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Abstract

Whether APOL1 polymorphisms contribute to the excess risk of hypertension among blacks is 

unknown. To assess this we evaluated whether self-reported race and, in blacks, APOL1 risk 

variants (high-risk [2 risk alleles] versus low-risk [0–1 risk allele]) were associated with 

longitudinal blood pressure. Blood pressure trajectories were determined using linear mixed-

effects (slope) and latent class models (5 distinct groups) during 25 years of follow-up in the 

Coronary Artery Risk Development in Young Adults Study. Associations of race and APOL1 
genotypes with blood pressure change, separately, using linear mixed-effects and multinomial 

logistic regression models, adjusting for demographic, socioeconomic, and traditional 

hypertension risk factors, anti-hypertensive medication use, and kidney function were evaluated. 

Among 1700 whites and 1330 blacks (13% APOL1 high-risk, mean age 25 years; 46% male) 
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mean mid-, ([systolic + diastolic blood pressure]/2), systolic and diastolic blood pressures were 

89, 110, 69 mmHg, respectively. One percent of participants used anti-hypertensive medications at 

baseline. Compared to whites, blacks, regardless of APOL1 genotype, had significantly greater 

increases in mid-blood pressure and were more likely to experience significantly increasing mid-

blood pressure trajectories with adjusted relative risk ratios of 5.21 and 7.27 for moderate-

increasing and elevated-increasing versus low-stable blood pressure, respectively. Among blacks, 

longitudinal mid-blood pressure changes and mid-blood pressure trajectory classification were 

similar by APOL1 risk status. Modeling systolic and diastolic blood pressure as outcomes yielded 

similar findings. From young adulthood to mid-life, blacks have greater blood pressure increases 

versus whites that are not fully explained by traditional risk factors. Thus APOL1 variants are not 

associated with longitudinal blood pressure in blacks.
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INTRODUCTION

Hypertension is a well-established risk factor for both cardiovascular and chronic kidney 

disease (CKD) progression. Studies to date have demonstrated that racial disparities exist in 

the incidence, prevalence, and control of hypertension in the United States (U.S.).1–4 A 

report from the Multi-Ethnic Study of Atherosclerosis (MESA) showed that black 

participants had 2-fold higher odds of having hypertension compared to white participants, 

even after adjusting for relevant demographic, clinical, and socioeconomic risk factors. 

Moreover, a greater percentage of black individuals had treated but uncontrolled 

hypertension (35% vs. 24%, compared to white individuals).3 Prior reports in the Coronary 

Artery Risk Development in Young Adults (CARDIA) study have also suggested higher 

blood pressure levels in young blacks compared to whites longitudinally.5,6 In clinical trials, 

black participants typically require more medications to achieve equivalent blood pressure 

control as white participants.7,8 While environmental factors, such as access to care and/or 

medications, account for some of these observed differences in blood pressure by race, 

genetic factors may also play a role.

Numerous genetic variants conferring increased susceptibility for hypertension have been 

identified; however, none appear to fully explain the excess burden of hypertension among 

U.S. blacks.9–11 In recent years, two variants in the APOL1 gene encoding apolipoprotein 

L1 have emerged as a risk factor for various forms of kidney disease, including focal 

segmental glomerulosclerosis, HIV-associated nephropathy, and CKD attributed to 

hypertension.12–17 Approximately 12–14% of black Americans carry APOL1 high-risk 

genotypes (2 risk alleles, G1 or G2).12,14,16 While the mechanisms by which APOL1 risk 

variants lead to kidney disease are unclear, several lines of evidence suggest that they may 

also directly contribute to hypertension. First, APOL1 is expressed in not only podocytes but 

also vascular endothelial and smooth muscle cells within the kidney.18,19 Second, pre-

eclampsia, of which hypertension is a hallmark manifestation, and eclampsia have been 

described in transgenic mice bearing the APOL1 G2 variant.20 Finally, in humans, APOL1 
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was one of nineteen serum peptide biomarkers that helped differentiate women with pre-

eclampsia from pregnant controls.21 Alternatively, the APOL1 risk variants may lead to 

hypertension via their effects on the kidney. Early renal impairment was associated with an 

increased risk for incident hypertension in middle-aged persons.22

We designed the present study to evaluate whether APOL1 high-risk genotypes account for 

some of the excess burden of hypertension observed among black Americans. To date, the 

association between APOL1 variants and blood pressure levels over time among individuals 

transitioning from young adulthood to middle age is not established. This is potentially 

important due to the strong association between blood pressure, kidney disease, and 

cardiovascular disease.23,24 We hypothesize that APOL1 risk variants will partially explain 

the more aggressive blood pressure trajectories observed in black compared to white 

individuals.

RESULTS

Baseline Characteristics

At baseline (CARDIA enrollment, year 0), mean age was 25 ± 3.6 years, 46% were male, 

and 2% had a history of hypertension. Among the 1330 black participants included in our 

study, 176 (13%) had the APOL1 high-risk genotypes (Supplementary Table 1). When 

comparing by race, black individuals had higher mean systolic and mid-blood pressures, 

higher mean pulse pressure, higher cystatin-based estimated glomerular filtration rate 

(eGFR-cys), higher prevalence of albuminuria, and lower socioeconomic status compared to 

white individuals (p<0.01 for each; Table 1). When comparing by APOL1 risk status, black 

participants with the high-risk genotype were more likely to have albuminuria at year 10 

compared to those with the low-risk genotype (0–1 risk alleles; p<0.01; Table 1). Similar 

conclusions were obtained when comparing by number of APOL1 risk alleles 

(Supplementary Table 2).

Longitudinal Blood Pressure by Race and APOL1 Risk Status

Over 8 possible CARDIA examinations (25 years of follow-up), the number of blood 

pressure readings available per participant ranged from a minimum of 3 to a maximum of 8, 

and was similar by race (mean of 7.5 measurements for black and 7.7 for white participants) 

and by APOL1 risk status (mean of 7.5 measurements for both high- and low-risk 

genotypes). Mean follow-up time was 23.8 years for black participants with the high-risk 

genotype, 23.7 years for black participants with the low-risk genotype, and 24.2 years for 

white participants. In our first approach, we used linear mixed-effects models to compare 

changes in mid-blood pressure by self-identified race. We found that black individuals 

experienced greater increases in mid-blood pressure from young adulthood to mid-life 

compared to white individuals. These racial differences in longitudinal mid-blood pressure 

persisted even after adjusting for demographic factors, socioeconomic factors, traditional 

risk factors for hypertension, use of anti-hypertensive medications, kidney function, and 

albuminuria. Figure 1 depicts the trajectories of the fitted mean mid-blood pressure by race 

and APOL1 risk status while Table 2 presents differences in annualized percent mid-blood 

pressure change at specific ages. In contrast to the observed race differences, analyses 
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limited to black participants showed no difference in longitudinal mid-blood pressure change 

by APOL1 risk status (Figure 1 and Table 2). Similar findings were observed in analyses 

using systolic blood pressure, diastolic blood pressure, and pulse pressure as secondary 

outcomes (Supplementary Figure 1, Supplementary Tables 3, 4, and 5). Finally, in sensitivity 

analyses, we used an additive genetic model (0, 1, or 2 APOL1 risk alleles) and found no 

association between number of APOL1 risk alleles and each outcome (Supplementary Table 

6).

Discrete Blood Pressure Trajectories by Race and APOL1 Risk Status

In a second approach, we categorized participants into previously described discrete blood 

pressure trajectory groups defined by baseline levels and changes over time (low-stable, 

moderate-stable, elevated-stable, moderate-increasing, and elevated-increasing).6 We found 

that black persons were more likely to be assigned to higher and rising blood pressure 

trajectory categories compared to white persons, whereas there was no difference by APOL1 
risk status (Table 3). In adjusted multinomial logistic regression models, black individuals 

were also more likely than white individuals to be assigned to one of the two classes with 

rising blood pressure. Adjustment only moderately attenuated these associations, which 

remained statistically significant. In analyses limited to black participants, we found no 

significant differences in trajectory assignment by APOL1 risk status (Table 4). Findings did 

not differ when using systolic or diastolic blood pressure separately as the outcome 

(Supplementary Tables 7 and 8).

DISCUSSION

In this large cohort study of healthy young adults, we found that self-reported black race is 

associated with blood pressures that are more likely to rise and become elevated from young 

adulthood to mid-life compared to white race. This racial difference in longitudinal blood 

pressure over 25 years of follow-up was not explained by traditional risk factors for 

hypertension, socioeconomic status, or access to care. Moreover, accounting for time-

dependent values of eGFR-cys and albuminuria did not explain these observed differences. 

Among black participants, we found no association between APOL1 risk variants and 

longitudinal blood pressure. Taken together, our findings suggest that despite their strong 

association with kidney disease progression, APOL1 risk variants do not appear to play a 

role in longitudinal blood pressure changes among black individuals. Furthermore, the 

persistent racial differences in blood pressure rise after adjustment for traditional and 

socioeconomic risk factors indicate that additional, yet unknown environmental or genetic 

factors may account for the excess burden of hypertension among black Americans.

The racial disparities that exist in blood pressure levels and hypertension are well 

established.1–3,6,25 Using data from the first four CARDIA examinations (years 0, 2, 5, and 

7), Liu et al. reported that systolic and diastolic blood pressure were higher in black men and 

women compared to their white counterparts and more than 50% of the differences observed 

at Year 7 remained after controlling for obesity and other lifestyle factors.5 More recently, 

Allen et al. used data from all eight CARDIA examinations (years 0, 2, 5, 7, 10, 15, 20, and 

25) and demonstrated that compared to white participants, black participants were more 
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likely to have rising blood pressure trajectories.6 We extend upon these findings by: 1) 

employing an additional method (i.e. linear mixed-effects models) to model longitudinal 

blood pressure in this population, and 2) exploring potential explanatory variables and their 

changes over young adulthood. Our study shows that differences in blood pressure by race 

persisted even after adjustment for relevant demographic, clinical, and socioeconomic 

factors, and are consistent with past studies in middle aged and older individuals. We 

therefore propose that other factors likely contribute and still need to be identified.

Prior studies have suggested a role of the APOL1 risk variants in hypertension-attributed 

kidney disease and possibly also cardiovascular disease. Lipkowitz et al. and Parsa et al. 
reported that the APOL1 high-risk genotype was associated with CKD progression among 

black individuals with hypertension-attributed nephropathy.15,17 Some investigators have 

also described an increased risk of cardiovascular disease among individuals with two 

APOL1 high-risk alleles, though this finding has not been consistent across studies.26–29 In 

addition, Skorecki and Wasser illustrated that the geographic distribution of APOL1 risk 

variants correlates with the distribution of hypertension prevalence rates in West Africa.30 

Finally, in APOL1 expression studies by Madhavan et al., de novo expression of APOL1 

was found in arterial smooth muscle cells of diseased but not healthy kidneys.18 While Ma et 
al. also reported renal microvascular expression of APOL1 in normal kidneys,19 APOL1 

may adversely affect the function of the renal microcirculation in ways that promote 

hypertension. Moreover, these pathways may not, at least initially, cause kidney damage that 

can be detected by routine clinical tests. The present study, however, did not find evidence 

for the predicted greater prevalence of hypertension among persons with APOL1 high-risk 

genotypes transitioning from young adulthood to middle age and with largely preserved 

kidney function. Histopathologic studies have also shown a lack of correlation between 

APOL1 risk variants and arteriosclerosis or arteriolar hyalinosis across a variety of kidney 

diseases.31–33 Perhaps, an association between APOL1 risk variants and high blood pressure 

exists but is much weaker than the variants’ associations with CKD or ESRD. Alternatively, 

APOL1 may contribute to hypertension through its effects on kidney function and that more 

severe kidney disease needs to be present before such associations are detectable. Overall, 

our results suggest that racial differences in longitudinal blood pressure are not explained by 

APOL1 risk variants in black Americans in the general population.

To further understand the association of race with longitudinal blood pressure in the context 

of kidney disease, we also studied whether this association persisted after adjusting for time-

varying markers of kidney function. Peralta et al. previously demonstrated in CARDIA that 

black persons with the APOL1 high-risk genotype had onset of albuminuria at earlier ages 

and faster rates of eGFR-cys decline compared to white persons or black persons with the 

low-risk genotype.34 Other studies have also demonstrated increased serum cystatin C and 

albuminuria as independent predictors of incident hypertension.22,35–37 Our results suggest 

that in a population of healthy young adults without significant kidney disease, differences 

in kidney function do not significantly explain race differences in blood pressure changes 

over time. We further propose that the APOL1 risk variants’ associations with renal damage 

are unlikely to be mediated by preceding rising blood pressure.
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Our study has several strengths. First, we utilized data from a large, well-characterized 

cohort of healthy young adults with relatively few comorbidities at baseline. Second, we 

assessed longitudinal blood pressure in two different ways, first using linear mixed-effects 

models and then with latent class models. Similar conclusions were obtained from both 

methods, thus suggesting that our findings are robust. Third, follow-up was long (up to 25 

years) with high retention and few participants taking anti-hypertensive medications at 

baseline. This allowed us to comprehensively examine how blood pressure progresses from 

young adulthood to middle age. Limitations included the potential for residual or unknown 

sources of confounding, as we did not account for additional measures of socioeconomic 

status, dietary intake, or dose of anti-hypertensive therapy. Moreover, our results may not be 

generalizable to other populations, including older adults or individuals with established 

CKD.

In conclusion, we report that differences in longitudinal blood pressure exist by race but not 

by APOL1 risk variants among blacks. Additional studies are needed to replicate our 

findings in other cohorts of young individuals as well as to identify other genetic and/or 

environmental factors that might reduce the excess burden of hypertension among black 

persons.

METHODS

Study Population

Our study population consisted of 3030 participants from the CARDIA kidney function 

trajectories ancillary study as previously described.34,38 Among them, 1700 were white and 

1330 were self-reported black Americans who had previously been genotyped for the 

APOL1 risk variants.34,38 Briefly, CARDIA is a prospective cohort study designed to study 

risk factors for cardiovascular disease among young adults. Beginning in 1985–1986, 5115 

white and black individuals, aged 18–30 years, were recruited from one of four sites 

(Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and Oakland, 

California).25,34,38 The initial examination included the standardized collection of multiple 

risk factors relevant to the development of coronary artery disease.25 Subsequent 

examinations occurred at years 2, 5, 7, 10, 15, 20, and 25.25,34,38 Retention rates for these 

follow-up examinations were high at 90%, 86%, 81%, 77%, 74%, 72%, and 72%, 

respectively.6 The CARDIA study was approved by the institutional review boards of each 

participating institution.25,34,38

Measurement of Blood Pressure

At each examination, resting systolic and diastolic blood pressures were measured 3 times at 

1-minute intervals by trained technicians using a random-zero sphygmomanometer (years 0–

20) or an Omron sphygmomanometer (years 20–25). Blood pressure measurements for years 

20 and 25 were calibrated, based on dual measurements in a subset of participants.39 The 

average of the second and third blood pressure measurements were subsequently used.6,25 

Prior studies have suggested that in young adults, joint consideration of both systolic and 

diastolic blood pressure may be more predictive of cardiovascular disease than either 

alone.6,40–42 As such, our primary outcome in this study was change in mid-blood pressure 
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(defined as the average of systolic and diastolic blood pressure or [SBP+DBP]/2) over the 

entire CARDIA follow-up period. We also considered systolic blood pressure, diastolic 

blood pressure, and pulse pressure (SBP-DBP) separately.

Genotyping

Genotyping for the APOL1 risk variants (G1 and G2) was performed using TaqMan assays 

(ABI, Foster City, CA) and DNA samples collected at year 10 or later.34 The G1 allele 

(rs73885319) is in near-absolute linkage equilibrium with a second G1 allele (rs60910145), 

both of which are missense mutations. The G2 allele (rs71785313) is defined by a 6 base 

pair deletion.12,16 In CARDIA, only black participants were genotyped for APOL1 because 

the frequency of the G1 and G2 risk variants is extremely low among individuals of 

European ancestry.34,43,44 Consistent with prior studies, we used a recessive genetic model 

in which the high-risk genotype was defined as having two APOL1 risk alleles and the low-

risk genotype was defined as having one or no risk alleles.13,15,17,34 To estimate ancestry, we 

used Principal Components Analysis (PCA) as implemented in EIGENSTRAT on the QCed 

and LD-pruned Affymetrix 6.0 genotype data.34,45–47 To control for possible population 

stratification, we performed our analyses adjusting for the first four principal 

components.45–47

Covariates

Details regarding each participant’s age, gender, race, cigarette smoking status (years 0 and 

10), and use of medications (years 0, 10, 15, and 20) were collected by questionnaires. 

Measured height and weight was used to calculate BMI (years 0, 10, 15, and 20). Blood 

specimens were also collected at each study visit and sent to the Northwest Lipid Research 

Clinic Laboratory at the University of Washington in Seattle for measurement of total 

cholesterol (years 0 and 10). History of diabetes mellitus (years 0, 10, 15, and 20) was 

defined as having an elevated fasting blood glucose level of ≥126 mg/dL, use of diabetes 

medications, or 2-hour glucose tolerance test ≥200 mg/dL (year 10 onwards). 

Socioeconomic factors including annual income (year 10), employment (years 0 and 10), 

participant education (years 0 and 10), caretaker education (year 10), and access to care 

(defined as having a usual source of medical care, year 10) were based on self-report. 

Urinary albumin and creatinine levels were available at years 10, 15, 20, and 25, with 

albuminuria being defined as a urine albumin-to-creatinine ratio (ACR) ≥30 mg/g.34 Kidney 

function was assessed by serum cystatin C, which was measured at years 10, 15, and 20 

from stored samples that were processed using the N Latex cystatin C kit (Dade Behring, 

now Siemens, Munich, Germany) at a central laboratory.34 The following equation was used 

to estimate cystatin based GFR (GFR-cys): eGFR-cys=133*(min(cysC/

0.8,1)**(−0.499))*(max(cysC/0.8, 1)**(−1.328))*(0.996**age)*(0.932**if female).34,48

Statistical Analyses

Baseline characteristics were compared using Kruskal-Wallis test for continuous variables 

and chi-squared or Fisher’s exact test for categorical variables. Change in blood pressure 

over time was analyzed using two different methods. First, we used linear mixed-effects 

models (LMMs) to examine differences in the rate of change in blood pressure between: 1) 

black vs. white persons (in the overall sample); and 2) APOL1 high- vs. low-risk status 
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(among black persons only). We modeled within-group trends in log-transformed blood 

pressure using group-specific restricted cubic splines in age, with knots at 24, 33, and 48 

years (corresponding to the 10th, 50th and 90th percentiles of the overall distribution, 

respectively). Within-subject correlation of the repeated responses was accounted for using 

random intercepts and slopes, with unstructured covariance. To determine whether 

differences in blood pressure trends by race or APOL1 status could be explained by other 

factors, we estimated a nested sequence of adjusted LMMs, adding covariates to the 

preceding model at each step. Model 1 adjusted for baseline demographic factors including 

gender, global ancestry, and CARDIA center site. Model 2 additionally adjusted for 

traditional risk factors for hypertension (BMI, smoking, total cholesterol, use of anti-

hypertensive medications, and history of diabetes mellitus) and socioeconomic factors 

(annual income, employment, participant and caretaker education, and access to care). 

Model 3 additionally adjusted for markers of kidney function, including eGFR-cys and 

albuminuria. Model 3 was intended a priori to assess for potential mediators and used only if 

a main effect was detected. We therefore considered Model 2 to be our final model. In order 

to account for changes over the study period, BMI, smoking, total cholesterol, anti-

hypertensive medication use, history of diabetes, employment, participant education, eGFR-

cys, and albuminuria were updated at each visit in which they were measured, with the last 

value being carried forward for intervening visits. In a final-step, to quantify between-group 

differences, we estimated annualized percentage rates of change using the first derivatives 

(with respect to age) of the non-linear group-specific spline trajectories in log-transformed 

blood pressure, evaluated at ages 30, 35, 40, 45, and 50, and then back transformed using the 

formula 100*(exp(β)−1), where β is the between-group difference in age-specific 

derivatives. Standard errors, confidence intervals and p-values were calculated using the 

delta-method. In sensitivity analyses, we also considered an additive genetic model (0, 1, or 

2 risk alleles).

In additional analysis, we also assessed the associations of race/ethnicity and APOL1 status 

with previously identified categories of blood pressure trajectory of each participant. Briefly, 

a mixture model was used to identify latent classes characterized by distinct blood pressure 

trajectories, and to assign each person to one of the classes. Based on the Bayesian 

Information Criterion (BIC), models with 5 latent classes were selected: low-stable, 

moderate-stable, elevated-stable, moderate-increasing, and elevated-increasing.6 We then 

used multinomial logistic regression models to estimate the associations of race and APOL1 
risk status with latent class assignment. As in our primary analyses, we estimated a nested 

sequence of models adjusting for demographic factors, traditional risk factors for 

hypertension, and socioeconomic factors (Models 1 and 2).

Data were analyzed using Stata Version 14.1 (StataCorp, College Station, TX). Blood 

pressure trajectory groups had previously been determined using Proc Traj in SAS Version 

9.3 (SAS Institute Inc).6 P values less than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Longitudinal changes in mid-blood pressure over time, by race and APOL1 genotype status, 

in the Coronary Artery Disease in Young Adults Study (n=2760)
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