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Abstract: Obesity is a public health crisis, and its prevalence disproportionately affects African 10 

Americans in the United States. Dysregulation of organelle calcium homeostasis is associated with 11 

obesity. The mitochondrial calcium uniporter (MCU) complex is primarily responsible for mito- 12 

chondrial calcium homeostasis. Obesity is a multifactorial disease in which genetic underpinnings 13 

such as single-nucleotide polymorphisms (SNPs) may contribute to disease progression. The objec- 14 

tive of this study was to identify genetic variations of MCU with anthropometric measurements and 15 

obesity in the All of Us Research Program. Methods: We used an additive genetic model to assess 16 

the association between obesity traits (body mass index (BMI), waist and hip circumference) and 17 

selected MCU SNPs in 19,325 participants (3,221 normal weight and 16,104 obese). Eleven common 18 

MCU SNPs with a minor allele frequency ≥ 5% were used for analysis. Results: We observed three 19 

MCU SNPs in self-reported Black/African American (B/AA) men, and six MCU SNPs in B/AA 20 

women associated with increased risk of obesity. However, none of the SNPs in the White study 21 

participants were associated with obesity (P≤0.05). Conclusions: This study found associations of 22 

MCU SNPs with obesity providing evidence of a potential predictor of obesity susceptibility in 23 

B/AA adults. 24 
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 26 

1. Introduction 27 

According to 2017-2018 data from the National Health and Nutrition Examination 28 

Survey, more than 76 million American adults which represents 42.8% of the population 29 

are obese [1]. If present trends continue, by 2030 78% of American adults are projected to 30 

be overweight or obese [2]. Obesity is defined as the accumulation of excessive fat re- 31 

sulting from energy imbalance. Furthermore, obesity perpetrates a financial burden of 32 

$150 - $210 billion annually in associated medical costs with the medical cost for people 33 

who have obesity being $1,429 higher than those of normal weight [5, 6]. According to 34 

the Centers for Disease Control (CDC), there are disparities in obesity burden across 35 

racial and ethnic groups, with the highest prevalence of obesity in non-Hispanic Black 36 

adults (38.4%) overall, followed by Hispanic adults (32.6%) and non-Hispanic White 37 

adults (28.6%) [3, 4]. Furthermore, obesity is a highly polygenic disease in which genetic 38 

variations such as single-nucleotide polymorphisms (SNPs) may contribute to an indi- 39 

vidual’s development of this disease. Previous studies have established a significant as- 40 

sociation between several genes such as fat mass and obesity-associated (FTO) gene, 41 

melanocortin-4 receptor (MC4R) gene, and leptin receptor (LEPR) gene with obesity [7- 42 

10]. The public health, financial burden, and health inequity associated with obesity un- 43 

derpins the importance of elucidating the genetic basis of this polygenic disease.   44 
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The All of Us (AoU) Research Program, funded by the National Institutes of Health 45 

(NIH), is a robust research tool that enables the assessment of biological, clinical, social, 46 

and environmental determinants of health and disease while simultaneously reflecting 47 

diversity in the United States [5]. The primary aim of the AoU Research Program is to 48 

understand the association between biomarkers and genes with disease risk [6]. Earlier 49 

studies implicated a role for mitochondrial dysfunction in the pathogenesis of obesity 50 

[11]. Mitochondria are dynamic organelles responsible for energy production, calcium 51 

homeostasis, and cell death. The mitochondrial calcium uniporter (MCU) is a multimeric 52 

complex that regulates calcium influx into the mitochondrial matrix [12]. Calcium is a 53 

vital internal messenger that regulates energy metabolism [13]. Several studies previ- 54 

ously demonstrated that obesity leads to cytosolic and/or organelle calcium flux dysreg- 55 

ulation [14]. A critical gap exists in our understanding of the potential role of MCU ge- 56 

netic variants in obesity susceptibility. Studies of MCU allelic variants and their associa- 57 

tion with obesity are not fully understood. Findings from this study contribute to under- 58 

standing the link between the MCU gene and obesity susceptibility. Given this signifi- 59 

cant gap in the literature, we aimed to elucidate the genetic etiology of eleven MCU 60 

SNPs with anthropometric traits and obesity in self-reported White and B/AA subsam- 61 

ples of the AoU Research Program. Moreover, associations found in this study could 62 

hold promise for finding novel therapeutic targets. This is of particular importance in 63 

the current era of increased use of weight loss management medications [15]. 64 

2. Materials and Methods 65 

2.1. AoU Participant Cohort Construction 66 

This study was performed on cross-sectional and genomic data generated from 67 

AoU participant data collected as previously described [16] using the AoU Researcher 68 

Workbench, a cloud computing platform. This cloud-based platform allows authorized 69 

researchers to annotate groups of participants data based on specific inclusion and/or 70 

exclusion criteria (Cohort Builder), create datasets for analysis using the health infor- 71 

mation of the cohorts (Dataset Builder), and Jupyter Notebooks to save datasets using 72 

high-powered queries Python 3 and R programming languages. Our cohort and dataset 73 

construction and code/R commands used for analysis are in the Research Workbench 74 

workspace ‘MCU Genetic Variation, Obesity, and Vascular Disease’ and are available to 75 

authorized United States researchers at the AoU research workbench (https://www.re- 76 

searchallofus.org/data-tools/workbench/) or from the corresponding author upon rea- 77 

sonable request.   78 

We utilized the Dataset Builder to create participant datasets categorized into two 79 

groups: those with normal weight (body mass index (BMI): 20-24.9) and those classified 80 

as obese (BMI: 30+), determined through observation Systemized Nomenclature of Med- 81 

icine –Clinical Terminology (SNOMED-CT) codes [17]. Our inclusion criteria encom- 82 

passed self-reported Black/African American (B/AA) and White participants, aged 18-80, 83 

with a recorded sex at birth of either female or male, and identified as not Hispanic or 84 

Latino ethnicity. Also, participants were not pregnant. 85 

2.2. Measurement of Biochemical and Anthropometric Traits  86 

Each participants’ clinic visit consisted of biospecimen collection (blood, urine, sa- 87 

liva), physical measurements including physiologic (blood pressure and heart rate), and 88 

anthropometric (height, weight, waist circumference, and hip circumference) [5]. BMI 89 

uses weight (kilograms)/height (meters squared) and is a widely accepted indicator of 90 

adiposity. Anthropometric measurements, waist and hip circumference, were obtained 91 

using standardized protocols from the phenotypes and exposures (PhenX) toolkit [27]. 92 

https://www.researchallofus.org/data-tools/workbench/
https://www.researchallofus.org/data-tools/workbench/


Genes 2024, 15, x FOR PEER REVIEW 3 of 10 
 

 

These measurements are also indicators of abdominal obesity. Biochemical traits were 93 

measured in the biospecimen samples collected for: total cholesterol, low-density lipo- 94 

protein (LDL), high-density lipoprotein (HDL), triglycerides, and hemoglobin A1c 95 

(HbA1c) levels.    96 

2.3. SNP Selection and Genotyping 97 

Participants who consented to participate in the AoU research program donated 98 

fresh whole blood as a primary source of DNA [5]. Subsequently, this DNA was sent to 99 

genome centers for genomic analysis, including whole genome sequencing (WGS) and 100 

genotyping. Details on biospecimen collection and processing, genome center sample 101 

receipt, WGS library construction, sequencing, array genotyping, and genomic data cu- 102 

ration are previously described [5]. The candidate gene approach was used to select ge- 103 

netic variants in the MCU gene located on chromosome 10q22.1 and GRCh38/hg38 posi- 104 

tion base-pair coordinates chr10:72696113-72851477. Employing dbSNP, we curated 105 

SNPs based on their minor allele frequency (MAF) within African American (AA) popu- 106 

lations. Specifically, we focused on SNPs showing an intermediate frequency, falling 107 

between the MAFs observed in the native ancestral populations of European and Afri- 108 

can descent.  For this study, 11 SNPs were selected with an MAF ≥ 5% for further anal- 109 

yses. The MAFs for the analyzed SNPs ranged from 5.2% to 52.9%. 110 

2.4. Statistical Analysis (Descriptive statistics and regression analysis) 111 

To summarize the study variables, mean ± standard deviation (SD) was used to 112 

present the descriptive statistics of the study population. For this study, we examined 113 

the first physiologic, physical, and anthropometric measurement logged for each partici- 114 

pant. Outliers and missing values were removed using distribution-based outlier detec- 115 

tion. The Tukey statistical test was used to analyze differences between multiple groups 116 

in GraphPad Prism 9.4 [20]. Association analyses between MCU SNPs and normal con- 117 

tinuous outcomes (BMI, waist circumference, hip circumference) and categorical out- 118 

comes (obesity), we used multivariate linear and logistic regression under an a priori ad- 119 

ditive model using age, and HbA1c levels as covariates for model adjustments. We ad- 120 

justed for HbA1c as studies have widely established that obesity and type II diabetes are 121 

comorbidities in American adults [21]. The beta (β) values were used to determine the 122 

direction of effect for each MCU SNP.   123 

3. Results 124 

3.1. Clinical Characteristics of the Study Population 125 

The clinical characteristics of the study population stratified by self-reported race, 126 

BMI, and sex at birth are summarized in Table 1. A total of 19,325 participants (3,221 127 

normal weight and 16,104 obese) were included in this study from the AoU cohort, of 128 

whom 77.9% (12,546/16,104) were female and 22.1% (3,558/16,104) were male 129 

Anthropometric measurements and biochemical characteristics were compared by 130 

weight status across sex at birth in White participants (Table 1) and in B/AA participants 131 

(Table 1). Additionally, clinical characteristics were compared by weight status across 132 

self-reported race stratified by sex at birth (Table 1). The anthropometric measurements 133 

(weight, waist circumference, hip circumference, BMI) and HDL levels were 134 

significantly higher in subjects with obesity than subjects with normal weight 135 

independent of self-reported race and sex at birth (Table 1).    136 

Sex-specific differences in weight, waist circumference, hip circumference, BMI, 137 

total cholesterol, LDL, HDL, triglycerides, HbA1c levels, and systolic blood pressure 138 
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(SBP) of White study participants were observed with White obese women having 139 

higher values of hip circumference, total cholesterol, LDL, and HDL levels (Table 1). 140 

White men with obesity had higher weight, triglycerides, waist circumference, and SBP 141 

levels relative to White women (Table 1). Sex-specific differences in weight, waist 142 

circumference, hip circumference, BMI, total cholesterol, LDL, HDL, triglycerides, 143 

HbA1c levels, diastolic, and systolic blood pressure of B/AA study participants were 144 

observed with B/AA obese women having higher values of hip circumference, total 145 

cholesterol, LDL, and HDL levels (Table 1). Obese B/AA men had higher weight, waist 146 

circumference, triglycerides, SBP, and HbA1c levels relative to B/AA women (Table 1). 147 

Table 1: Clinical Characteristics of the Study Population 148 

Variables Normal Weight (BMI 20-24.9) Obese (BMI 30+) 

 
White Men 

White 

Women 
B/AA Men B/AA Women White Men 

White 

Women 
B/AA Men 

B/AA 

Women 

(N=744) (N=1369) (N=493) (N=615) (N=4113) (N=6532) (N=1429) (N=4030) 

Age 

(years) 
62.87±13.74A 60.41±13.77 59.29±11.78E 56.86±13.46 64.28±11.52B 60.42±12.39 59.39±10.5F 57.77±12.08 

Weight 

(kg) 

76.85±10.65A,C 

(n=702) 

63.81±9.98D 

(n=1337) 

73.7±13.28E,G 

(n=469) 

66±13.12H 

(n=590) 

106.02±15.42B 

(n=3944) 

91.51±15.98 

(n=6355) 

102.84±17.79F 

(n=1356) 

92.84±17.69 

(n=3868) 

BMI 

(kg/m2) 

24.39±2.9A,C 

(n=677) 

23.48±2.86D 

(n=1271) 

23.78±3.02G 

(n=469) 

24.04±3.38H 

(n=540) 

33.8±4.16B 

(n=3878) 

34.09±4.84 

(n=6078) 

33.4±4.6F 

(n=1376) 

34.33±5.15 

(n=3782) 

WC 

(cm) 

91.9±8.9A,C 

(n=614) 

81.4±9.77D 

(n=1246) 

87.53±9.08E,G 

(n=459) 

84.85±10.48H 

(n=568) 

115.13±11.3B 

(n=3400) 

105.11±12.52 

(n=5747) 

111.98±12.56F 

(n=1310) 

105.87±12.7 

(n=3828) 

.HC 

(cm) 

99.28±6.35C 

(n=618) 

98.89±6.91D 

(n=1230) 

97.75±6.91G 

(n=443) 

98.82±7.64H 

(n=542) 

115.23±9.35B 

(n=3417) 

119.73±10.88 

(n=5694) 

115.39±10.16F 

(n=1318) 

119.79±11.34 

(n=3763) 

LDL 

(mg/dL) 

96.64±34.53A,C 

(n=384) 

106.37±32.44D 

(n=716) 

95.3±33.2G 

(n=257) 

101.84±33.26H 

(n=303) 

104.23±35.4B 

(n=2448) 

111.02±32.58 

(n=3495) 

104.88±34.8 

(n=771) 

108.29±32.86 

(n=2069) 

HDL 

(mg/dL) 

47.23±15.43A,C 

(n=539) 

60.29±16.68D 

(n=992) 

51.87±17.05E,G 

(n=384) 

57.12±16.61H 

(n=473) 

41.45±10.71B 

(n=3382) 

50.73±13.05 

(n=4812) 

44.43±12.99F 

(n=1129) 

50.96±13.19 

(n=3121) 

TG 

(mg/dL) 

112.74±54.91A,C 

(n=524) 

101±47.96D 

(n=987) 

104.14±51.39G 

(n=379) 

102.02±49.89 

(n=469) 

147.47±64.01B 

(n=3117) 

130.34±60.62 

(n=4785) 

122.99±62.26F 

(n=1072) 

109.42±55.01 

(n=3153) 

HbA1c 

(%) 

5.61±0.53C 

(n=374) 

5.5±0.49D 

(n=737) 

5.57±0.54G 

(n=255) 

5.71±0.54H 

(n=317) 

5.87±0.7B 

(n=2633) 

5.74±0.66 

(n=3700) 

6.01±0.73 

(n=771) 

5.93±0.67 

(n=2199) 

DBP 

(mm/Hg) 

86.77±21.86 

(n=208) 

90.54±25.96 

(n=281) 

109.72±31.92 

(n=54) 

115.02±28.54 

(n=54) 

91.91±23.23B 

(n=823) 

88.15±23.7 

(n=1523) 

105.75±29.05 

(n=125) 

106.58±27.34 

(n=309) 

SBP 

(mm/Hg) 

125.09±26.39A 

(n=207) 

113.09±29.75D 

(n=278) 

100.75±27.42 

(n=55) 

88.89±21.01H 

(n=57) 

125.66±31.37 

(n=827) 

121.83±28.65 

(n=1544) 

114.96±29.83 

(n=130) 

108.06±32.95 

(n=320) 

Data presented as mean± SD and statistical comparisons between different study groups based on sex at birth and weight status. 149 

Comparisons include A) normal weight White men vs. White women p < 0.05, B) obese White men vs. White women p < 0.05, C) 150 

normal weight White men vs. obese White men p < 0.05, and D) normal weight White women vs. obese White women p < 0.05, E) 151 

normal weight B/AA men vs. B/AA women p < 0.05, F) obese B/AA men vs. B/AA women p < 0.05, G) normal weight B/AA men 152 

vs. obese B/AA men p < 0.05, and H) normal weight B/AA women vs. obese B/AA women p < 0.05. Abbreviations: BMI: body mass 153 

index; kg: kilograms; m: meters; cm: centimeters; mg: milligrams; dL: deciliters; mm: millimeters; Hg: mercury; WC: waist 154 

circumference; HC: hip circumference; TG: triglycerides; DBP: diastolic blood pressure; and SBP: systolic blood pressure  155 
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3.2. Association of MCU SNPs with obesity in the AoU cohort 156 

Association analyses revealed no significant associations between the 11 MCU 157 

SNPs and increased obesity in the White study participants suggesting, decreased risk 158 

for obesity (Table 2). SNPs rs2121094, rs7092031, rs2121097, rs7081970, rs3009550, and 159 

rs3009554 were significantly associated with decreased risk of obesity in both White men 160 

and women. Interestingly, rs6415912, rs6480644, and rs9416029 showed association with 161 

decreased probability of obesity development.  162 

Three MCU SNPs in B/AA men revealed evidence of association with increased 163 

susceptibility to obesity: rs34072881 (OR: 1.30; 95% CI: 1.12-1.50; -value: 0.0004), 164 

rs3009554 (OR:1.68; 95% CI:1.53-1.86; P<0.0001), and rs9416029 (OR: 1.46; 95% CI:1.33- 165 

1.59; P<0.0001). In the B/AA women, 6 MCU SNPs rs3009556 (OR:1.06; 1.00-1.11; P-value: 166 

0.035), rs6415912 (OR:1.07; 1.02-1:12; P-value: 0.007), rs6480644 (OR:1.07; 1.01-1.12; P- 167 

value: 0.011), rs9416029 (OR: 1.60; 95% CI: 1.48-1.73; P<0.0001), rs3009550 (OR: 1.08; 95% 168 

CI: 1.05-1.12; P<0.0001), and rs3009554 (OR: 1.38; 95% CI: 1.27-1.50; P<0.0001) was 169 

significantly associated with obesity, indicating an increased probability of developing 170 

obesity (Table 2). The SNPs rs9416029 (B/AA men: OR=1.46; B/AA women: OR=1.60) and 171 

rs3009554 (B/AA men: OR=1.68; B/AA women: OR=1.38) exhibitied significan 172 

associatedwith increased risk of obesity in both B/AA menand women.   173 

Table 2 Association of MCU SNPs with obesity in the AoU cohort 174 

SNP Alleles White Men White Women B/AA Men B/AA Women 

    OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value 

rs34072881 C/T -- -- -- -- 1.30(1.12-1.50) 0.0004* 0.77(0.69-0.86) <0.0001* 

rs3009556 T/C -- -- -- -- 0.75(0.70-0.80) <0.0001* 1.06(1.00-1.11) 0.035* 

rs6415912 A/G -- -- 0.94(0.91-0.98) 0.002* 0.79(0.74-0.84) <0.0001* 1.07(1.02-1.12) 0.007* 

rs6480644 C/T -- -- 0.94(0.90-0.97) 0.0004* 0.79(0.74-0.84) <0.0001* 1.07(1.01-1.12) 0.011* 

rs2121094 G/A 0.89(0.84-0.95) 0.0002* 0.89(0.86-0.92) <0.0001* 0.74(0.69-0.79) <0.0001* -- -- 

rs7092031 G/T 0.89(0.84-0.95) 0.0002* 0.88(0.85-0.92) <0.0001* 0.70(0.66-0.75) <0.0001* -- -- 

rs2121097 A/T 0.89(0.84-0.95) 0.0002* 0.89(0.85-0.92) <0.0001* 0.70(0.66-0.75) <0.0001* -- -- 

rs7081970 C/T 0.80(0.75-0.85) <0.0001* 0.87(0.84-0.90) <0.0001* 0.72(0.67-0.76) <0.0001* -- -- 

rs9416029 A/G -- -- 0.89(0.86-0.92) <0.0001* 1.46(1.33-1.59) <0.0001* 1.60(1.48-1.73) <0.0001* 

rs3009550 G/A 0.80(0.75-0.85) <0.0001* 0.86(0.83-0.90) <0.0001* 0.93(0.90-0.97) 0.0006* 1.08(1.05-1.12) <0.0001* 

rs3009554 G/A 0.90(0.85-0.95) 0.0004* 0.89(0.86-0.92) <0.0001* 1.68(1.53-1.86) <0.0001* 1.38(1.27-1.50) <0.0001* 
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Abbreviations: SNP: single nucleotide polymorphism; MAF: minor allele frequency; CI: confidence interval. The odds ratios and 175 
corresponding p-values were calculated using logistic regression adjusting for age and HbA1c levels. p was significant at a value of 176 
<0.05. * Statistical significance.  177 

3.3. Association of MCU SNPs with BMI in the AoU cohort 178 

The association of 11 MCU SNPs with BMI was also explored in the AoU cohort 179 

(Table S3). Multiple linear regression models identified that the 11 MCU variants were 180 

not associated with BMI (P-values range: 0.099-0.955). Interestingly, in White men and 181 

women all MCU SNPs revealed lower BMI (β range: -0.026 - -0.059). Conversely, in 182 

B/AAs, 9 MCU SNPs (rs34072881, rs6415912, rs6480644, rs2121094, rs7092031, rs2121097, 183 

rs7081970, rs9416029, and rs3009554) were observed with higher BMI (β range: 0.003- 184 

0.063) (Table S3).  185 

3.4. Association of MCU SNPs with waist circumference in the AoU cohort 186 

As shown in Table 3 , only 1 SNP, rs3009554, associated with increased waist 187 

circumference (β = 0.244; P=0.026). We observed differences in beta coefficients with 188 

regard to self-reported race. Five MCU SNPs (rs34072881, rs6415912, rs9416029, 189 

rs3009550, and rs3009554) were observed with decreased waist circumference (β range: - 190 

0.030 - -0.062) in White  participants, however these SNPs were observed with increased 191 

waist circumference (β range: 0.006-0.244) in B/AA study participants (Table S4). In both 192 

White men and women MCU SNPs rs3009556, rs6480644, rs2121094, rs7092031, 193 

rs2121097, and rs7081970 were observed with decreased waist circumference (β range: - 194 

0.003 - -0.050) (Table S4). Differences in the beta coefficients with respect to sex at birth 195 

were oberserved in B/AA study participants. There are 4 SNPs (rs3009556, rs6480644, 196 

rs2121097, and rs7081970) that revealed increased waist circumference in B/AA men (β 197 

range 0.009-0.078) and decreased waist circumference (β range: -0.001 - -0.040) in B/AA 198 

women (Table S4).  199 

3.5. Association of MCU SNPs with hip circumference in the AoU cohort 200 

Association analyses between MCU SNPs and hip circumference revealed 4 SNPs 201 

(rs6415912, rs6480644, rs2121094, and rs7092031) were signifcantly associated with 202 

decreased hip circumference in B/AA men (Table 3). Nominal associations were 203 

observed with rs2121097 and rs7081940 and decreased hip circumference in B/AA men 204 

(P value >0.052; Table 3). In contrast, these 6 SNPs were observed with increased hip 205 

circumference in B/AA women (β range: 0.031-0.049) (Tables 3 and S5).  206 

In White participants three SNPs (rs3009556, rs6480644, and rs6415912) and in 207 

B/AA participants rs34072881, rs9416029, and rs3009554 were observed with increased 208 

hip circumference (β range: 0.002-0.121;Table S5). Furthermore, seven SNPs (rs2121094, 209 

rs7092031, rs2121097, rs7081970, rs9416029, rs3009550, and rs3009554) were observed 210 

with decreased hip circumference (β range: -0.007 - -0.021) in the White  participants 211 

(Table S5).  212 

Table 3: Association of MCU SNPs with waist and hip circumference from the AoU cohort 213 

Obesity 

Trait  
SNP Alleles White Men White Women B/AA Men B/AA Women 

     Estimate(β) P-value Estimate(β) P-value Estimate(β) P-value Estimate(β) P-value 

WC rs3009554 G/A -0.062(0.052) 0.238 -0.046(0.041) 0.269 0.244(0.108) 0.026* 0.139(0.116) 0.233 

HC rs6415912 A/G 0.041(0.040) 0.307 0.022(0.029) 0.442 -0.111(0.054) 0.042* 0.047(0.052) 0.365 
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HC rs6480644 C/T 0.041(0.040) 0.307 0.024(0.029) 0.405 -0.111(0.054) 0.042* 0.049(0.052) 0.342 

HC rs2121094 G/A -0.007(0.040) 0.865 -0.019(0.029) 0.513 -0.109(0.053) 0.040* 0.049(0.052) 0.472 

HC rs7092031 G/T -0.007(0.040) 0.865 -0.021(0.029) 0.472 -0.109(0.053) 0.040* 0.031(0.051) 0.549 

HC rs2121097 A/T -0.007(0.040) 0.865 -0.021(0.029) 0.472 -0.103(0.053) 0.052 0.045(0.051) 0.377 

HC rs7081970 C/T -0.007(0.040) 0.865 -0.020(0.028) 0.493 -0.103(0.053) 0.052 0.045(0.051) 0.377 

Abbreviations: SNP: single nucleotide polymorphism; MAF: minor allele frequency; WC: waist circumference; HC: hip circumfer- 214 

ence. A linear regression was performed with an additive model; waist and hip circumference for adjusted age and HbA1c levels. 215 

The associations’ results are estimate, standard error (β), and the corresponding p-value. p was significant at a value of <0.05. * Sta- 216 

tistical significance. 217 

4. Discussion 218 

This is the first analysis of the MCU gene with obesity traits in two racially diverse 219 

cohorts from the AoU Research Program. We explored cross-sectional analyses to deter- 220 

mine the relationship between eleven polymorphisms in the MCU gene with anthropo- 221 

metric measurements and obesity risk in White and B/AA participants. 222 

Obesity is a polygenic disease in which the genetic basis of body weight regulation 223 

is complex [18]. Our interest in the MCU gene was due to the established link between 224 

obesity and dysregulated organelle calcium influx and the important role for MCU in reg- 225 

ulation of mitochondrial calcium homeostasis [14]. Associations found in this study are 226 

significant by determining genetic risk factors of obesity predisposition in a diverse cohort 227 

of study participants.  228 

Our study revealed MCU SNPs significantly associated with increased waist circum- 229 

ference and decreased hip circumference in B/AA men of the AoU cohort. We found 3 230 

MCU SNPs in B/AA men: rs34072881 (OR: 1.30; 95% CI: 1.12-1.50;), rs3009554 (OR:1.68; 231 

95% CI:1.53-1.86), and rs9416029 (OR: 1.46; 95% CI:1.33-1.59 significantly associated with 232 

obesity, increasing the probability of developing obesity. Obesity is a major risk for hy- 233 

pertension [29].  B/AA participants were more hypertensive relative to the White men 234 

and women. These significant association between MCU SNPs and obesity in B/AA men 235 

could be due to their hypertensive state. Studies have shown that MCU is upregulated in 236 

pressure overload in the heart [30]. Further studies are required to elucidate the underly- 237 

ing mechanisms. 238 

The 11 selected MCU genetic variants spanned the base-pair coordinates 239 

chr10:72696113-72851477 three of which (rs6415912, rs6480644, and rs3009550) occur 240 

within the enhancer regulatory region [23]. The potential impact of these 3 MCU SNPs in 241 

this regulatory region could disrupt transcription factor recognition and binding to the 242 

enhancer region [24]. Further, these alterations to enhancer activity could modify MCU 243 

gene expression. MCU SNPs, rs6415912 and rs6480644, were significantly associated with 244 

decreased hip circumference in B/AA men (Table 3). Altered MCU gene expression could 245 

be a potential diagnostic marker for adiposity in B/AA men.  246 

This study found that the minor alleles were either protective or associated with an 247 

increased probability of developing obesity. Nine MCU SNPs, the minor alleles are pro- 248 

tective against obesity in White women, with OR between 0.86-0.94. Whereas six of the 249 

eleven MCU SNPs: rs3009556 (OR:1.06; P-value =0.035), rs6415912 (OR:1.07; P-value 250 

=0.007), rs6480644 (OR:1.07; P-value=0.011), rs9416029 (OR: 1.60; P<0.0001), rs3009550 (OR: 251 

1.0), and rs3009554 (OR: 1.38) were significantly associated with obesity in B/AA women. 252 

These findings suggests that these MCU SNPs may be a potential determinant factor for 253 

developing obesity in B/AA women. For 6 MCU SNPs, the minor alleles are protective 254 

against obesity in White men, with OR between 0.80-0.90. No previous studies, to our 255 

knowledge, have reported these associations. 256 

B/AA women have the highest prevalence of obesity in the United States [28]. MCU 257 

SNPs within the enhancer regulatory region, rs3009550 and rs6415912, were significantly 258 
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associated with obesity in B/AA women in the AoU cohort. MCU expression and/or ac- 259 

tivity alteration could be a potential clinical biomarker to show propensity for obesity de- 260 

velopment in B/AA women.  261 

However, our analyses did not reveal a significant association between MCU SNPs 262 

and higher BMI in any of the study population. Remarkably, reduced β values for MCU 263 

SNPs were shown in White men and women and were associated with lower BMI and 264 

decreased waist circumference. Whereas increased β values for MCU SNPs observed in 265 

B/AA men and women were associated with higher BMI. Furthermore, increased β values 266 

were observed with increased hip circumference in B/AA women. These findings could 267 

potentially be due to epigenetics such as environmental exposures (stress, smoking, life- 268 

style, etc.). Further studies are needed to elucidate the molecular mechanisms of these 269 

observed differences.   270 

This work suggests that mutation in the MCU gene is a causative factor for obesity. 271 

This strong association between MCU and obesity could potentially be due to the role of 272 

MCU in mitochondrial oxidative metabolism and insulin resistance [19]. Previous studies 273 

have shown that imbalanced mitochondrial oxidative metabolism results in obesity and 274 

diabetes [22]. MCU allows calcium entry into the mitochondrial matrix which promotes 275 

mitochondrial oxidative metabolism.  Moreover, MCU plays an essential role in glucose- 276 

induced insulin secretion [19]. Furthermore, previous studies have demonstrated altered 277 

mitochondrial calcium flux in adipocytes may play a role in lipid accumulation and obesity 278 

[31-32]. Thus, alterations in MCU function can impair mitochondrial oxidative metabo- 279 

lism, lipid metabolism, and insulin secretion which are prominent features of obesity.   280 

After Bonferroni correction, one would consider a P-value ≤0.0045 as significant evi- 281 

dence for association. After Bonferroni correction SNPs rs9416029, rs3009550, and 282 

rs3009554 in B/AA women and SNPs rs9416029, rs3009554, and rs34072881 in B/AA men 283 

remained significant.  284 

There are glaring health disparities in the quality of obesity care that disproportion- 285 

ately affect racial and ethnic minorities, specifically B/AA [26]. Genetic ancestry is defined 286 

as the genetic information we inherit from our ancestors [25]. This testing has been useful 287 

in assessing predicted disease risk. The MCU SNP, rs34072881, is a synonymous variant; 288 

strikingly in this study we found that this SNP was exclusively present in the B/AA par- 289 

ticipants. The reported allele frequencies in dbSNP are T=0.1947 in Africans and T=0.00042 290 

in Europeans. This strongly suggests that rs34072881 of the MCU gene is inherited in those 291 

with higher African ancestry. However, these findings require further confirmation in 292 

other cohorts with balanced stratification of White and B/AA study participants.   293 

While the findings in this study are insightful, our study is without limitations, in- 294 

cluding sparse existing literature on MCU genetic variants and transcriptional regulation. 295 

Additionally, having more of a balance in the stratification of the population between the 296 

normal weight and obese study groups could potentially assist with identifying more as- 297 

sociations between SNPs and obesity. Relying solely on BMI as a measure of adiposity 298 

without considering body fat mass composition might mask underlying associations. Ad- 299 

ditionally, we did not account for potential confounding effects of genetic admixture.    300 

5. Conclusions 301 

In this study, we found a novel association between MCU genetic variants with obe- 302 

sity in adults from the AoU Research Program. Specifically, we observed that the minor 303 

alleles allele G of rs9416029, allele A of rs3009554, and allele T of rs34072881 were associ- 304 

ated with obesity in B/AA men. Additionally, our study revealed that allele G of 305 

rs9416029, allele C of rs3009556, allele G of rs6415912, allele T of rs6480044, allele A of 306 

rs3009550, and allele A of rs3009554 are associated with obesity in B/AA women. These 307 

findings suggest that these MCU SNPs may play a significant role in the development of 308 

obesity in B/AA adults. 309 

Commented [LT1]: What is the frequency in Afri-

cans and  Whites in dbSNP? 



Genes 2024, 15, x FOR PEER REVIEW 9 of 10 
 

 

Supplementary Materials: The following supporting information can be downloaded at: 310 
www.mdpi.com/xxx/s1, Table S1: Frequency of Selected MCU SNPs in the AoU cohort; Table S2: 311 
Association of MCU SNPs with obesity in the AoU cohort; Table S3: Association of MCU SNPs with 312 
BMI in the AoU cohort; Tables S4: Association of MCU SNPs with waist circumference in the AoU 313 
cohort; Table S5: Association of MCU SNPs with hip circumference in the AoU cohort. 314 

Author Contributions: Conceptualization; J.A., T.L.J., and S.C.F.; methodology, J.A. and T.L.J.; soft- 315 
ware, J.A. and T.L.J.; validation, J.A. and T.L.J.; formal analysis, J.A.; investigation, J.A.; resources, 316 
T.L.J.; data curation, J.A. and T.L.J.; writing—original draft preparation, J.A.; writing—review and 317 
editing, J.A., T.L.J, and S.C.F.; visualization, J.A.; supervision, T.L.J. and S.C.F.; project administra- 318 
tion, T.L.J. and S.C.F.; funding acquisition, J.A. All authors have read and agreed to the published 319 
version of the manuscript. 320 

Funding: This research received no external funding. 321 

Institutional Review Board Statement: The AoU Research Program is approved by the AoU Insti- 322 
tutional Review Board (IRB). 323 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 324 
study. 325 
 326 
Data Availability Statement: The data supporting this study’s findings are available from the cor- 327 
responding author upon reasonable request. 328 

Acknowledgments: The AoU Research Program is supported by the National Institutes of Health, 329 
Office of the Director: Regional Medical Centers: 1 OT2 OD026549; 1 OT2 OD026554; 1 OT2 330 
OD026557; 1 OT2 OD026556; 1 OT2 OD026550; 1 OT2 OD 026552; 1 OT2 OD026553; 1 OT2 331 
OD026548; 1 OT2 OD026551; 1 OT2 OD026555; IAA #: AOD 16037; Federally Qualified Health Cen- 332 
ters: HHSN 263201600085U; Data and Research Center: 5 U2C OD023196; Biobank: 1 U24 OD023121; 333 
The Participant Center: U24 OD023176; Participant Technology Systems Center: 1 U24 OD023163; 334 
Communications and Engagement: 3 OT2 OD023205; 3 OT2 OD023206; and Community Partners: 335 
1 OT2 OD025277; 3 OT2 OD025315; 1 OT2 OD025337; 1 OT2 OD025276. In addition, the All of Us 336 
Research Program would not be possible without the partnership of its participants. 337 

Conflicts of Interest: The authors declare no conflicts of interest.  338 

 339 

References 340 

 341 
1. Li, M., et al., Trends in body mass index, overweight and obesity among adults in the USA, the NHANES from 2003 to 2018: a 342 

repeat cross-sectional survey. BMJ Open, 2022. 12(12): p. e065425. 343 
2. Wang, Y., et al., Has the prevalence of overweight, obesity and central obesity levelled off in the United States? Trends, patterns, 344 

disparities, and future projections for the obesity epidemic. International Journal of Epidemiology, 2020. 49(3): p. 810-823. 345 
3. Kim, D.D. and A. Basu, Estimating the Medical Care Costs of Obesity in the United States: Systematic Review, Meta-Analysis, 346 

and Empirical Analysis. Value Health, 2016. 19(5): p. 602-13. 347 
4. Wang, Y., et al., Will all Americans become overweight or obese? estimating the progression and cost of the US obesity epidemic. 348 

Obesity (Silver Spring), 2008. 16(10): p. 2323-30. 349 
5. Bick, A.G., et al., Genomic data in the All of Us Research Program. Nature, 2024. 350 
6. Denny, J.C., et al., The "All of Us" Research Program. N Engl J Med, 2019. 381(7): p. 668-676. 351 
7. García-Solís, P., et al., Fat mass obesity-associated (FTO) (rs9939609) and melanocortin 4 receptor (MC4R) (rs17782313) SNP are 352 

positively associated with obesity and blood pressure in Mexican school-aged children. British Journal of Nutrition, 2016. 353 
116(10): p. 1834-1840. 354 

8. Dougkas, A., et al., The impact of obesity-related SNP on appetite and energy intake. British Journal of Nutrition, 2013. 110(6): 355 
p. 1151-1156. 356 

9. Gueorguiev, M., et al., Association Studies on Ghrelin and Ghrelin Receptor Gene Polymorphisms With Obesity. Obesity, 2009. 357 
17(4): p. 745-754. 358 

10. Prakash, J., et al., Association of FTO rs9939609 SNP with Obesity and Obesity- Associated Phenotypes in a North Indian Pop- 359 
ulation. Oman Med J, 2016. 31(2): p. 99-106. 360 

11. de Mello, A.H., et al., Mitochondrial dysfunction in obesity. Life Sciences, 2018. 192: p. 26-32. 361 
12. Foskett, J.K. and B. Philipson, The mitochondrial Ca(2+) uniporter complex. J Mol Cell Cardiol, 2015. 78: p. 3-8. 362 
13. Li, C., et al., Implications of MCU complex in metabolic diseases. The FASEB Journal, 2023. 37(8): p. e23046. 363 



Genes 2024, 15, x FOR PEER REVIEW 10 of 10 
 

 

14. Arruda, A.P. and G.S. Hotamisligil, Calcium Homeostasis and Organelle Function in the Pathogenesis of Obesity and Diabetes. 364 
Cell Metab, 2015. 22(3): p. 381-97. 365 

15. Abdi Beshir, S., et al., A narrative review of approved and emerging anti-obesity medications. Saudi Pharm J, 2023. 31(10): p. 366 
101757. 367 

16. Ramirez, A.H., et al., The <em>All of Us</em> Research Program: data quality, utility, and diversity. medRxiv, 2020: p. 368 
2020.05.29.20116905. 369 

17. Chang, E. and J. Mostafa, The use of SNOMED CT, 2013-2020: a literature review. J Am Med Inform Assoc, 2021. 28(9): p. 2017- 370 
2026. 371 

18. Hinney, A. and J. Hebebrand, Polygenic obesity in humans. Obes Facts, 2008. 1(1): p. 35-42. 372 
19. D'Angelo, D. and R. Rizzuto, The Mitochondrial Calcium Uniporter (MCU): Molecular Identity and Role in Human Diseases. 373 

Biomolecules, 2023. 13(9). 374 
20. GraphPad Prism version 9.4.0 [software]. San Diego, CA: GraphPad Software, Inc.; 2023. 375 
21. Chen, Y., et al., Prevalence of Testing for Diabetes Among US Adults With Overweight or Obesity, 2016-2019. Prev Chronic Dis, 376 

2023. 20: p. E116. 377 
22. Dai, W. and L. Jiang, Dysregulated Mitochondrial Dynamics and Metabolism in Obesity, Diabetes, and Cancer. Frontiers in 378 

Endocrinology, 2019. 10. 379 
23. Martin, F.J., et al., Ensembl 2023. Nucleic Acids Research, 2022. 51(D1): p. D933-D941. 380 
24. Yang, M.G., et al., Characterization of sequence determinants of enhancer function using natural genetic variation. eLife, 2022. 381 

11: p. e76500.  382 
25. Lewis, A.C.F., et al., Getting genetic ancestry right for science and society. Science, 2022. 376(6590): p. 250-252.  383 
26. Washington, T.B., et al., Disparities in Access and Quality of Obesity Care. Gastroenterol Clin North Am, 2023. 52(2): p. 429- 384 

441. 385 
27. Hamilton, et al. (2011) The PhenX Toolkit: Get the Most From Your Measures. American Journal of Epidemiology, 174(3), 253- 386 

60. 387 
28. Lofton, H., et al., Obesity among African American people in the United States: A review. Obesity (Silver Spring), 2023. 31(2): 388 

p. 306-315. 389 
29. Shariq, O.A. and T.J. McKenzie, Obesity-related hypertension: a review of pathophysiology, management, and the role of met- 390 

abolic surgery. Gland Surg, 2020. 9(1): p. 80-93. 391 
30. Wang, P., et al., Elevated MCU Expression by CaMKIIδB Limits Pathological Cardiac Remodeling. Circulation, 2022. 145(14): 392 

p. 1067-1083. 393 
31. Jia, M., et al., Deletion of the mitochondrial calcium uniporter in adipose tissue promotes energy expenditure and alleviates 394 

diet-induced obesity. Molecular Metabolism, 2024. 80: p. 101873. 395 
32. Wright, L.E., et al., Increased mitochondrial calcium uniporter in adipocytes underlies mitochondrial alterations associated with 396 

insulin resistance. Am J Physiol Endocrinol Metab, 2017. 313(6): p. E641-e650. 397 

 398 

 399 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au- 400 
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 401 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 402 

 403 

 404 

 405 

 406 

 407 


