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Abstract
The prevalence of obesity related hypertension has dramatically increased in children with the parallel increase in pediatric obesity. This pediatric health problem may adversely affect cardiovascular health in adult life. The pathogenesis of hypertension in obese children is not widely understood. We therefore undertake this review to raise public awareness. Early childhood parameters like birth weight and postnatal weight gain may play important roles in risk for obesity and obesity related hypertension later in childhood and adult life. Further information is required to confirm this origin of hypertension so that appropriate measures are taken in the peri-natal period. The role of sympathetic nervous system has now been well established as one of the principle mechanisms involved in obesity related hypertension. The Renin-Angiotensin system, insulin resistance due to obesity and as a part of metabolic syndrome along with imbalance in adipokines such as leptin and adiponectin, cause activation of the sympathetic system, vasoconstriction, endothelial dysfunction and sodium reabsorption among other perturbations. Multi-step interventions targeting these various mechanisms are required to break the cycle of obesity and metabolic syndrome. Vitamin D deficiency, sleep apnea due to airway obstruction and hyperuricemia may also play a significant role and should not be ignored in its early stages. Obesity is a risk factor for other co-morbid conditions like chronic kidney disease and fatty liver which further accentuate the risk of hypertension. Increased awareness is required to prevent, diagnose and treat obesity related hypertension among the pediatric population.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The obesity epidemic in children is beginning to show its ramifications of increase in chronic diseases in children such as hypertension. Early childhood factors like prematurity and accelerated post-natal weight gain play a role in hypertension in later years and shed light on the multi-factorial prevention strategies that need to be in place. Furthermore, surveillance of factors such as vitamin D deficiency, hyperuricemia, sleep apnea, chronic kidney disease and fatty liver is required in addition to the traditional approach of weight management and pharmacotherapy.
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INTRODUCTION
Prevalence

The prevalence of obesity in children [body mass index (BMI) ≥ 95th percentile] has increased from 13.9% in 1999 to about 17% in 2004 and has remained stable at this rate until 2010 in the United States per National Health and Nutrition Examination Survey (NHANES) data[1,2]. In the two decades prior to that the prevalence of obesity in children more than doubled[2]. The prevalence of hypertension in children is also increasing over the past few decades, in part due to the increasing prevalence of obesity[3].

Analysis of data from NHANES surveys between 1999 and 2008 showed that 14% of adolescents aged 12-19 years had prehypertension or hypertension[4]. In a school based screening program in the United States, the prevalence of hypertension increased progressively as the BMI percentile increased from ≤ 5th percentile (2%) to ≥ 95th percentile (11%)[3]. Among 761 school children in Oklahoma, United States almost 28% were obese and 18% had blood pressure (BP) > 90th percentile on the first screening and 2.8% had persistently elevated BP after three screenings. BMI ≥ 85th percentile was significantly associated with hypertension compared to non-obese children[5]. This trend is also seen in other parts of the world. The prevalence of hypertension was almost 25% and pre-hypertension 34.7% among obese children at one endocrinology referral center in India[6]. A pediatric primary care setting in Italy noted about 35% of a sample of 1310 children to be overweight or obese. The prevalence of prehypertension and hypertension was 7.1% in normal weight, 21.9% in overweight and 42.3% in obese[7]. Among Chinese adolescents, higher prevalence of hypertension was associated with higher BMI percentiles. Non-obese adolescents had less than 5% prevalence of hypertension whereas among those with BMI > 95th percentile, approximately 20% boys and 12% girls had hypertension[8].

Data from two randomized, double-blind, multicenter valsartan trials that recruited children with hypertension, performed at several centers across 9 countries showed that 17% of children age < 6 years, 62% of school-aged children and 60% of adolescents had primary hypertension. BMI was significantly higher in those with primary hypertension compared with those with secondary hypertension. Also noted was a significant age-related increase in BMI in both the primary and secondary hypertension subgroups. Approximately 50% of children 6 to < 17 years in these trials were classified as obese[9]. More than 2 decades ago published reports indicated about 16% of referred pediatric hypertensive cases as primary hypertension and about 45% of the cases as obesity related hypertension in primary care centers[10]. This is in stark contrast to a recent study from four centers of the Midwest Pediatric Nephrology Consortium in the United States, where about 91% of the children were diagnosed with primary hypertension and among these 89% of children had a BMI > 85th percentile[11]. Characteristics of children with primary hypertension may be changing due to obesity epidemic. Among children with primary hypertension at a referral clinic, more than 50% were obese[12]. Other characteristics included higher prevalence of isolated systolic hypertension[12], positive family history of hypertension[12], increased incidence of left ventricular hypertrophy[12,13] and decreased nocturnal dipping[13].

EARLY DEVELOPMENT OF OBESITY RELATED HYPERTENSION

Data from 2001-2008 from several studies in Germany, Switzerland and Austria that included more than 260000 children with overweight or obesity was examined[14]. The most prevalent cardiovascular risk factor in this patient population was hypertension in more than 35% of the cohort. Hypertension mainly correlated with the degree of overweight and these children were also at higher risk of left ventricular hypertrophy and arterial stiffness measured by flow mediated dilatation.

Data analysis from four large prospective cohorts of cardiovascular risk factors-the Bogalusa Heart Study (n = 635), the Muscatine Study (n = 722), the Childhood Determinants of Adult Health Study (n = 2331), and the cardiovascular risk in Young Finns Study (n = 2640) showed the highest cardiovascular risk factors among those who were overweight or obese as children and continued to be obese as adults[15]. The risks (type 2 diabetes, hyperlipidemia, carotid intima media thickness) among overweight and obese children who became non-obese as adults were similar to those among persons who were never obese which may suggest nullifying the effect of childhood obesity by maintaining a normal adult BMI. Only the association between childhood obesity and risk of hypertension remained significant after accounting for adult obesity. Obese adults who were overweight or obese as children had an even higher risk of hypertension than did obese adults who had normal weight as children. This may suggest that childhood adiposity has a lasting effect on risk of hypertension, even after normalization of BMI.

Low birth weight

Low birth weight is associated with a higher BMI in childhood. Children with a low birth weight were observed to have more abdominal fat and a higher percentage of total fat than those with higher birth weight[16]. The Atherosclerosis Risk in Young Adults-study[17] showed that birth weight was inversely associated with systolic BP and serum triglycerides and positively associated with waist circumference. This inverse association of birth weight and obesity, hypertension has been previously shown in the Nurses’ Health Study (in women)[18] and the Health Professionals Follow-up study (in men)[19]. Decreased number of nephrons in the low birth weight or premature infant has been proposed to be responsible for compensatory hypertrophy and intraglomerular hypertension in the remaining nephrons subsequently leading to glomerular sclerosis and hypertension[20,21]. It may be due to this reason that some studies show an association of low birth weight with hypertension irrespective of current BMI[22]. Children born with low birth weight or small for gestational age demonstrate blunted circadian rhythms on 24 h ambulatory BP and heart rhythmicity monitoring. This may indicate abnormalities of cardiovascular regulation[23]. The blunted circadian rhythm is seen as early as within first 72 h after birth indicating cardiac vulnerability[24]. Among children born small for gestational age, BMI was positively associated with mean BP, nocturnal dipping, and the circadian amplitude of BP[23]. Obese adolescents have decreased nocturnal dipping compared to their lean counterparts[25] and may indicate similar cardiac dysregulation. Whether low birth weight by itself is a risk factor or if these individuals are at higher risk due to its frequent association with accelerated post natal weight gain remains to be seen.

Accelerated post natal weight gain

There is ongoing debate that low birth weight per se might not be a risk factor for adult hypertension but it is the accelerated post natal growth[26]. Intrauterine growth retardation may cause decreased nephron number causing impaired kidney development. When coupled with an excessive infant “catch-up” growth after birth, it results in a mismatch between body size and nephron number. This predisposes to nephron hyperfiltration and hypertension in adulthood[27]. Cluster analysis on a longitudinal Australian birth cohort showed a U-shaped relationship between birth weight and components of metabolic syndrome like obesity and hypertension. The risk was elevated with both low and high birth weights but post-natal weight gain was the dominant factor associated with the high-risk cluster[28].

Rapid weight gain from birth to 2-3 years of age is associated with overweight, high BP and adverse metabolic outcomes in several studies[29,30]. A study from United Kingdom[31], predicted an increased metabolic risk including elevated BP at the age of 17 years based on rapid weight gain during 0-6 mo of infancy. Adjustment for birth weight and BMI at the age 17 years did not alter this significant association. A study of cohort of European American subjects identified weight gain in first week of life to be a critical determinant for the development of obesity several decades later[32]. Prevention of early catch-up growth in a mouse model of low birth weight reversed the development of glucose intolerance and obesity suggesting that accelerated post natal weight gain and not low birth weight may be a risk factor for obesity later in life[33].

High birth weight

A recent systematic review and meta-analysis that included 33 studies (included case-control, cross sectional and cohort studies) showed high birth weight (> 4000 g) to be associated with increased risk of obesity compared with subjects with birth weight < 4000 g[34]. There was no significant association between low birth weight (< 2500 g) and obesity. The authors found that low birth weight was not associated with the risk of obesity in cohort studies, studies with large sample sizes and/or high quality grades. Though case-control and cross sectional studies were largely from China and the cohort studies were from the western world, no evidence of publication bias was found[34]. Several other studies show evidence of correlation between high birth weight and obesity[35-37]. High birth weight, catch up growth and increased weight gain in first year of life were risk factors for obesity at the age of 7 years in a United Kingdom cohort[36].

Another systematic review and meta-analysis showed that high birth weight (> 4000 g) was associated with increased risk of hypertension and higher BP during childhood. However, as these children grew into adults they were less susceptible to hypertension than those with normal birth weight[38]. High birth weight is also associated with other cardiovascular risk factors like increased carotid intima media thickness[39].

ROLE OF SYMPATHETIC NERVOUS SYSTEM

Activation of the sympathetic nervous system (SNS) plays a significant role in the pathogenesis of obesity induced hypertension and is thought to be the principal mechanism involved. Even in the absence of hypertension, obesity is characterized by increased sympathetic activity[40]. Studies have shown that BP in obese individuals is more effectively reduced by adrenergic blockade as compared to lean individuals[41] suggesting SNS plays a key role in obesity induced hypertension. Obesity has differential SNS activity in various tissues and is most prominent in the kidney and muscles, whereas the heart has normal to decreased sympathetic activity and depressed parasympathetic activity[42]. The autonomic nervous system balance was found to be impaired in a group of obese children from Turkey in favor of increased SNS activity[43]. In a Study from Japan, obese children were found to have global autonomic depression[44]. Abdominal obesity and visceral adiposity elicits greater SNS activation as compared to individuals with increased subcutaneous fat[45] and weight loss is shown to decrease SNS over activity in obesity[46]. More specifically, the renal sympathetic nerve mediates a significant part of the effects of SNS activation in obesity. Denervation of the kidneys attenuates sodium absorption and decreases BP in experimental animal models[42,47].

Even in the absence of glomerular sclerosis and chronic kidney disease (CKD) in obesity, the increased SNS activity leads to decreased renal blood flow, stimulating renin release and activation of the renin-angiotensin-system (RAS). Visceral obesity also causes fat deposition around and into the renal medulla stimulating renin secretion[48]. Adipose tissue expresses components of RAS. Adipocytes possess functionally active aldosterone synthase that generates aldosterone, which is increased in animal models of obesity[49]. There is also evidence of functioning RAS in adipocytes of humans[50]. Adipose tissue derived angiotensinogen was substantially increased in obese individuals and correlated with systolic BP in a study from Japan[51]. The contribution of adipose tissue renin to circulating renin levels is not well understood. An increase in circulating Angiotensin Ⅱ may cause a negative feedback loop leading to a decrease in plasma renin activity[52]. This may explain the inverse relationship of plasma renin activity and BP in an obese adolescent cohort in United States. Though, a positive and significant correlation was seen between the plasma renin activity and severity of obesity[53].

HORMONAL PERTURBATIONS

Obese individuals have high levels of circulating insulin, considered to be secondary to peripheral insulin resistance. It continues to be debated if hypertension is caused by hyperinsulinemia, insulin resistance or its vascular effects[48]. Insulin directly acts on the renal tubule causing sodium retention[54]. It also has sympatho-excitatory effects and causes increased levels of norepinephrine. Though insulin has vasodilatory effects, its action is impaired in the presence of severe insulin resistance[55].

Leptin is an anorexigenic hormone produced in the adipose tissue and is known to stimulate the SNS[56]. Leptin deficient mice (ob/ob) have a phenotype of severe obesity but do not exhibit hypertension[57]. Leptin may contribute to the pathophysiology of hypertension in obesity through SNS stimulating actions in the kidneys, adrenal glands, brown adipose tissue[48] and endothelial dysfunction via alteration in the expression of NO synthase[58]. Leptin acts via both central mechanism[59] and peripheral mechanism[60] causing hypertension and stimulating renal sodium tubular reabsorption. Obese individuals, including obese children, have high circulating levels of leptin, but they seem to have a resistance to its metabolic actions such as decreased food intake and increased basal metabolic rate. Although, leptin’s role in stimulating the SNS and selective leptin mediated activation of the renal nerve seems to be unaltered in obesity[48,61]. A recently published multi-ethnic study for atherosclerosis[62] confirmed the previously shown association of higher serum leptin level with higher odds of hypertension irrespective of BMI[63].

Obesity in children is associated with low adiponectin levels[64,65] and low levels are known to be predictive of adverse cardiovascular events in adults[66,67]. Low adiponectin level was an independent predictor of cardiovascular risk in a cohort of obese elementary school children in Japan[68]. Serum adiponectin levels were found to be lower in obese and hypertensive children as compared to normal weight and normotensive children with the lowest levels seen in those with both obesity and hypertension[69].

Obesity induced hypertension may have similarities with the phenotype of Cushing’s syndrome resulting from cortisol excess[48]. It is proposed that obese individuals may have increased intra-adipose glucocorticoid action, even in the presence of normal plasma glucocorticoid levels[70].

VITAMIN D DEFICIENCY

Recent literature shows an association between vitamin D deficiency (< 50 nmol/L) and cardio-metabolic risk factors that includes insulin resistance, hypertension, and hyperlipidemia, and especially obesity. The evidence on causality is conflicting though[71]. This association is also seen in adolescents[72]. Vitamin D deficiency is significantly higher in obese children (34%-56%) vs healthy control children (16%-21%)[73,74]. There is a dose response relationship between vitamin D levels and hypertension with lower levels of vitamin D associated with higher BP[75].

Vitamin D acts a negative endocrine regulator of RAS by directly suppressing plasma renin expression and also renin gene activity[76]. Vitamin D receptor-knockout mice show increases in plasma expression of renin and angiotensin II with resulting hypertension[77,78].

Vitamin D inhibits the proliferation and migration of vascular smooth muscle cells under endothelial stress[79] and down regulates thrombogenic protein expression[80]. Endothelial dysfunction, a known contributor to hypertension, is seen in vitamin D deficient individuals not just in chronic conditions like renal insufficiency[81] and diabetes[82] but also in healthy, asymptomatic individuals[83].

OTHER MECHANISMS

Endothelial dysfunction

Obesity is considered a pro-inflammatory state due to insulin resistance, vitamin D deficiency, elevated levels of leptin and decreased adiponectin. Adipose tissue also secretes other pro-inflammatory factors like interleukin-6 and tumor necrosis factor [84]. Insulin resistance leads to the down regulation of nitric oxide production and up regulation of vasoconstrictor endothelin-1 levels[85]. This imbalance along with other pro-inflammatory cytokines and reactive oxygen species from the adipose tissue lead to endothelial dysfunction[86]. Unfavorable lipid profile in severely obese children also contributes to endothelial dysfunction[87].

Obese children and adolescents have greater carotid artery intima media thickness as compared to the non-obese. These associations are not always dependent of BP[88-90]. Increased carotid artery intima media thickness is a known marker of hypertension and cardiovascular morbidity in adults and may suggest the early preceding changes in obese children.

Intermittent hypoxia/sleep apnea

There is increasing evidence for diastolic hypertension, increased mean BP, non-dipping status of BP and increased BP variability in children with obstructive sleep apnea syndrome[91-93]. Furthermore, the children with obesity and obstructive sleep apnea have even higher prevalence of hypertension[93,94]. Hypertension may persist even after the improvement of apnea-hypopnea index after adeno-tonsillectomy in these patients and hence may require long term BP monitoring[95].

Sodium and fluid retention

Insulin and leptin have direct actions on the renal tubule causing sodium retention[56,62]. BP in obese adolescents is shown to be sensitive to salt intake. After significant weight loss, this sensitivity of BP to sodium decreases[96]. Salt consumption has a positive association with BMI even when adjusted for consumption of other high calorie foods, seen in both adults[97] and adolescents[98]. Pressure natriuresis is reset to a hypertensive level in obese subjects resulting in volume overload[58]. Decreasing sodium intake has been shown to decrease BP in adults and has a comparatively decreased but significant effect in children too[99]. This decrease in BP is more prominent among the obese children[100].

Hyperuricemia

Hyperuricemia is associated with metabolic syndrome[101,102]. The cause-effect relationship is yet to be established. Evidence points to hyperinsulinemia leading to increased absorption of uric acid in the kidney[103] and also suggests that hyperuricemia increases the risk of developing metabolic syndrome after adjusting for other known risk factors[104,105]. Fructose is implicated in the pathway of hyperuricemia leading to components of metabolic syndrome in adults and adolescents[105,106]. It has an effect on decreased nitric oxide production and endothelial dysfunction[107,108].

Hyperuricemia may also be involved in RAS stimulation leading to hypertension[109]. This, alongside with endothelial dysfunction, may increase cardiovascular disease risk of hyperuricemic individuals[108,110,111]. Hyperuricemia is associated with hypertension not only in adults but also in children and adolescents. Elevated serum uric acid was found in 89% of subjects with primary hypertension, and only in 30% with secondary hypertension and in none of the controls in a tertiary care nephrology program in Texas, United States[112]. Interestingly, the link between obesity and hyperuricemia was not consistent in this cohort[112]. The same group also showed the effect of uric acid lowering agent like Allopurinol to have significant reduction in BP in those with pre-hypertension[113] and stage Ⅰ essential hypertension[114].

RENAL STRUCTURAL DAMAGE/CKD

Obesity is shown to be a strong and independent risk factor for CKD in several epidemiological studies. There has been a parallel increase in the prevalence of obesity and CKD[115]. Obese individuals have glomerular hyperperfusion and hyperfiltration[116]. It may eventually lead to obesity related glomerulopathy that initially manifests as glomerulomegaly and in later stages has several features of focal segmental glomerulosclerosis. Clinically it presents as varying degrees of proteinuria and renal insufficiency[117]. Albuminuria is associated with impaired glucose tolerance in overweight/obese teenagers[118] and adults[119].

In obesity, due to glomerular hyperperfusion and presence of renal visceral fat deposition, there is activation of the RAS[120] and plasma renin activity positively correlates with BMI[55]. The unfavorable lipid profile seen in obese children also contributes to the rate of progression of renal disease. Nephron loss in CKD then leads to further elevation of BP[120]. Even pre-hypertension is shown to be associated with decreased renal function and increased proteinuria in children[120]. It is a two-way street with hypertension being a major “cause” and “effect” of renal dysfunction in obese individuals.

NON-ALCOHOLIC FATTY LIVER DISEASE

The prevalence of nonalcoholic fatty liver disease (NA​FLD) parallels that of obesity in children[121] and has been shown to predict the risk of hypertension[122] and CKD[123], the latter is also significant risk factor for hypertension. There is growing consensus that NAFLD should be considered as a criterion for metabolic syndrome[124-126] due to interplay of the pathophysiology with insulin resistance. A recently published cohort study showed increased risk of hypertension with the development of fatty liver disease[127]. Furthermore, resolution of fatty liver disease in this cohort did not decrease their risk for hypertension[127] suggesting the importance of prevention strategies. Genetic factors influence risk of fatty liver disease in hypertensive mice[128] and further research is required to assess similar risks in humans. Interventions to prevent obesity will also be helpful in decreasing the incidence of NAFLD in children thereby further decreasing the risk for hypertension.

TREATMENT STRATEGIES

Lifestyle interventions are recommended for all children diagnosed with obesity related hypertension. This includes increased physical activity and healthy dietary choices for weight loss and/or decreased rate of weight gain and low sodium diet[129]. The effect of high sodium intake has a more pronounced effect of elevated systolic BP among overweight and obese adolescents as compared to the general population. Correspondingly, decreasing sodium intake may have a greater effect on BP among the obese[100].

Pharmacological and surgical options for treatment of obesity are limited in children[129]. Angiotensin converting enzyme (ACE) inhibitors and calcium channel blockers are the most frequently prescribed drugs for primary hypertension in children and adolescents[130,131]. ACE inhibitors are the drug of choice for treating obesity related hypertension in adults considering that SNS and RAS activation are the most important mechanisms leading to elevated BP in obesity[50]. ACE inhibitors and angiotensin receptor blockers also have additional reno-protective effects and become the ideal drug of choice in co-morbid conditions[132]. Beta blockers are not preferred in children due to their adverse metabolic profile, especially in obesity related hypertension due to impaired glycemic control and potential for increase in triglyceride levels and weight gain[132,133].

CONCLUSION
Hypertension due to obesity in children is increasing. Understanding the complex interaction of various mechanisms involved, as illustrated in Figure 1, will help design better prevention and treatment strategies. Efforts at prevention should start right from birth or in the pre-natal period due to the possible developmental origin of obesity related hypertension. Addressing co-morbid conditions is also important. Obesity related hypertension is well-recognized in the adult population and increased awareness is required in pediatrics for early diagnosis and implementing prevention and treatment options.
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Figure 1  Complex interaction of mechanisms involved in obesity related hypertension. SNS: Sympathetic nervous system; RAS: Renin angiotensin system; VSMC: Vascular smooth muscle cells.
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