morning norepinephrine and the ratio of fasting morning/ 
24-hour dopamine were lower in obese youth with and without T2D (P= 0.013 and P= 0.005, respectively) compared with lean youth. 
Systolic blood pressure was higher in diabetic participants than other groups; males trended higher than females.
Conclusion: Circadian rhythm in catecholamines is disrupted in youth-onset T2D, with a blunted overnight fall in urinary epinephrine in males. 
Conversely, fasting morning norepinephrine and dopamine levels were lower in obese females with or without T2D. Higher nocturnal 
catecholamines in males with T2D might associate with, or predispose to, hypertension and cardiovascular complications. Lower 
catecholamine excretion in females with obesity might serve an adaptive, protective role.
Key Words: catecholamine, type 2 diabetes, circadian rhythm
Abbreviations: BF%, body fat percentage; BMI, body mass index; HbA1c, glycated hemoglobin; OGTT, oral glucose tolerance test; PHQ, Patient Health 
Questionnaire; T2D, type 2 diabetes. 
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Type 2 diabetes (T2D) is a worldwide pandemic affecting 
about 460 million people, and the prevalence has been in-
creasing [1]. With a similarly worsening childhood obesity 
epidemic, studies show that the diagnosis of T2D in children 
and adolescents is also increasing [2]. This has profound indi-
vidual and community health consequences, since T2D is the 

major cause of retinopathy, leg amputation, nephropathy, and 
end-stage kidney disease and a principal cause of myocardial 
infarction and stroke [3, 4]. Additionally, many youths with 
T2D develop complications more rapidly and aggressively 
than adults, with comorbidities including hypertension, dysli-
pidemia, and fatty liver disease [5].
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Even though the major determinants of T2D in children and 
adults are obesity and insulin resistance [6-8], the pathogen-
esis of T2D remains poorly understood. About one-half of 
children with obesity are insulin resistant, and far fewer will 
progress to T2D, about 2% to 8% [9, 10]. It is unclear why 
only some children with obesity develop metabolic dysfunc-
tion and T2D [11, 12]. Accordingly, derangements of insulin 
metabolism have been extensively studied; however, the role 
of “insulin counter-regulatory” hormones has not been ex-
plored widely in youth. We previously demonstrated that 
the 24-hour average plasma concentrations of cortisol are 
lower in nondiabetic youth with obesity than in lean controls 
[13, 14] and higher in youth with obesity and T2D than with-
out T2D [15]. This suggests that adaptive suppression of cor-
tisol in youth with obesity is lost during or following the 
development of T2D, contributing to worsening insulin resist-
ance and glucose intolerance.

We have not previously investigated the role of catechol-
amines in T2D, which also function as “counter-regulatory” 
hormones. We hypothesized that obesity without T2D might 
be associated with adaptive suppression of catecholamines, 
similar to cortisol. Catecholamines not only antagonize the ef-
fects of insulin and increase blood glucose levels and insulin 
resistance, but also cause dysregulated insulin secretion and 
an increase in blood pressure and heart rate [16-18].

In healthy, normal-weight adults, there is a circadian 
rhythm in blood pressure and plasma catecholamines: blood 
pressure and the levels of catecholamines decline during sleep, 
followed by a rapid increase during the early morning hours 
[19, 20]. However, studies in adults with T2D show blunted 
reductions in blood pressure and plasma catecholamine levels 
during sleep, which are associated with increased risks for 
heart failure, stroke, myocardial infarction, and sudden death 
[21-23]. Even so, there are sex differences in circadian rhythm 
of blood pressure, since both adolescent and adult healthy 
males appear to show a blunted nocturnal blood pressure 
dip compared to females [24, 25]. This could be due to sex dif-
ferences in regulation of catecholamines.

We hypothesized that there is increased sympatho-adrenal 
activity during sleep in youth with T2D compared to obese 
youth without T2D and lean controls. A relative increase in 
catecholamines over time could potentially increase future 
risk of hypertension and other cardiovascular complications. 
We also hypothesized that there would be sex differences in 
sympatho-adrenal activity during sleep. To test these hypoth-
eses, we measured urine catecholamines (epinephrine, nor-
epinephrine, and dopamine) in fasting spot morning urine 
and 24-hour urine samples in male and female obese youth 
with and without T2D and lean nondiabetic controls.

Methods
Participants
Participants were recruited from Duke Children’s primary 
care clinics, diabetes clinics at Duke’s Lenox Baker 
Children’s Hospital, and the Duke Children’s Healthy 
Lifestyles program. The Healthy Lifestyle program is a com-
prehensive clinic for pediatric obesity treatment that includes 
medical management as well as registered dieticians and pedi-
atric physical therapists to create specialized plans for nutri-
tion and fitness for the family. They use motivational 
interviewing to improve habits and encourage evidence-based 
lifestyle modifications to reduce excess weight [26, 27]. Three 

participants with T2D were recruited from the Pediatric 
Endocrine and Diabetes Clinic at the University of North 
Carolina (UNC) in Chapel Hill, NC, and 2 were also recruited 
from Pennington Biomedical Research Center in Baton 
Rouge, LA. The Clinical Trials Unit at Pennington 
Biomedical Research Center has extensive experience with 
studies enrolling adolescents with obesity and T2D and has 
the capability to conduct a variety of observational and inter-
ventional studies across the lifespan.

A total of 141 participants were enrolled; the cohort in-
cluded 56 youth who were overweight/obese without T2D 
(“obese”), 42 youth who were obese with T2D (“T2D”), 
and 43 normal-weight controls (“lean”). The participants 
were ≥12 to 21 (inclusive) years of age. Normal weight was 
defined as a body mass index (BMI) between the 5th and 
85th percentile, and overweight/obesity was defined as a 
BMI at or above the 85th percentile [28]. Diabetes was defined 
as glycated hemoglobin (HbA1c) ≥ 6.5%, fasting plasma glu-
cose ≥126 mg/dL, 2-hours glucose ≥200 mg/dL during an 
oral glucose tolerance test (OGTT), and/or random plasma 
glucose ≥200 mg/dL with symptoms of hyperglycemia [28].

Participants were excluded if they had a genetic syndrome 
causing obesity, Cushing syndrome, untreated hypothyroid-
ism, persistent hyperprolactinemia, current or recent (within 
the past month) use of systemic corticosteroids, antipsy-
chotics, medications for weight loss, topiramate, medroxy-
progesterone acetate, recent start of oral contraceptives 
(within the last 3 months), or chronic or recent (within the 
past week) use of over-the-counter drugs such as acetamino-
phen or aspirin. No lean or obese participants were diagnosed 
with hypertension or were on antihypertensive treatment. 
Only 1 participant with T2D had stage 2 hypertension and 
was on lisinopril 2.5 mg for antihypertensive treatment, al-
though he was not compliant with the medication and was 
not using the medication during the week of the urine collec-
tion. Participants with T2D were on metformin and/or an in-
sulin regimen. Three participants with T2D were taking 
liraglutide, 3 were taking dulaglutide, and 1 was taking sita-
gliptin for their diabetes management. The duration from on-
set of T2D to date of urine collection was 1.6 ± 1.5 years. No 
participants were ill or metabolically unstable at the time of 
urine collection. At least one parent/guardian provided in-
formed consent for all participant children <18 years. If the 
participant was ≥18 years, informed consent was obtained 
from the participant. The protocol was approved by the 
Duke University Health System (DUHS) Institutional 
Review Board, Pediatrics Clinical Research Unit, as the 
Pro00057460 protocol.

Anthropometric and Demographic Measurements
Age, race, ethnicity, weight, height, BMI, BMI percentile (BMI 
%), blood pressure, and Tanner stage were extracted from 
medical charts or collected at the initial research visit. 
Weight was measured to the nearest 0.1 kg using the same 
calibrated scales and height was measured to the nearest 
0.1 cm using wall-mounted stadiometers. Blood pressure 
was measured twice, and the average blood pressure was 
used for statistical analyses. Age, sex, and height-specific 
normal values for children are available at https://www. 
nhlbi.nih.gov/files/docs/bp_child_pocket.pdf. BMI, BMI per-
centiles, and BMI z-scores were calculated using an age- and 
sex-specific pediatric z-score calculator. Body fat percentage 
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(BF%) was measured by a Tanita BC-418 segmental body 
composition analyzer, which is a simple, noninvasive, well- 
validated method in children. Physical exams were performed 
by clinic providers, including pediatricians and nurse practi-
tioners who received training in pubertal staging and pediatric 
endocrinologists. For all cohorts, Tanner stage was divided 
into early to mid-puberty (Tanner 1-3) and late puberty 
(Tanner 4-5) stages. This was done because there appears to 
be differences in the circadian system between early/mid vs 
late puberty [29].

Because catecholamine metabolism is highly affected by stress 
and depression, we extracted data from the Patient Health 
Questionnaire (PHQ)-2/PHQ-9 Modified for Teens from med-
ical charts and the initial research visits [30]. The PHQ-2/ 
PHQ-9 Modified for Teens questionnaire is a reliable and valid 
method to detect depression and assess severity of depression; 
thus, all youth receive it as part of standard care for routine an-
nual well child checks at Duke’s primary clinics. Youth who are 
obese/overweight or have diabetes also receive the same surveys 
as standard of care at their first visits and annually at Duke’s dia-
betes clinics and the Healthy Lifestyles program.

Laboratory Results and Urine Catecholamines
Laboratory studies including fasting glucose, insulin, HbA1c, 
liver function tests, kidney function tests, uric acid, and lipid 
panels are measured as standard of care at first visit for all 
youth who are obese/overweight or have diabetes. Data 
were extracted from their charts; however, not all participants 
included in this study had all these laboratory tests performed 
if this was not their first visit to the clinic.

Participants provided first morning, fasting, and spot 
urines, as well as preservative-free, 24-hour urines. Urine 
was collected in a container provided by the study team and 
was returned by the participant to the recruitment site. For 
the 24-hour urine sample, participants were instructed to dis-
card the first urine specimen upon awakening; they then col-
lected all urine during the next 24 hours. An aliquot of the 
first morning sample on the second day was considered the 
fasting spot urine sample; the remainder of this first morning 
urine was combined with the rest of the 24-hour sample. 
Urine samples were refrigerated throughout collection and 
processing.

Urine was analyzed by positive-ion, electrospray, tandem 
mass spectrometry for fractionated free urine catecholamines 
(epinephrine, norepinephrine, and dopamine) as per Kushnir 
et al [31]. To adjust for variation in dilution effects, sample 
volume, and rate of urine production, the free catecholamine 
levels were normalized to urinary creatinine; the rate of urin-
ary creatinine excretion is fairly constant [32]. Urinary cre-
atinine measurements were done on a Beckman DxC 600 
clinical analyzer (Brea, CA). The ratio of fasting spot morning 
urine catecholamines to 24-hour urine catecholamines was 
calculated to assess circadian variation in urinary catechol-
amines. Of note, the methods used in the study to assess cat-
echolamine circadian variation have not been previously 
validated. However, Därr et al [33] compared night to day ra-
tios of urinary epinephrine and norepinephrine in adults to in-
vestigate nocturnal catecholamine excretion and its 
correlation with the circadian rhythm of blood pressure. 
Brossaud et al [34] also used the first morning void to measure 
nocturnal hormones, although in this case they were investi-
gating cortisol metabolism.

Statistical Analysis
Chi-square testing was used to assess differences in ethnicity, 
race, sex, and Tanner stage across 3 groups. Kruskal–Wallis 
or ANOVA was used to assess differences across 3 groups 
for age, BMI%, BMI z-score, BF%, blood pressure, PHQ-2/ 
9 scores, standard of care laboratory results if available, frac-
tionated free urine catecholamines, and the ratio of fasting 
spot morning urine catecholamines to 24-hour urine catechol-
amines. For across 3-group contrasts, P ≤ 0.05 was considered 
statistically significant. For the same comparisons between 2 
groups, t tests or Wilcoxon Rank Sum tests were performed 
and P values ≤ 0.01 were considered significant to be more 
stringent. Urine catecholamine group differences were also as-
sessed using multivariate linear regression adjusting for 
Tanner stage, sex, BMI, age, and race. Data were adjusted 
for race as previous studies have shown racial differences in 
catecholamine excretion and circadian rhythm of blood pres-
sure [35-37]. In regression analysis, P values ≤ 0.01 were con-
sidered nominally significant. To investigate sex differences, 
the data were separated by the participant’s sex, and each 
group was separately analyzed as described above. 
Additionally, t tests were performed to compare the anthropo-
metric and demographic measurements between males and fe-
males within the T2D group. To evaluate the association 
between urinary catecholamines with blood pressure, stress 
levels, and glycemic control, the Spearman Rho correlations 
were calculated. All analyses were performed in R version 
4.1.2 (2021-11-01).

Results
Baseline Anthropometric and Demographic 
Characteristics
Baseline characteristics of study participants in the overall co-
hort are shown in Table 1, while for males only and females 
only are shown in Tables 2 and 3 respectively. In the overall 
cohort, lean, obese, and T2D groups were comparable for 
age, ethnicity, and pubertal status. Although age was compar-
able across groups, as clinically expected, youth with T2D 
trended older compared to youth with obesity without T2D, 
although it did not reach statistical significance (P = 0.031). 
Obese youth with and without T2D were predominantly fe-
male and African American. The T2D group had the highest 
BMI-z, BMI%, and BF% compared with the lean and obese 
groups. Patients with T2D also had the highest systolic blood 
pressure (P = 5.49e−10), while the diastolic blood pressure was 
comparable across groups. The PHQ-2 and PHQ-9 scores 
were also comparable across groups. However, as often seen 
in clinical practice, youth with T2D trended toward higher 
PHQ-2 and PHQ-9 scores, which did not reach statistical sig-
nificance (P = 0.053 and P = 0.064, respectively).

As shown in Table 4, within the T2D group, males (n = 14) 
and females (n = 28) were comparable in age, race, ethnicity, 
BMI-z, and BMI%. Females were predominantly in later 
pubertal stages, but this did not reach statistical significance 
(P = 0.062), and they had higher BF% (P = 0.004). Systolic 
blood pressure trended higher in males (P = 0.077), while dia-
stolic blood pressure was comparable. Additionally, PHQ-2 
and PHQ-9 scores were comparable.

Laboratory Results and Urine Catecholamines
Lean controls did not provide blood samples for analysis. Lab 
studies were available for a subgroup of obese participants 
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with and without T2D. Compared to obese youth without 
T2D, youth with T2D had higher levels of HbA1c (T2D 8.38 
± 2.70%, obese 5.54 ± 0.37%, P = 2.70e−10), alanine amino-
transferase (T2D 43.8 ± 44 U/L, obese 20.03 ± 15.5 U/L, P = 
0.003), and triglycerides (T2D 132.50 ± 63.49 mg/dL, obese 
86.96 ± 23.26 mg/dL, P = 0.015), and a lower level of high- 
density lipoprotein (T2D 39.53 ± 8.63 mg/dL, obese 45.78 ± 
9.54 mg/dL, P = 0.022). Levels of aspartate aminotransferase, 
uric acid, total cholesterol, and low-density lipoprotein were 
comparable in participants with obesity with and without T2D.

Fractionated free epinephrine was comparable across 
groups in fasting spot morning and 24-hour urine samples 
(Fig. 1A, Table 5). However, when models were adjusted for 
biological variables including Tanner stage, sex, BMI, age, 
and race, the fasting spot morning epinephrine level was high-
er in youth with T2D compared to other groups (P = 0.004). 
Additionally, as shown in Fig. 1B and Table 5, the ratio of 
fasting spot morning/24-hour epinephrine was higher in par-
ticipants with T2D compared with other groups (P = 0.035). 

Obese youth without T2D and lean controls had comparable 
levels (P = 0.840). Norepinephrine and dopamine levels in 
fasting spot morning and 24-hour urine samples, and the ra-
tios of fasting spot morning/24-hour urine norepinephrine 
were comparable across groups (Table 5).

There were no significant correlations between fasting spot 
morning or fasting spot morning/24-hour epinephrine and the 
systolic or diastolic blood pressures, PHQ-2/9 scores, or 
HbA1c levels. Interestingly, 24-hour urine epinephrine levels 
were negatively (though weakly) correlated with BMI 
(r = −0.19, P = 0.032), and trended to be negatively (and 
weakly) correlated with BMI-z (r = −0.17, P = 0.057) and 
BMI% (r = −0.17, P = 0.058).

Males

Baseline anthropometric and demographic characteristics
Baseline characteristics of males are shown in Table 2. Males 
were comparable for age, race, ethnicity, and pubertal status 

A Fasting spot morning epinephrine

B Ratio of fasting spot morning/24-hour epinephrine

Figure 1. A, Fasting spot morning epinephrine levels across the 3 groups (lean, obese, T2D). B, Ratio of fasting spot morning/24-hour epinephrine across 
the 3 groups (lean, obese, T2D).
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across the 3 groups. The T2D group had higher BMI-z, BMI 
%, and BF% compared with nondiabetic obese and lean 
groups. They also had higher mean systolic blood pressure 
(P = 2.8e−6), while diastolic blood pressure was comparable 
across groups. Additionally, the PHQ-2 and PHQ-9 scores 
were significantly higher in males with T2D (P = 0.002 and 
P = 0.022, respectively).

Urine catecholamines
Epinephrine, norepinephrine, and dopamine levels in both 
fasting spot morning and 24-hour urine samples were com-
parable across the 3 groups (Table 6). However, as seen in 
Table 6 and Fig. 2A, fasting spot morning epinephrine was 
higher in males with T2D than in lean controls (P = 0.014), 
while 24-hour epinephrine and norepinephrine levels trended 
lower. Accordingly, the ratio of fasting spot morning/24-hour 
epinephrine was higher in males with T2D compared with 
other groups (Fig. 2B and Table 6, P = 0.005), and the ratio 
of fasting spot morning/24-hour norepinephrine trended high-
er. In contrast, the ratios for fasting spot morning/24-hour 
dopamine were comparable among the 3 groups. There 
were no differences between any 2 groups in fasting spot 
morning and 24-hour norepinephrine and dopamine levels.

Females

Baseline anthropometric and demographic characteristics
Baseline characteristics of females are shown in Table 3. 
Females were comparable for age, race, ethnicity, and puber-
tal status across the 3 groups. They also had higher BMI-z, 
BMI%, and BF% compared to obese and lean groups. 
Female youth with T2D also had higher systolic blood pres-
sure than females without diabetes (P = 2.7e−6). Diastolic 
blood pressures were comparable across groups, as were the 
PHQ-2 and PHQ-9 scores.

Urine catecholamines
In fasting spot morning urines, epinephrine and dopamine 
were comparable across the 3 groups (Table 7). In contrast 
to males, fasting spot morning norepinephrine was lower in 
obese females with and without T2D than in lean controls 
(P = 0.013, Fig. 3A and Table 7). Likewise, the ratio of fasting 

spot morning/24-hour dopamine was lower in obese females 
with and without T2D than in lean controls (Fig. 3B and 
Table 7, P = 0.005). There were no differences among female 
groups in 24-hour norepinephrine, dopamine, or epinephrine 
levels, or in the ratios of fasting spot morning/24-hour epi-
nephrine and norepinephrine.

Discussion
In healthy individuals, there are circadian rhythms in blood 
pressure and plasma catecholamines; they decline during sleep 
and then rapidly increase during early morning hours [19, 20]. 
However, this nocturnal decline in both blood pressure and 
catecholamines appears to be blunted in adults with diabetes 
[21, 38]. These changes are likely associated, since studies 
have shown that increases in sympathetic activity are accom-
panied by, and likely contributory to, increases in blood pres-
sure [21, 39, 40]. Importantly, Därr et al showed that higher 
night to day ratios of epinephrine and norepinephrine are as-
sociated with attenuated overnight declines in blood pressure 
in adults [33].

In this study, we investigated sympatho-adrenal activity 
during sleep in youth with T2D compared to obese youth 
without T2D and lean controls. We also assessed sex differen-
ces in sympatho-adrenal activity during sleep. Our findings in-
clude 3 important observations. First, there is a blunted 
nocturnal decline in epinephrine levels in youth with T2D 
compared to lean youth and nondiabetic youth with obesity, 
evident by higher fasting spot morning/24-hour urine epi-
nephrine levels. Second, the increase in morning epinephrine 
in youth with T2D is detected in males but not females. 
Third, in contrast to males, fasting spot morning norepineph-
rine was lower in obese females with and without T2D than in 
lean controls as was the ratio of fasting spot morning/24-hour 
dopamine.

Blunted nocturnal decline in epinephrine in males with T2D 
is consistent with a study by Bernardi et al [41], who showed 
higher sympathetic activity overnight in adults with T2D com-
pared to those without T2D. We also found that youth with 
T2D have higher systolic blood pressures compared to lean 
youth or nondiabetic youth with obesity. The cause of hyper-
tension in T2D is not fully understood; however, the sustained 

Table 5. Fractionated free urine catecholamines across 3 groups in the overall cohort, normalized for creatinine (μg/g Cr)

Lean (n = 43) Obese without T2D (n = 56) Obese with T2D (n = 42) P value

Fasting spot morning

Epinephrine 2.04 ± 1.57 2.04 ± 2.07 2.69 ± 2.13 0.062

Norepinephrine 18.47 ± 9.55 19.12 ± 12.87 16.48 ± 6.68 0.94

Dopamine 224.33 ± 82.23 243.41 ± 113.1 211.42 ± 70.7 0.51

24-hour

Epinephrine 4.39 ± 2.64 3.90 ± 1.95 3.74 ± 2.38 0.361

Norepinephrine 26.52 ± 13.06 25.18 ± 11.71 22.21 ± 8.75 0.424

Dopamine 211.41 ± 98.75 254.52 ± 103.34 256.45 ± 125.34 0.087

Ratio fasting spot morning/24-hour

Epinephrine 0.61 ± 0.61 0.60 ± 0.57 0.86 ± 0.74 0.035

Norepinephrine 0.78 ± 0.41 0.85 ± 0.68 0.78 ± 0.31 0.61

Dopamine 1.96 ± 4.92 1.01 ± 0.51 0.88 ± 0.25 0.092

Data are presented as mean ± 1 SD. Abbreviation: T2D, type 2 diabetes.
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A In males, fasting spot morning epinephrine

B In males, ratio of fasting spot morning/24-hour epinephrine

Figure 2 . A, Fasting spot morning epinephrine levels in males across the 3 groups (lean, obese, T2D). B, Ratio of fasting spot morning/24-hour 
epinephrine in males across the 3 groups (lean, obese, T2D).

Table 6. Fractionated free urine catecholamines across 3 groups in males, normalized for creatinine (μg/g Cr)

Lean (n = 26) Obese without T2D (n = 23) Obese with T2D (n = 14) P value

Fasting spot morning

Epinephrine 1.34 ± 0.87 1.95 ± 1.83 2.64 ± 1.73 0.081

Norepinephrine 12.52 ± 5.10 17.50 ± 8.76 14.64 ± 5.91 0.15

Dopamine 194.67 ± 83.73 228.74 ± 91.38 182.26 ± 57.75 0.19

24-hour

Epinephrine 4.61 ± 2.29 4.36 ± 1.67 3.38 ± 2.38 0.057

Norepinephrine 23.06 ± 11.13 26.47 ± 11.94 18.25 ± 6.24 0.078

Dopamine 206.15 ± 77.08 229.26 ± 69.98 183.02 ± 50.02 0.1

Ratio fasting spot morning/24-hour

Epinephrine 0.35 ± 0.31 0.49 ± 0.53 0.92 ± 0.66 0.005

Norepinephrine 0.63 ± 0.30 0.75 ± 0.54 0.84 ± 0.22 0.076

Dopamine 0.94 ± 0.09 0.98 ± 0.43 1.01 ± 0.18 0.187

Data are presented as mean ± 1 SD. Abbreviation: T2D, type 2 diabetes.
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Table 7. Fractionated free urine catecholamines across 3 groups in females, normalized for creatinine (μg/g Cr)

Lean (n = 17) Obese without T2D (n = 33) Obese with T2D (n = 28) P value

Fasting spot morning

Epinephrine 2.89 ± 1.84 2.10 ± 2.29 2.71 ± 2.32 0.069

Norepinephrine 25.81 ± 8.65 20.40 ± 15.44 17.30 ± 6.95 0.013

Dopamine 260.98 ± 65.51 255.03 ± 128.47 224.25 ± 73.07 0.22

24-hour

Epinephrine 4.07 ± 3.13 3.52 ± 2.10 3.92 ± 2.41 0.89

Norepinephrine 31.61 ± 14.31 24.12 ± 11.62 24.26 ± 9.24 0.13

Dopamine 219.14 ± 126.38 275.28 ± 121.63 294.52 ± 136.04 0.25

Ratio fasting spot morning/24-hour

Epinephrine 0.94 ± 0.74 0.70 ± 0.60 0.84 ± 0.78 0.408

Norepinephrine 0.95 ± 0.47 0.94 ± 0.77 0.75 ± 0.35 0.259

Dopamine 3.21 ± 7.28 1.04 ± 0.58 0.83 ± 0.26 0.005

Data are presented as mean ± 1 SD. Abbreviation: T2D, type 2 diabetes.

A In females, fasting spot morning norepinephrine

B In females, ratio of fasting spot morning/24-hour dopamine

Figure 3. A, Fasting spot morning norepinephrine levels in females across the 3 groups (lean, obese, T2D). B, Ratio of fasting spot morning/24-hour 
dopamine in females across the 3 groups (lean, obese, T2D).
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nocturnal sympathetic activation likely contributes to in-
creases in blood pressure and hypertension in young males 
with T2D, because increased catecholamine levels correlate 
with higher blood pressures in adults [21, 33, 39, 40]. 
Interestingly, we found that 24-hour epinephrine levels were 
negatively, though weakly, correlated with BMI-related met-
rics. Results of studies of the relationship among catechol-
amines and BMI in pediatrics are limited and conflicting 
[42-44]. However, recent studies in adults show that 
24-hour norepinephrine positively correlates with BMI, while 
epinephrine is negatively correlated [45].

In contrast to males, the females in our study had compar-
able epinephrine levels across groups. In fact, relative to lean 
controls, obese females with and without diabetes had lower 
fasting spot morning norepinephrine and lower ratio of fast-
ing spot morning/24-hour dopamine. Sex differences in cat-
echolamine excretion are apparent in the adult literature. 
Gustafson and Kalkhoff [46] found that in response to isomet-
ric exercise, epinephrine levels in lean men exceeded those in 
lean women, and both were higher than epinephrine levels 
in women with obesity. They also found that the norepineph-
rine response was higher in lean men than both lean and obese 
women. Other studies have also shown that during stress or 
with hypertension, females excrete less catecholamine than 
men [47-49]. Consistent with those findings, our results sug-
gest that young teenage girls have a suppressed catecholamine 
response in comparison to young teenage boys. This might ex-
plain in part the trend toward lower blood pressures in girls 
than boys with T2D observed in our study.

Indeed, women tend to have lower daytime blood pressures 
than men until they are postmenopausal [50], and their noc-
turnal systolic blood pressures are commonly lower than 
those of males [25, 51]. This association of sympathetic acti-
vation and blood pressure elevation specifically in males is 
also seen in mice. Male and female mice that have undergone 
early-life stress develop hypertension after placement on a 
high-fat diet. However, they appear to develop hypertension 
differently, with male mice displaying increased sympathetic 
activation, and female mice showing greater adiposity and 
metabolic compromise [52]. The higher PHQ-2 and PHQ-9 
scores in our male participants with T2D might reflect in-
creased stress and may be associated with sympathetic activa-
tion. It is possible that females with obesity demonstrate a 
greater reduction in sympatho-adrenal activity during sleep 
compared with lean females as an adaptive response to weight 
gain. It has been suggested that estrogen is protective; it indu-
ces activation of nitric oxide to promote vasodilation and ex-
erts adaptive effects on the renin-angiotensin system to 
prevent hypertension [53, 54]. Studies have also shown that 
estrogen plays a role in inhibiting sympathetic activity. For ex-
ample, Gomes et al [55] found that gonadectomy in female 
rats led to an increase in plasma catecholamine concentration, 
and Vongpatanasin et al [56] demonstrated that estrogen- 
replacement therapy decreased sympathetic nerve activity in 
postmenopausal women. The evolution of an adaptive re-
sponse in obese female youth in the face of obesity and T2D 
complements our previous work, which found that obese 
African American youth without T2D have lower 24-hour 
cortisol levels than obese youth with T2D [15]. Higher corti-
sol levels likely reduce insulin sensitivity, thereby predisposing 
to, or exacerbating, glucose intolerance. One hypothesis, 
which requires more rigorous testing, is that obesity may pre-
dispose preferentially to insulin resistance and metabolic 

complications among females and to hypertension and cardio-
vascular disease in males. In that regard, the Type 2 Diabetes 
in Adolescents and Youth study showed that T2D is twice as 
common in adolescent females than males despite comparable 
BMI z-scores [57, 58]. Likewise, males were at 81% greater 
risk than females of developing hypertension in the same co-
hort (P = 0.0005). Studies in adults with hypertension or dia-
betes have shown that failure of blood pressure to decline 
overnight (“non-dippers”) is associated with higher cardio-
vascular morbidity and mortality [22, 33, 59]. The apparent 
increase in nocturnal sympatho-adrenal activity in youth 
with T2D may therefore portend risks of serious complica-
tions, especially in males.

This study has several strengths. Participants were matched 
for age, ethnicity, and pubertal status, and within the male and 
female groups, participants were additionally matched for 
race. Baseline characteristics of the participants were also con-
sistent with clinical practice; the T2D group were predomin-
antly female and African American, and had a higher BMI, 
body fat percentage, and PHQ-9 score. Another strength of 
this study was the successful collection of a relatively large 
number of fasting spot morning and 24-hour urine samples 
in children, especially in children with T2D, as well as the 
use of urinary creatinine to normalize samples.

Our study has several limitations. We did not perform 
24-hour ambulatory blood pressure monitoring. This could 
have helped to determine if the blunted nocturnal reduction 
in catecholamines seen in T2D is specifically associated with 
changes in the circadian rhythm of blood pressure. This may 
explain why we did not see a significant correlation between 
catecholamines and blood pressures measured during clinic 
visits. Moreover, it is unknown if our participants had sleep 
apnea, as they did not routinely undergo sleep studies to qual-
ify for inclusion; this could confound results for catechol-
amine excretion. However, none of the participants had a 
formal diagnosis of sleep apnea. Another limitation was the 
use of urinary catecholamine rather than plasma to measure 
sympatho-adrenal activity. However, many studies have 
shown success in measuring variations in sympathetic activity 
using measurements of urinary catecholamines [60, 61]. Of 
note, males with obesity and T2D had higher PHQ-2/9 scores 
(Table 2), suggesting that their increases in catecholamine ex-
cretion might be associated with depression. Some studies 
found that depression in adults is associated with higher blood 
pressure and catecholamine excretion [62-64]. For example, 
Shinagawa et al [62] found that a depressive mood was asso-
ciated with higher 24-hour averages of systolic and diastolic 
blood pressure, and less dipping of the diastolic blood pres-
sure overnight. On the other hand, Scalco et al [64] noted 
that the literature regarding depression and the circadian 
rhythm of blood pressure is varied. Some studies found that 
depression was associated with a higher night/day ratio of sys-
tolic blood pressure, while others show that depression was 
associated with a high day/night blood pressure ratio. 
Alternatively, the association of depression and hypertension 
might be mediated by higher BMI [65]. We did not include 
clinical diagnosis of depression as a confounding factor in 
the T2D group and we did not compare catecholamine excre-
tion in those with high and low PHQ scores. Such multiple 
group comparisons would be statistically invalid due to our 
limited number of participants. Finally, our methods to assess 
catecholamine circadian variation have not been fully vali-
dated. Nevertheless, our findings suggest a novel approach 
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for assessing circadian rhythm of catecholamines in adoles-
cents and children.

In spite of these limitations, our findings demonstrate dis-
ruption of circadian catecholamine secretion in male youth 
with T2D and in female youth with obesity. The heightened 
overnight sympathetic activity might contribute to hyperten-
sion in diabetic males, while the reduction in norepinephrine 
and dopamine in obese females might serve an adaptive role 
to protect against blood pressure surges. These observations 
and others [26, 42, 46, 57, 58] underscore the roles of sex dif-
ferences in the pathogenesis and complications of pediatric 
obesity and T2D.
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