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Abstract

Background

Hypertension (HTN) disproportionately affects African Americans (AAs), who respond better

to thiazide diuretics than other antihypertensives. Variants of the APOL1 gene found in AAs

are associated with a higher rate of kidney disease and play a complex role in cardiovascu-

lar disease.

Methods

AA subjects from four HTN trials (n = 961) (GERA1, GERA2, PEAR1, and PEAR2) were

evaluated for blood pressure (BP) response based on APOL1 genotype after 4–9 weeks of

monotherapy with thiazides, beta blockers, or candesartan. APOL1 G1 and G2 variants

were determined by direct sequencing or imputation.

Results

Baseline systolic BP (SBP) and diastolic BP (DBP) levels did not differ based on APOL1

genotype. Subjects with 1–2 APOL1 risk alleles had a greater SBP response to candesartan

(-12.2 +/- 1.2 vs -7.5 +/- 1.8 mmHg, p = 0.03; GERA2), and a greater decline in albuminuria

with candesartan (-8.3 +/- 3.1 vs +3.7 +/- 4.3 mg/day, p = 0.02). APOL1 genotype did not

associate with BP response to thiazides or beta blockers. GWAS was performed to deter-

mine associations with BP response to candesartan depending on APOL1 genotype. While

no SNPs reached genome wide significance, SNP rs10113352, intronic in CSMD1,
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predicted greater office SBP response to candesartan (p = 3.7 x 10−7) in those with 1–2 risk

alleles, while SNP rs286856, intronic in DPP6, predicted greater office SBP response (p =

3.2 x 10−7) in those with 0 risk alleles.

Conclusions

Hypertensive AAs without overt kidney disease who carry 1 or more APOL1 risk variants

have a greater BP and albuminuria reduction in response to candesartan therapy. BP

response to thiazides or beta blockers did not differ by APOL1 genotype. Future studies

confirming this initial finding in an independent cohort are required.

Introduction

Essential hypertension is common and associates with morbidity and mortality with greater

rates of cardiovascular, kidney, and cerebrovascular disease. Epidemiologic studies show that

essential hypertension (HTN) is more common in AAs and that they have higher rates of car-

diovascular and renal failure in comparison to non-African populations [1].

The association between two variant alleles in the APOL1 gene found primarily in individu-

als of sub-Saharan ancestry and a number of kidney diseases has been reported [2–4]. How-

ever, not all individuals with two risk alleles develop diagnosed kidney disease, and less is

known about the natural history of those with a single APOL1 risk allele. Risk variants in

APOL1 are reported to be associated with increased cardiovascular disease, even without kid-

ney disease [5, 6]. However, other prospective cohorts report fewer cardiovascular events, less

vascular calcification and less cerebral microvascular disease in those with two APOL1 risk

alleles [7–9]. In addition, AA hemodialysis patients with two risk alleles have lower mortality

rates than controls [10]. The mechanisms by which the APOL1 gene contributes to renal dis-

ease risk and potential cardiovascular outcomes are questions that currently remain largely

unanswered. Recent work has examined the effect of APOL1 genotype on BP in young AAs

without diagnosed kidney disease, but has yielded mixed results [11–13].

Studies of HTN patients demonstrate significant differences between Caucasians and AAs

[14, 15]. AA HTN patients have lower circulating renin and aldosterone levels, are more salt

sensitive, demonstrate less blood pressure response to inhibitors of the renin-angiotensin sys-

tem, and greater blood pressure response to diuretics [16, 17]. The GERA1 (Genetic Epidemi-

ology of Responses to Antihypertensives) and PEAR1 (Pharmacogenomic Evaluation of

Antihypertensive Responses) studies, and the subsequent clinical trials GERA2 and PEAR2,

examined epidemiologic and genetic predictors of antihypertensive response in essential

hypertensives without kidney disease, in response to a variety of antihypertensive monothera-

pies. GERA1, PEAR1 and PEAR2 evaluated thiazide diuretics (hydrochlorothiazide and

chlorthalidone), while PEAR1 and PEAR2 also evaluated beta blocker monotherapy (atenolol

and metoprolol) and GERA2 evaluated an angiotensin receptor blocking agent (candesartan).

Genome wide association studies (GWAS) done on the Caucasian subset identified candidate

SNPs that associated with better BP response to thiazide diuretics [15], and similarly, analysis

of the AA subset identified novel SNPs associated with better BP response to beta blockers

[18]. These clinical trials with well phenotyped and genotyped essential hypertensive subjects

present an opportunity to gain insights and an understanding of the natural history of APOL1
risk allele carriers in AA hypertensives without evidence of overt kidney disease. In this study
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we examine differences in baseline characteristics and the response to different antihyperten-

sive agents when administered as monotherapy in this group according to APOL1 genotype.

Methods

Study populations and interventions

Data from this analysis combine patients from four previously completed clinical trials,

PEAR1, PEAR2, GERA1, and GERA2, which investigated clinical and genetic predictors of dif-

ferent antihypertensive drug responses in essential hypertensive individuals. All subjects gave

written informed consent to participate and supply genetic material. All studies and data anal-

ysis were performed in full accordance with Institutional Review Board approval at their

respective sites.

Details of these studies have been described previously (www.clinicaltrials.gov, PEAR1:

NCT00246519; PEAR2: NCT01203852; GERA1 and GERA2: NCT00005520) [16, 19–21]. In

brief, these multicenter trials enrolled patients self-reported as AA or Caucasian who had

newly diagnosed, untreated, or known essential hypertension. Patients were recruited at one of

three sites (Emory University, Atlanta, GA; Mayo Clinic, Rochester, MN; and University of

Florida, Gainesville, Fl). Age ranges varied slightly between studies (age 17–65 in PEAR1 and

PEAR2, to age 18–60 in GERA1 and GERA2) but inclusion and exclusion criteria were other-

wise similar. After a washout period off all blood pressure medications for at least two weeks,

patients with diastolic blood pressure (DBP) > 85 mm Hg (home measurement) and> 90

mm Hg (office measurement) were enrolled. Patients with known heart disease, diabetes, or

kidney disease (serum creatinine above 1.5 mg/dl for males or 1.4 mg/dl for females, or pro-

teinuria over 1 gm per day) were excluded. After enrollment, patients were randomized to

either hydrochlorothiazide 25 mg or atenolol 100 mg, with one dose titration step followed by

assessment six weeks later (PEAR1); metoprolol 100 mg and chlorthalidone 25 mg in a sequen-

tial monotherapy design (PEAR2), hydrochlorothiazide 25 mg/day for four weeks (GERA1),

or candesartan 16 mg/day for two weeks followed by 32 mg/day for four additional weeks

(GERA2). The designs of these trials are summarized in Table 1.

Data collection

This analysis focused exclusively on the subset of patients who were self-identified as AA.

Demographic information and baseline clinical variables were collected at enrollment, before

introduction of the initial antihypertensive agent. Estimated glomerular filtration rate (eGFR)

was calculated using the CKD-EPI equation. Blood pressure at enrollment and after each

phase of therapy was measured via home cuff and validated with clinic measurement using

that same cuff (PEAR1, PEAR2, and GERA1). PEAR1 and GERA1 studies also recorded 24

hour ambulatory automated measurements taken every 15 minutes during waking hours and

every 30 minutes during sleeping hours. Responses to study medications were defined as the

difference between blood pressure at baseline and at the end of treatment, and were examined

as the primary endpoints.

Genotyping and quality control

DNA was isolated from blood specimens were taken at enrollment. Various methods were

used to determine the genetic variation in APOL1 rs60910145, rs73885319, and rs71785313

and a summary of data acquisition method, minor allele frequency, SNP call rate, and Rsq is

provided in S1 Table.

APOL1 and angiotensin receptor blockade
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In brief, rs60910145 and rs73885319 were genotyped in GERA1, GERA2, PEAR1 and

PEAR2 using the Illumina HumanExome BeadChip (Illumina, Inc.; San Diego, CA, USA).

Genotypes were called using Illumina GenomeStudio software using laboratory best practices

described previously by Grove et al. [22]. SNP call rates were > 99% for both SNPs in all four

studies. Quality control analyses were performed using PLINK [23]. Samples were excluded

if estimated sex using X chromosome markers mismatched reported gender, sample call

rate< 97%, identity by descent (IBD) pi-hat > 0.9 (using pruned SNP set which removed vari-

ants if missing data> 5%, r2� 0.3, and minor allele frequency [MAF]� 0.05), principal com-

ponent ± 6 standard deviations (SD) from the mean using same pruned SNP set described

previously, and inbreeding coefficient ± 6 SD from the mean. SNPs were excluded if mono-

morphic, missing data rate > 95%, and Hardy Weinberg Equilibrium p< 1 x 10−6 if

MAF� 0.05 using a chi-square test with one degree of freedom.

Because rs71785313 was not included by the manufacturer in the original microarrays,

genotype imputations for rs71785313 were performed using the MaCH software program

(version 1.0.16) [24] and 1,000 genome phase 1 reference panel [25]. Detailed imputation

methods for PEAR1 and PEAR2 were published previously [18], and GERA2 data was

imputed in an analogous fashion. Imputation quality for rs71785313 in PEAR1, PEAR2, and

GERA2 were Rsq> 0.90. Imputation quality for rs71785313 was Rsq< 0.9 for GERA1, thus

for the GERA1 cohort we performed allelic discrimination using the TaqMan Custom SNP

Genotyping Assay (ThermoFisher Scientific; Waltham, MA, USA) in accordance with the

manufacturer’s directions. Genotype calling was performed using the ABI 7900HT and the

Sequence Detection System software (Applied Biosystems; Foster City, CA, USA).

Statistics

Genotypes for rs60910145 (A!G) and rs73885319 (T!A) represent the G1 risk allele, and

rs71785313 (insertion/deletion) represents the G2 risk allele. These were used to generate

genotype s as previously detailed by Papeta et al. [26]. APOL1 genotype allele frequencies by

study are shown in Table 2 with the risk groups coded as 0, 1, or 2. Data were compared

between two groups based on both a recessive (0–1 risk allele versus 2 risk alleles) as well as

dominant (0 versus 1–2 risk alleles) gene effect, by two sided t test, with p< 0.05 considered

the threshold for statistical significance. In addition to baseline data, these groups in all studies

were compared for change in SBP and DBP in response to antihypertensive monotherapy.

This was done for both raw and adjusted BP response; BP response was adjusted for previously

identified predictive factors, namely baseline BP, age, gender, principal component 1 (PC 1)

Table 1. Combined studies used in this analysis.

Study Drug intervention Notes BP endpoint

measured

BP measurement

modality

No. AA

patients

References

GERA1 Hydrochlorothiazide Monotherapy, single dose 4 weeks Clinic n = 280

Ambulatory n = 112

280 16

GERA2 Candesartan Monotherapy, dose titration 6 weeks Clinic n = 193 193 19

PEAR Randomized to hydrochlorothiazide

or atenolol

Dose titration after 3 weeks if above BP goal,

then addition of other drug if above goal

9 weeks Clinic n = 298,

Home n = 298

Ambulatory n = 253

298 17

PEAR2 Metoprolol! washout for 4

weeks! chlorthalidone

Dose titration of each drug after 2 weeks if above

BP goal

8 weeks Clinic n = 190

Home n = 190

190 18

Total Clinic, n = 961

Home n = 488

Ambulatory n = 365

961

https://doi.org/10.1371/journal.pone.0221957.t001
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and PC 2 [16]. Since only AA participants were analyzed in this study, principal components

were derived from this AA dataset only.

GWAS

Because patients with 1–2 APOL1 risk alleles were found to have a greater SBP response to

candesartan versus those with 0 risk alleles, we sought to identify other potential gene variants

which could interact with this effect by interaction with APOL1 genotype. We performed two

separate genome wide association studies (GWAS) for each of these two risk groups, looking

for associations with adjusted SBP response as the outcome of interest. For this GWAS analy-

sis, a p value < 1 x 10−8 for each SNP was considered significant.

Results

Combination of the PEAR1, PEAR2, GERA1, and GERA2 study subjects yielded a total of 961

AA participants, of whom 142 (14.8%) carried two risk alleles for APOL1. The breakdown of

genotypes in the four component studies are given in Table 2. The baseline characteristics of

AA hypertensives with 0–1 versus 2 APOL1 risk alleles are shown in S2 Table. No significant

differences in gender or age were observed, nor were there significant differences in baseline

clinic, home, or ambulatory day or night BP, pulse pressure or heart rate. Significant differ-

ences in baseline eGFR were found between those with 2 APOL1 risk alleles versus those with

0–1 risk alleles (98.7 +/- 19.6 versus 104.4 +/- 18.7 ml/min p< 0.001), and serum creatinine

concentrations were significantly greater in those with two APOL1 risk alleles (0.93+/- 0.24

versus 0.87+/- 0.21 mg/dl, p = 0.006). Baseline urinary albumin to creatinine ratios did not dif-

fer based on APOL1 genotype (19 +/- 56 versus 30 +/- 90 mcg/mg creatinine in those with 0–1

versus 2 risk alleles, p = NS).

Baseline characteristics in AA hypertensives with 0 versus 1–2 APOL1 risk alleles, consistent

with a potential dominant pattern of influence, was also performed, given that it is unclear yet

if one or two risk alleles are required to identify an early, relatively asymptomatic phenotype

[13, 27]. Those with 1–2 APOL1 risk alleles had a significantly longer duration of hypertension

versus others (8.0 +/- 7.4 versus 6.7 +/- 7.5 years, p = 0.02), as well as a borderline significantly

higher BMI (31.5 +/- 5.7 versus 30.8 +/- 5.9, p = 0.05). No other baseline parameters, including

in renal function, were different in those with 0 versus 1–2 risk alleles (shown in Table 3).

The magnitude of SBP and DBP decrease with thiazide diuretics (GERA1, PEAR1, and

PEAR2), as well as with beta blockers (PEAR1 and PEAR2), did not significantly differ accord-

ing to the number of APOL1 risk alleles. This was true of both raw and adjusted BP and was

true for BP measured in clinic, at home, or by automated ambulatory BP cuff. This absence of

effect for thiazide and beta blocker response was consistent whether APOL1 risk was analyzed

Table 2. APOL1 genotype frequencies by study.

PEAR1 PEAR2 GERA1 GERA2 Risk Alleles

Genotype N % N % N % N %

G0/G0 134 44.97 79 41.58 110 39.29 65 33.68 0

G1/G0 78 26.17 49 25.79 86 30.71 50 25.91 1

G2/G0 50 16.78 30 15.79 47 16.79 41 21.24 1

G1/G1 13 4.36 9 4.74 9 3.21 15 7.77 2

G1/G2 15 5.03 13 6.84 20 7.14 17 8.81 2

G2/G2 8 2.68 10 5.26 8 2.86 5 2.59 2

Total 298 190 280 193

https://doi.org/10.1371/journal.pone.0221957.t002
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as a having a potential recessive or dominant effect (Table 4 and S3 Table). Response to cande-

sartan in association with APOL1 genotype is shown in Table 4. Study participants with 1–2

APOL1 risk alleles demonstrated a greater SBP decrease with candesartan (-12.2 +/- 1.2 vs

-7.5 +/- 1.8 mmHg, p = 0.03), which reached nominal significance, and a similar trend with a

greater DBP response (-8.9 +/- 0.9 vs -6.3 +/- 1.2 mmHg, p = 0.08) after adjusting for baseline

BP, age, gender, and racial admixture. Fig 1 depicts the median and interquartile range for BP

response according to APOL1 genotype. Participants from the GERA2 cohort in which cande-

sartan was studied did have a significantly higher eGFR when compared to the other three

combined cohorts (113.1 +/- 20.1 versus 101.1 +/- 17.9 ml/min, S4 Table) and somewhat lower

BP at baseline, perhaps related to the slightly lower age cutoff for GERA1 and GERA2. How-

ever, inclusion of eGFR among these factors for BP adjustment did not affect the statistical

significance of the results. Similarly, participants with 1–2 APOL1 risk alleles had a greater

decline in albuminuria with candesartan therapy (adjusted values -8.3 +/- 3.1 vs. +3.7 +/- 4.3

mg/day, p = 0.02). There were no significant differences between genotype groups in the

change in plasma renin activity or serum aldosterone concentration after starting candesartan.

Table 3. Baseline characteristics.

APOL1:

0 risk alleles

388 total

APOL1:

1–2 risk alleles

573 total

N Mean (SD) N Mean (SD) P value

Gender (% female) 53.4 57.9 NS

Age 388 47.9 (8.1) 573 48.6 (7.5) NS

Waist/Hip 307 0.88 (0.08) 456 0.88 (0.08) NS

BMI 387 30.8 (5.9) 573 31.5 (5.7) 0.05

Hypertension duration 355 6.7 (7.5) 529 8.0 (4.4) 0.01

Hypertension onset age 238 40.2 (9.7) 329 40.1 (9.0) NS

Albumin (g/dl) 279 3.98 (0.36) 438 3.94 (0.35) NS

Hemoglobin (g/dl) 309 13.74 (2.18) 462 14.08 (9.39) NS

Clinic SBP, baseline 388 150.1 (13.8) 573 149.9 (13.4) NS

Clinic DBP, baseline 388 97.9 (5.9) 573 97.5 (5.9) NS

Home SBP, baseline 213 146.7 (10.9) 275 146.7 (11.3) NS

Home DBP, baseline 213 95.0 (6.4) 275 94.9 (6.4) NS

Ambulatory SBP, all 158 139.8 (11.4) 207 140.3 (12.6) NS

Ambulatory DBP, all 158 89.0 (8.5) 207 88.7 (8.1) NS

Ambulatory SBP, day 158 142.3 (11.7) 207 143.0 (12.9) NS

Ambulatory DBP, day 158 91.4 (8.7) 207 91.3 (8.2) NS

Ambulatory SBP, night 156 132.6 (12.7) 205 133.9 (14.5) NS

Ambulatory DBP, night 156 82.2 (9.7) 205 82.4 (10.2) NS

Urine Na, baseline (meq/24 h) 304 144.9 (78.4) 455 145.5 (65.1) NS

Serum Na, baseline 386 139.3 (4.4) 571 139.7 (4.6) NS

Serum K, baseline 385 4.01 (0.45) 569 3.97 (0.39) NS

Serum creatinine, baseline 386 0.88 (0.22) 572 0.88 (0.22) NS

Serum aldosterone 371 7.82 (5.94) 558 7.44 (5.43) NS

Serum renin 385 0.74 (1.48) 571 0.61 (0.65) NS

Urine alb/creat (mcg/mg) 256 20 (57) 377 25 (100) NS

eGFR (ml/min/1.73m2) 386 104.30 (18.6) 572 103.08 (19.2) NS

The numbers of patients for different outcome variables differs because not every variable was measured in each of the four component studies.

https://doi.org/10.1371/journal.pone.0221957.t003
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Response to candesartan was not significantly different between groups when analyzing

APOL1 genotype according to a recessive or additive risk pattern (S3 and S6 Tables).

Given the differences observed with regard to SBP response to candesartan in GERA2

based on APOL1 genotype, two GWAS analyses were separately performed in those with 1–2

APOL1 risk alleles, and separately those with 0 risk alleles, using the magnitude of adjusted

SBP response as the outcome of interest. Fig 2A shows the Manhattan and Quantile-Quantile

plots for clinic SBP response in the 128 GERA2 patients with one or more APOL1 risk alleles.

Although none achieved a level of Bonferroni corrected genome wide significance (p< 10−8),

some notable findings were observed. SNP rs10113352, intronic to CUB and Sushi Multiple

Domains 1, CSMD1, was associated with a greater SBP response to candesartan in individuals

with 1–2 APOL1 risk alleles (p = 3.7 x 10−7). Fig 2B shows Manhattan and Quantile-Quantile

plots for clinic SBP response in the 65 patients with no APOL1 risk alleles. SNP rs286856,

intronic to Dipeptidyl Peptidase Like 6, DPP6, was associated with a greater SBP response to

candesartan in APOL1 negative individuals (p = 3.2 x 10−7). We have highlighted these SNPs

because of their statistical significance, as well as factors including their location within the

gene and possible biological plausibility. Other SNPs with p< 1.0 x 10−6 in this analysis are

shown in S5 Table.

Discussion

Much attention has been recently directed toward understanding the renal consequences of

patients of sub-Saharan ancestry carrying allele variants of the APOL1 gene [28]. APOL1 is

expressed in a variety of tissues throughout the body, including the liver, prostate, placenta

and blood vessels [29], however clinical manifestations described to date have been mostly

related to the kidney. More recently, a variety of studies have evaluated the role of APOL1 in

cardiovascular disease [5–9]. However, not all individuals with 2 APOL1 risk alleles will

develop kidney disease, and we have relatively little knowledge of the natural history of APOL1
risk carriers. Some recent work has suggested that a single APOL1 risk allele may be associated

with cardiovascular outcomes [30, 31]. In this study we had the opportunity to evaluate

APOL1 risk allele carriers with mild to moderate essential hypertension, without overt kidney

disease, and have gained some new insights as to their clinical characteristics. This is the first

Table 4. Changes with blood pressure drugs by APOL1 genotype.

APOL1:

0 risk alleles

APOL1:

1–2 risk alleles

P value

N Unadjusted

mean (SD)

N Unadjusted

Mean (SD)

Thiazide, clinic SBP change (mmHg) 230 -15.7 (14.2) 340 -17.0 (13.7) NS

Thiazide, clinic DBP change 230 -9.5 (8.7) 340 -9.2 (8.2) NS

Atenolol, clinic SBP change 139 -8.9 (15.3) 176 -7.1 (17.5) NS

Atenolol, clinic DBP change 139 -7.8 (9.3) 176 -7.5 (9.2) NS

Candesartan, clinic SBP change 65 -6.9 (14.3) 128 -12.4 (14.7) 0.03

Candesartan, clinic DBP change 65 -6.1 (10.7) 128 -9.0 (9.8) 0.08

Candesartan, change in urine albumin (mg/day) 35 -0.1 (23.9) 68 -6.3 (47.2) 0.02

Candesartan, serum K change 64 0.00 (0.36) 127 +0.04 (0.39) 0.21

Candesartan, Aldosterone change 64 -0.89 (4.52) 118 -1.64 (3.49) 0.18

Candesartan, PRA change 64 1.24 (3.70) 127 2.16 (4.46) 0.24

Unadjusted mean and standard deviation (SD) for change in parameters in these three separate trials is shown. P value shown is adjusted for previously identified

predictive factors, namely baseline BP, age, gender, PC 1, and PC 2.

https://doi.org/10.1371/journal.pone.0221957.t004
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study to look at genetic associations of angiotensin receptor blocker response in a primarily

AA population.

The prevalence of two APOL1 risk alleles in our combined cohort (14.8%) was similar to

the approximate 13% prevalence previously reported in the US population [28]. The duration

Fig 1. Median and interquartile range for BP response according to APOL1 genotype. Median SBP and DBP are shown for

thiazide, atenolol, and candesartan groups according to 0 versus 1–2 APOL1 risk alleles.

https://doi.org/10.1371/journal.pone.0221957.g001
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of hypertension was greater in individuals with a single APOL1 risk variant. Baseline BP after

four weeks of washout of antihypertensive medications did not differ between groups depend-

ing on APOL1 genotype, regardless of whether it was measured in clinic, at home, by either

traditional sphygmomanometer, or at home by automated oscillometric cuff. This suggests

that the mechanism through which APOL1 mutations lead to kidney disease is not due to

more prevalent or more severe hypertension. While this study detected no blood pressure dif-

ferences, only those with mild to moderate hypertension (three antihypertensive medications

or less) were eligible for enrollment. It is possible that blood pressure differences do exist

between those with and without APOL1 risk alleles with more severe hypertension, or in those

with overt kidney disease. Similar to other studies [32], a significant difference was found in

baseline kidney function measured by serum creatinine and eGFR in those with two APOL1
risk alleles, without significant differences detected in baseline albuminuria. Although much

research has focused on the podocyte as a site of APOL1-induced injury, a difference in eGFR

Fig 2. GWAS for SBP response to candesartan. A) Group with 1–2 APOL1 risk alleles, n = 128. B) Group with 0 APOL1 risk alleles,

n = 65. Manhattan plot and Quantile-Quantile plot with lambda values are shown for each.

https://doi.org/10.1371/journal.pone.0221957.g002
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occurring without albuminuria suggests the mechanism of renal disease may not limited to the

glomerulus or may affect the glomerulus in patterns beyond classic focal segmental glomerulo-

sclerosis [33]. This study provides new insights into possible renal physiologic differences in

variant allele carriers individuals before proteinuria or overt kidney failure could confound or

distort the picture.

AA patients with essential hypertension have repeatedly been shown to be more salt sensi-

tive and more responsive to diuretics, with less activation of the circulatory renin-angiotensin-

aldosterone system, and less sensitivity to ACE inhibition or angiotensin receptor blockade.

However, in our analysis of hypertensive AA participants from the GERA2 study, participants

with one or more risk alleles for APOL1 were significantly more responsive to candesartan

monotherapy. Importantly, this enhanced BP response was seen without any differences in

baseline renin or aldosterone levels (although overall our AA hypertensive patients still had

relatively suppressed renin and aldosterone levels compared to their Caucasian counterparts)

[16]. However, intra-renal activation of the renin angiotensin system can be present without

any alterations in circulatory levels, which only give a relatively crude insight into the level of

renin-angiotensin-aldosterone activation at the tissue level. In fact, increased activation of

the intrarenal renin-angiotensin system has been described in AA patients [34, 35]. Due to

increasingly recognized local renin-angiotensin activation in the kidney, heart, vasculature,

and elsewhere [36, 37], it is plausible that angiotensin receptor blockade specifically benefits

hypertensive AA patients who carry 1 or more APOL1 risk alleles. In contrast to candesartan,

our analysis found no difference in BP sensitivity to thiazide diuretics or beta blockers in asso-

ciation with the number of APOL1 risk alleles. The mechanisms that would explain this differ-

ence merit further study.

Because of the increased blood pressure response to candesartan in AA participants with

1–2 APOL1 risk alleles, we performed two separate GWAS analyses of systolic blood pressure

response after stratifying for APOL1 genotype. SNP rs10113352, located within an intron of

CSMD1, was associated with greater SBP response to candesartan in AA participants with one

or more APOL1 risk alleles. The gene CSMD1 encodes the protein CUB and Sushi Multiple

Domains 1 protein, which is a large transmembrane protein expressed in brain and epithelial

tissues, including kidney, which regulates the classical complement system [38]. In previous

GWAS analyses, CSMD1 has been noted to have a possible role in the effect of dietary sodium

on blood pressure in a Chinese population, and sensitivity to thiazide diuretics in a Caucasian

population [39, 40]. Interestingly, the previous studies found associations with a different SNP,

and validation within an Italian population did not find any association with response to val-

sartan. Additionally, CSMD1 was found to associate with baseline BP in a Korean cohort [41].

The mechanism by which this gene may affect BP is unknown, but it has also been described

to associate with peripheral arterial disease [42]. The fact that our association between SNP

rs10113352 and response to candesartan was seen only in patients with one or more APOL1
risk alleles implies there may be some interaction with APOL1. In contrast, those hypertensive

AA patients without APOL1 risk variants had significantly greater SBP response to candesar-

tan in association with rs286856, located within an intron of DPP6. DPP6 is inactive as a prote-

ase but is a transmembrane protein with several splice variants which associates with voltage

gated potassium channels [43, 44]. Variants have been associated with various neurologic

abnormalities [45–47], as well as idiopathic ventricular fibrillation [48], and could conceivably

play a role in vascular tone and hypertension in AAs. The associations we describe here are

preliminary and should be interpreted with caution given the relatively small number of par-

ticipants, and the fact that that these variants did not achieve genome wide significance.

Although there is some biologic rationale to support a potential role for these variants in HTN,

these findings will require future validation in other cohorts.
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This study is limited by several factors. In recruiting patients without overt kidney disease,

but with clearly established essential hypertension, we may be looking at a subset with unique

environmental and genetic characteristics, which may not fully apply to the natural history of

APOL1 associated kidney disease in those without HTN, nor to patients with advanced CKD.

While this cohort has assembled a significant group of AA subjects, similar to the size of the

AASK trial [49], less than half of this group underwent automated blood pressure monitoring,

so the power of this study to detect differences in ambulatory blood pressure, or daytime ver-

sus nocturnal blood pressure, is less than its power to measure simple office blood pressure.

Our findings of different sensitivity to candesartan according to APOL1 genotype attained a

modest degree of statistical significance and should be interpreted with caution given the rela-

tively small number of participants in GERA2. As a post hoc analysis of previous trials looking

at three different classes of antihypertensives, the nominal significance of this association may

be due to a true influence of APOL1 genotype on the renin angiotensin system, but will clearly

require validation in another cohort before this finding can be accepted with confidence. To

date no pharmacogenomics trials have examined angiotensin receptor blockers or ACE inhibi-

tors in an AA population; other pharmacogenomic studies of angiotensin receptor blockade

have focused on Caucasian participants [19, 50, 51]. Short term trials such as GERA and PEAR

are unable to track the longitudinal development of health outcomes or mortality, but the

insights into pathophysiology provided helps identify more refined questions.

In summary, this post-hoc analysis provides insights into differences in the characteristics

of hypertensive AAs with APOL1 risk alleles, and is the first to study the effect of APOL1 geno-

type on the response to antihypertensive drugs of different classes. The differential sensitivity

to angiotensin receptor blockade may also help to unravel conflicting reports about the effect

of APOL1 status on cardiovascular outcomes. More importantly, greater responsiveness to

angiotensin receptor blockade could change much of our current practice in how we treat

essential hypertension in AA patients without overt kidney disease [52], potentially leading to

improved cardiovascular and renal outcomes. Recent work in the AASK cohort found that

tight BP control in APOL1 high risk hypertensive individuals led to a significant improvement

in mortality, which was not seen in APOL1 low risk hypertensive patients [53], demonstrating

the importance of optimizing BP control in this group. Nevertheless, AA participants in our

analysis still demonstrated the greatest BP response to thiazide diuretics as compared to cande-

sartan or beta blockers, regardless of APOL1 genotype. Our identification of CSMD1 and

DPP6 as possible candidate genes which may interact with APOL1 through podocyte or potas-

sium channel changes with regard to angiotensin receptor blockade response remains to be

validated in other studies. As we better understand the mechanisms by which APOL1 genetic

variation associates with renal injury [54, 55], the proteins and pathways identified here may

provide further understanding as to how alterations in APOL1 function result in variable pene-

trance and phenotype.

Supporting information

S1 Table. Summary of APOL1 genotyping and imputation methods.

(DOCX)

S2 Table. Baseline characteristics, recessive model.

(DOCX)

S3 Table. Changes with blood pressure drugs by APOL1 genotype, recessive model.

(DOCX)

APOL1 and angiotensin receptor blockade

PLOS ONE | https://doi.org/10.1371/journal.pone.0221957 September 18, 2019 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221957.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221957.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221957.s003
https://doi.org/10.1371/journal.pone.0221957


S4 Table. Baseline characteristics of GERA2 cohort versus remaining cohorts.

(DOCX)

S5 Table. Other SNPs associated with blood pressure response, according to APOL1 geno-

type.

(DOCX)

S6 Table. Changes with blood pressure drugs by APOL1 genotype, additive model.

(DOCX)

Author Contributions

Conceptualization: Patrick N. Cunningham, Arlene B. Chapman.

Data curation: Zhiying Wang.

Formal analysis: Zhiying Wang, Yan Gong, Eric Boerwinkle.

Funding acquisition: Rhonda M. Cooper-DeHoff, Julie A. Johnson, Stephen T. Turner,

Arlene B. Chapman.

Investigation: Megan L. Grove, Rhonda M. Cooper-DeHoff, Amber L. Beitelshees, Yan Gong,

John G. Gums, Julie A. Johnson, Stephen T. Turner, Eric Boerwinkle, Arlene B. Chapman.

Methodology: Zhiying Wang, Megan L. Grove, Amber L. Beitelshees, Eric Boerwinkle.

Project administration: Rhonda M. Cooper-DeHoff, Julie A. Johnson, Arlene B. Chapman.

Software: Zhiying Wang.

Supervision: John G. Gums, Arlene B. Chapman.

Writing – original draft: Patrick N. Cunningham.

Writing – review & editing: Patrick N. Cunningham, Zhiying Wang, Megan L. Grove,

Rhonda M. Cooper-DeHoff, John G. Gums, Eric Boerwinkle, Arlene B. Chapman.

References
1. Howard G, Lackland DT, Kleindorfer DO, Kissela BM, Moy CS, Judd SE, et al. Racial differences in the

impact of elevated systolic blood pressure on stroke risk. JAMA Intern Med. 2013; 173(1):46–51. Epub

2012/12/12. https://doi.org/10.1001/2013.jamainternmed.857 PMID: 23229778.

2. Freedman BI, Kopp JB, Langefeld CD, Genovese G, Friedman DJ, Nelson GW, et al. The apolipopro-

tein L1 (APOL1) gene and nondiabetic nephropathy in African Americans. J Am Soc Nephrol. 2010;

21(9):1422–6. Epub 2010/08/07. https://doi.org/10.1681/ASN.2010070730 PMID: 20688934.

3. Genovese G, Friedman DJ, Ross MD, Lecordier L, Uzureau P, Freedman BI, et al. Association of trypa-

nolytic ApoL1 variants with kidney disease in African Americans. Science. 2010; 329(5993):841–5.

Epub 2010/07/22. https://doi.org/10.1126/science.1193032 PMID: 20647424.

4. Kopp JB, Smith MW, Nelson GW, Johnson RC, Freedman BI, Bowden DW, et al. MYH9 is a major-

effect risk gene for focal segmental glomerulosclerosis. Nat Genet. 2008; 40(10):1175–84. Epub 2008/

09/17. https://doi.org/10.1038/ng.226 PMID: 18794856.

5. Ito K, Bick AG, Flannick J, Friedman DJ, Genovese G, Parfenov MG, et al. Increased burden of cardio-

vascular disease in carriers of APOL1 genetic variants. Circ Res. 2014; 114(5):845–50. Epub 2014/01/

01. https://doi.org/10.1161/CIRCRESAHA.114.302347 PMID: 24379297.

6. Mukamal KJ, Tremaglio J, Friedman DJ, Ix JH, Kuller LH, Tracy RP, et al. APOL1 Genotype, Kidney

and Cardiovascular Disease, and Death in Older Adults. Arterioscler Thromb Vasc Biol. 2016;

36(2):398–403. Epub 2015/12/05. https://doi.org/10.1161/ATVBAHA.115.305970 PMID: 26634651.

7. Freedman BI, Gadegbeku CA, Bryan RN, Palmer ND, Hicks PJ, Ma L, et al. APOL1 renal-risk variants

associate with reduced cerebral white matter lesion volume and increased gray matter volume. Kidney

Int. 2016; 90(2):440–9. Epub 2016/06/28. https://doi.org/10.1016/j.kint.2016.04.027 PMID: 27342958.

APOL1 and angiotensin receptor blockade

PLOS ONE | https://doi.org/10.1371/journal.pone.0221957 September 18, 2019 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221957.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221957.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221957.s006
https://doi.org/10.1001/2013.jamainternmed.857
http://www.ncbi.nlm.nih.gov/pubmed/23229778
https://doi.org/10.1681/ASN.2010070730
http://www.ncbi.nlm.nih.gov/pubmed/20688934
https://doi.org/10.1126/science.1193032
http://www.ncbi.nlm.nih.gov/pubmed/20647424
https://doi.org/10.1038/ng.226
http://www.ncbi.nlm.nih.gov/pubmed/18794856
https://doi.org/10.1161/CIRCRESAHA.114.302347
http://www.ncbi.nlm.nih.gov/pubmed/24379297
https://doi.org/10.1161/ATVBAHA.115.305970
http://www.ncbi.nlm.nih.gov/pubmed/26634651
https://doi.org/10.1016/j.kint.2016.04.027
http://www.ncbi.nlm.nih.gov/pubmed/27342958
https://doi.org/10.1371/journal.pone.0221957


8. Freedman BI, Langefeld CD, Lu L, Palmer ND, Smith SC, Bagwell BM, et al. APOL1 associations with

nephropathy, atherosclerosis, and all-cause mortality in African Americans with type 2 diabetes. Kidney

Int. 2015; 87(1):176–81. Epub 2014/07/24. https://doi.org/10.1038/ki.2014.255 PMID: 25054777.

9. Langefeld CD, Divers J, Pajewski NM, Hawfield AT, Reboussin DM, Bild DE, et al. Apolipoprotein L1

gene variants associate with prevalent kidney but not prevalent cardiovascular disease in the Systolic

Blood Pressure Intervention Trial. Kidney Int. 2015; 87(1):169–75. Epub 2014/07/17. https://doi.org/10.

1038/ki.2014.254 PMID: 25029429.

10. Ma L, Langefeld CD, Comeau ME, Bonomo JA, Rocco MV, Burkart JM, et al. APOL1 renal-risk geno-

types associate with longer hemodialysis survival in prevalent nondiabetic African American patients

with end-stage renal disease. Kidney Int. 2016; 90(2):389–95. Epub 2016/05/10. https://doi.org/10.

1016/j.kint.2016.02.032 PMID: 27157696.

11. Chen TK, Estrella MM, Vittinghoff E, Lin F, Gutierrez OM, Kramer H, et al. APOL1 genetic variants are

not associated with longitudinal blood pressure in young black adults. Kidney Int. 2017; 92(4):964–71.

Epub 2017/05/27. https://doi.org/10.1016/j.kint.2017.03.028 PMID: 28545715.

12. Nadkarni GN, Coca SG. APOL1 and blood pressure changes in young adults. Kidney Int. 2017;

92(4):793–5. Epub 2017/09/25. https://doi.org/10.1016/j.kint.2017.05.030 PMID: 28938952.

13. Nadkarni GN, Galarneau G, Ellis SB, Nadukuru R, Zhang J, Scott SA, et al. Apolipoprotein L1 Variants

and Blood Pressure Traits in African Americans. J Am Coll Cardiol. 2017; 69(12):1564–74. Epub 2017/

03/25. https://doi.org/10.1016/j.jacc.2017.01.040 PMID: 28335839.

14. Gong Y, McDonough CW, Wang Z, Hou W, Cooper-DeHoff RM, Langaee TY, et al. Hypertension sus-

ceptibility loci and blood pressure response to antihypertensives: results from the pharmacogenomic

evaluation of antihypertensive responses study. Circ Cardiovasc Genet. 2012; 5(6):686–91. Epub

2012/10/23. https://doi.org/10.1161/CIRCGENETICS.112.964080 PMID: 23087401.

15. Turner ST, Boerwinkle E, O’Connell JR, Bailey KR, Gong Y, Chapman AB, et al. Genomic association

analysis of common variants influencing antihypertensive response to hydrochlorothiazide. Hyperten-

sion. 2013; 62(2):391–7. Epub 2013/06/12. https://doi.org/10.1161/HYPERTENSIONAHA.111.00436

PMID: 23753411.

16. Chapman AB, Schwartz GL, Boerwinkle E, Turner ST. Predictors of antihypertensive response to a

standard dose of hydrochlorothiazide for essential hypertension. Kidney Int. 2002; 61(3):1047–55.

Epub 2002/02/19. https://doi.org/10.1046/j.1523-1755.2002.00200.x PMID: 11849460.

17. Turner ST, Schwartz GL, Chapman AB, Beitelshees AL, Gums JG, Cooper-DeHoff RM, et al. Plasma

renin activity predicts blood pressure responses to beta-blocker and thiazide diuretic as monotherapy

and add-on therapy for hypertension. Am J Hypertens. 2010; 23(9):1014–22. Epub 2010/08/21. https://

doi.org/10.1038/ajh.2010.98 PMID: 20725057.

18. Gong Y, Wang Z, Beitelshees AL, McDonough CW, Langaee TY, Hall K, et al. Pharmacogenomic

Genome-Wide Meta-Analysis of Blood Pressure Response to beta-Blockers in Hypertensive African

Americans. Hypertension. 2016; 67(3):556–63. Epub 2016/01/06. https://doi.org/10.1161/

HYPERTENSIONAHA.115.06345 PMID: 26729753.

19. Canzanello VJ, Baranco-Pryor E, Rahbari-Oskoui F, Schwartz GL, Boerwinkle E, Turner ST, et al. Pre-

dictors of blood pressure response to the angiotensin receptor blocker candesartan in essential hyper-

tension. Am J Hypertens. 2008; 21(1):61–6. Epub 2007/12/20. https://doi.org/10.1038/ajh.2007.24

PMID: 18091745.

20. Hamadeh IS, Langaee TY, Dwivedi R, Garcia S, Burkley BM, Skaar TC, et al. Impact of CYP2D6

polymorphisms on clinical efficacy and tolerability of metoprolol tartrate. Clin Pharmacol Ther. 2014;

96(2):175–81. Epub 2014/03/19. https://doi.org/10.1038/clpt.2014.62 PMID: 24637943.

21. Johnson JA, Boerwinkle E, Zineh I, Chapman AB, Bailey K, Cooper-DeHoff RM, et al. Pharmacogeno-

mics of antihypertensive drugs: rationale and design of the Pharmacogenomic Evaluation of Antihyper-

tensive Responses (PEAR) study. Am Heart J. 2009; 157(3):442–9. Epub 2009/03/03. https://doi.org/

10.1016/j.ahj.2008.11.018 PMID: 19249413.

22. Grove ML, Yu B, Cochran BJ, Haritunians T, Bis JC, Taylor KD, et al. Best practices and joint calling of

the HumanExome BeadChip: the CHARGE Consortium. PLoS One. 2013; 8(7):e68095. Epub 2013/07/

23. https://doi.org/10.1371/journal.pone.0068095 PMID: 23874508.

23. Zineh I, Beitelshees AL, Gaedigk A, Walker JR, Pauly DF, Eberst K, et al. Pharmacokinetics and

CYP2D6 genotypes do not predict metoprolol adverse events or efficacy in hypertension. Clin Pharma-

col Ther. 2004; 76(6):536–44. Epub 2004/12/14. https://doi.org/10.1016/j.clpt.2004.08.020 PMID:

15592325.

24. Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH: using sequence and genotype data to estimate

haplotypes and unobserved genotypes. Genet Epidemiol. 2010; 34(8):816–34. Epub 2010/11/09.

https://doi.org/10.1002/gepi.20533 PMID: 21058334.

APOL1 and angiotensin receptor blockade

PLOS ONE | https://doi.org/10.1371/journal.pone.0221957 September 18, 2019 13 / 15

https://doi.org/10.1038/ki.2014.255
http://www.ncbi.nlm.nih.gov/pubmed/25054777
https://doi.org/10.1038/ki.2014.254
https://doi.org/10.1038/ki.2014.254
http://www.ncbi.nlm.nih.gov/pubmed/25029429
https://doi.org/10.1016/j.kint.2016.02.032
https://doi.org/10.1016/j.kint.2016.02.032
http://www.ncbi.nlm.nih.gov/pubmed/27157696
https://doi.org/10.1016/j.kint.2017.03.028
http://www.ncbi.nlm.nih.gov/pubmed/28545715
https://doi.org/10.1016/j.kint.2017.05.030
http://www.ncbi.nlm.nih.gov/pubmed/28938952
https://doi.org/10.1016/j.jacc.2017.01.040
http://www.ncbi.nlm.nih.gov/pubmed/28335839
https://doi.org/10.1161/CIRCGENETICS.112.964080
http://www.ncbi.nlm.nih.gov/pubmed/23087401
https://doi.org/10.1161/HYPERTENSIONAHA.111.00436
http://www.ncbi.nlm.nih.gov/pubmed/23753411
https://doi.org/10.1046/j.1523-1755.2002.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/11849460
https://doi.org/10.1038/ajh.2010.98
https://doi.org/10.1038/ajh.2010.98
http://www.ncbi.nlm.nih.gov/pubmed/20725057
https://doi.org/10.1161/HYPERTENSIONAHA.115.06345
https://doi.org/10.1161/HYPERTENSIONAHA.115.06345
http://www.ncbi.nlm.nih.gov/pubmed/26729753
https://doi.org/10.1038/ajh.2007.24
http://www.ncbi.nlm.nih.gov/pubmed/18091745
https://doi.org/10.1038/clpt.2014.62
http://www.ncbi.nlm.nih.gov/pubmed/24637943
https://doi.org/10.1016/j.ahj.2008.11.018
https://doi.org/10.1016/j.ahj.2008.11.018
http://www.ncbi.nlm.nih.gov/pubmed/19249413
https://doi.org/10.1371/journal.pone.0068095
http://www.ncbi.nlm.nih.gov/pubmed/23874508
https://doi.org/10.1016/j.clpt.2004.08.020
http://www.ncbi.nlm.nih.gov/pubmed/15592325
https://doi.org/10.1002/gepi.20533
http://www.ncbi.nlm.nih.gov/pubmed/21058334
https://doi.org/10.1371/journal.pone.0221957


25. Li Y, Willer C, Sanna S, Abecasis G. Genotype imputation. Annu Rev Genomics Hum Genet. 2009;

10:387–406. Epub 2009/09/01. https://doi.org/10.1146/annurev.genom.9.081307.164242 PMID:

19715440.

26. Rau T, Wuttke H, Michels LM, Werner U, Bergmann K, Kreft M, et al. Impact of the CYP2D6 genotype

on the clinical effects of metoprolol: a prospective longitudinal study. Clin Pharmacol Ther. 2009;

85(3):269–72. Epub 2008/11/28. https://doi.org/10.1038/clpt.2008.218 PMID: 19037197.

27. Kasembeli AN, Duarte R, Ramsay M, Mosiane P, Dickens C, Dix-Peek T, et al. APOL1 Risk Variants

Are Strongly Associated with HIV-Associated Nephropathy in Black South Africans. J Am Soc Nephrol.

2015; 26(11):2882–90. Epub 2015/03/20. https://doi.org/10.1681/ASN.2014050469 PMID: 25788523.

28. Dummer PD, Limou S, Rosenberg AZ, Heymann J, Nelson G, Winkler CA, et al. APOL1 Kidney Dis-

ease Risk Variants: An Evolving Landscape. Semin Nephrol. 2015; 35(3):222–36. Epub 2015/07/29.

https://doi.org/10.1016/j.semnephrol.2015.04.008 PMID: 26215860.

29. Ma L, Shelness GS, Snipes JA, Murea M, Antinozzi PA, Cheng D, et al. Localization of APOL1 protein

and mRNA in the human kidney: nondiseased tissue, primary cells, and immortalized cell lines. J Am

Soc Nephrol. 2015; 26(2):339–48. Epub 2014/07/12. https://doi.org/10.1681/ASN.2013091017 PMID:

25012173.

30. Chen TK, Appel LJ, Grams ME, Tin A, Choi MJ, Lipkowitz MS, et al. APOL1 Risk Variants and Cardio-

vascular Disease: Results From the AASK (African American Study of Kidney Disease and Hyperten-

sion). Arterioscler Thromb Vasc Biol. 2017; 37(9):1765–9. Epub 2017/06/03. https://doi.org/10.1161/

ATVBAHA.117.309384 PMID: 28572159.

31. Hughson MD, Hoy WE, Mott SA, Bertram JF, Winkler CA, Kopp JB. APOL1 Risk Variants Indepen-

dently Associated With Early Cardiovascular Disease Death. Kidney Int Rep. 2018; 3(1):89–98. Epub

2018/01/18. https://doi.org/10.1016/j.ekir.2017.08.007 PMID: 29340318.

32. Franceschini N, Kopp JB, Barac A, Martin LW, Li Y, Qian H, et al. Association of APOL1 With Heart Fail-

ure With Preserved Ejection Fraction in Postmenopausal African American Women. JAMA Cardiol.

2018; 3(8):712–20. Epub 2018/07/05. https://doi.org/10.1001/jamacardio.2018.1827 PMID: 29971324.

33. Larsen CP, Beggs ML, Saeed M, Ambruzs JM, Cossey LN, Messias NC, et al. Histopathologic findings

associated with APOL1 risk variants in chronic kidney disease. Mod Pathol. 2015; 28(1):95–102. Epub

2014/08/02. https://doi.org/10.1038/modpathol.2014.92 PMID: 25081748.

34. Williams SF, Nicholas SB, Vaziri ND, Norris KC. African Americans, hypertension and the renin angio-

tensin system. World J Cardiol. 2014; 6(9):878–89. Epub 2014/10/03. https://doi.org/10.4330/wjc.v6.i9.

878 PMID: 25276290.

35. Weir MR, Gray JM, Paster R, Saunders E. Differing mechanisms of action of angiotensin-converting

enzyme inhibition in black and white hypertensive patients. The Trandolapril Multicenter Study Group.

Hypertension. 1995; 26(1):124–30. Epub 1995/07/01. https://doi.org/10.1161/01.hyp.26.1.124 PMID:

7607715.

36. Fisher ND, Price DA, Litchfield WR, Williams GH, Hollenberg NK. Renal response to captopril reflects

state of local renin system in healthy humans. Kidney Int. 1999; 56(2):635–41. Epub 1999/08/05.

https://doi.org/10.1046/j.1523-1755.1999.00579.x PMID: 10432403.

37. Price DA, Porter LE, Gordon M, Fisher ND, De’Oliveira JM, Laffel LM, et al. The paradox of the low-

renin state in diabetic nephropathy. J Am Soc Nephrol. 1999; 10(11):2382–91. Epub 1999/11/30.

PMID: 10541298.

38. Kraus DM, Elliott GS, Chute H, Horan T, Pfenninger KH, Sanford SD, et al. CSMD1 is a novel multiple

domain complement-regulatory protein highly expressed in the central nervous system and epithelial

tissues. J Immunol. 2006; 176(7):4419–30. Epub 2006/03/21. https://doi.org/10.4049/jimmunol.176.7.

4419 PMID: 16547280.

39. Chittani M, Zaninello R, Lanzani C, Frau F, Ortu MF, Salvi E, et al. TET2 and CSMD1 genes affect SBP

response to hydrochlorothiazide in never-treated essential hypertensives. J Hypertens. 2015; 33

(6):1301–9. Epub 2015/02/20. https://doi.org/10.1097/HJH.0000000000000541 PMID: 25695618.

40. He J, Kelly TN, Zhao Q, Li H, Huang J, Wang L, et al. Genome-wide association study identifies 8 novel

loci associated with blood pressure responses to interventions in Han Chinese. Circ Cardiovasc Genet.

2013; 6(6):598–607. Epub 2013/10/30. https://doi.org/10.1161/CIRCGENETICS.113.000307 PMID:

24165912.

41. Honda M, Ogura Y, Toyoda W, Taguchi M, Nozawa T, Inoue H, et al. Multiple regression analysis of

pharmacogenetic variability of carvedilol disposition in 54 healthy Japanese volunteers. Biol Pharm

Bull. 2006; 29(4):772–8. Epub 2006/04/06. https://doi.org/10.1248/bpb.29.772 PMID: 16595916.

42. Koriyama H, Nakagami H, Katsuya T, Sugimoto K, Yamashita H, Takami Y, et al. Identification of evi-

dence suggestive of an association with peripheral arterial disease at the OSBPL10 locus by genome-

wide investigation in the Japanese population. J Atheroscler Thromb. 2010; 17(10):1054–62. Epub

2010/07/09. https://doi.org/10.5551/jat.4291 PMID: 20610895.

APOL1 and angiotensin receptor blockade

PLOS ONE | https://doi.org/10.1371/journal.pone.0221957 September 18, 2019 14 / 15

https://doi.org/10.1146/annurev.genom.9.081307.164242
http://www.ncbi.nlm.nih.gov/pubmed/19715440
https://doi.org/10.1038/clpt.2008.218
http://www.ncbi.nlm.nih.gov/pubmed/19037197
https://doi.org/10.1681/ASN.2014050469
http://www.ncbi.nlm.nih.gov/pubmed/25788523
https://doi.org/10.1016/j.semnephrol.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/26215860
https://doi.org/10.1681/ASN.2013091017
http://www.ncbi.nlm.nih.gov/pubmed/25012173
https://doi.org/10.1161/ATVBAHA.117.309384
https://doi.org/10.1161/ATVBAHA.117.309384
http://www.ncbi.nlm.nih.gov/pubmed/28572159
https://doi.org/10.1016/j.ekir.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/29340318
https://doi.org/10.1001/jamacardio.2018.1827
http://www.ncbi.nlm.nih.gov/pubmed/29971324
https://doi.org/10.1038/modpathol.2014.92
http://www.ncbi.nlm.nih.gov/pubmed/25081748
https://doi.org/10.4330/wjc.v6.i9.878
https://doi.org/10.4330/wjc.v6.i9.878
http://www.ncbi.nlm.nih.gov/pubmed/25276290
https://doi.org/10.1161/01.hyp.26.1.124
http://www.ncbi.nlm.nih.gov/pubmed/7607715
https://doi.org/10.1046/j.1523-1755.1999.00579.x
http://www.ncbi.nlm.nih.gov/pubmed/10432403
http://www.ncbi.nlm.nih.gov/pubmed/10541298
https://doi.org/10.4049/jimmunol.176.7.4419
https://doi.org/10.4049/jimmunol.176.7.4419
http://www.ncbi.nlm.nih.gov/pubmed/16547280
https://doi.org/10.1097/HJH.0000000000000541
http://www.ncbi.nlm.nih.gov/pubmed/25695618
https://doi.org/10.1161/CIRCGENETICS.113.000307
http://www.ncbi.nlm.nih.gov/pubmed/24165912
https://doi.org/10.1248/bpb.29.772
http://www.ncbi.nlm.nih.gov/pubmed/16595916
https://doi.org/10.5551/jat.4291
http://www.ncbi.nlm.nih.gov/pubmed/20610895
https://doi.org/10.1371/journal.pone.0221957


43. Jerng HH, Dougherty K, Covarrubias M, Pfaffinger PJ. A novel N-terminal motif of dipeptidyl peptidase-

like proteins produces rapid inactivation of KV4.2 channels by a pore-blocking mechanism. Channels

(Austin). 2009; 3(6):448–61. Epub 2009/11/11. https://doi.org/10.4161/chan.3.6.10216 PMID:

19901547.

44. Strop P, Bankovich AJ, Hansen KC, Garcia KC, Brunger AT. Structure of a human A-type potassium

channel interacting protein DPPX, a member of the dipeptidyl aminopeptidase family. J Mol Biol. 2004;

343(4):1055–65. Epub 2004/10/13. https://doi.org/10.1016/j.jmb.2004.09.003 PMID: 15476821.

45. Li XG, Zhang JH, Xie MQ, Liu MS, Li BH, Zhao YH, et al. Association between DPP6 polymorphism and

the risk of sporadic amyotrophic lateral sclerosis in Chinese patients. Chin Med J (Engl). 2009; 122

(24):2989–92. Epub 2010/02/09. PMID: 20137488.

46. Liao C, Fu F, Li R, Yang WQ, Liao HY, Yan JR, et al. Loss-of-function variation in the DPP6 gene is

associated with autosomal dominant microcephaly and mental retardation. Eur J Med Genet. 2013;

56(9):484–9. Epub 2013/07/09. https://doi.org/10.1016/j.ejmg.2013.06.008 PMID: 23832105.

47. Prontera P, Napolioni V, Ottaviani V, Rogaia D, Fusco C, Augello B, et al. DPP6 gene disruption in a

family with Gilles de la Tourette syndrome. Neurogenetics. 2014; 15(4):237–42. Epub 2014/08/19.

https://doi.org/10.1007/s10048-014-0418-9 PMID: 25129042.

48. Ten Sande JN, Postema PG, Boekholdt SM, Tan HL, van der Heijden JF, de Groot NM, et al. Detailed

characterization of familial idiopathic ventricular fibrillation linked to the DPP6 locus. Heart Rhythm.

2016; 13(4):905–12. Epub 2015/12/19. https://doi.org/10.1016/j.hrthm.2015.12.006 PMID: 26681609.

49. Wright JT Jr., Bakris G, Greene T, Agodoa LY, Appel LJ, Charleston J, et al. Effect of blood pressure

lowering and antihypertensive drug class on progression of hypertensive kidney disease: results from

the AASK trial. Jama. 2002; 288(19):2421–31. Epub 2002/11/21. https://doi.org/10.1001/jama.288.19.

2421 PMID: 12435255.

50. Oliveira-Paula GH, Luizon MR, Lacchini R, Fontana V, Silva PS, Biagi C, et al. Gene-Gene Interactions

Among PRKCA, NOS3 and BDKRB2 Polymorphisms Affect the Antihypertensive Effects of Enalapril.

Basic Clin Pharmacol Toxicol. 2017; 120(3):284–91. Epub 2016/10/04. https://doi.org/10.1111/bcpt.

12682 PMID: 27696692.

51. Turner ST, Bailey KR, Schwartz GL, Chapman AB, Chai HS, Boerwinkle E. Genomic association analy-

sis identifies multiple loci influencing antihypertensive response to an angiotensin II receptor blocker.

Hypertension. 2012; 59(6):1204–11. Epub 2012/05/09. https://doi.org/10.1161/HYP.

0b013e31825b30f8 PMID: 22566498.

52. Schwartz GL, Bailey K, Chapman AB, Boerwinkle E, Turner ST. The role of plasma renin activity, age,

and race in selecting effective initial drug therapy for hypertension. Am J Hypertens. 2013; 26(8):957–

64. Epub 2013/04/18. https://doi.org/10.1093/ajh/hpt047 PMID: 23591988.

53. Ku E, Lipkowitz MS, Appel LJ, Parsa A, Gassman J, Glidden DV, et al. Strict blood pressure control

associates with decreased mortality risk by APOL1 genotype. Kidney Int. 2017; 91(2):443–50. Epub

2016/12/09. https://doi.org/10.1016/j.kint.2016.09.033 PMID: 27927600.

54. Fu Y, Zhu JY, Richman A, Zhang Y, Xie X, Das JR, et al. APOL1-G1 in Nephrocytes Induces Hypertro-

phy and Accelerates Cell Death. J Am Soc Nephrol. 2016. Epub 2016/11/20. https://doi.org/10.1681/

ASN.2016050550 PMID: 27864430.

55. Kruzel-Davila E, Shemer R, Ofir A, Bavli-Kertselli I, Darlyuk-Saadon I, Oren-Giladi P, et al. APOL1-

Mediated Cell Injury Involves Disruption of Conserved Trafficking Processes. J Am Soc Nephrol. 2016.

Epub 2016/11/20. https://doi.org/10.1681/ASN.2016050546 PMID: 27864431.

APOL1 and angiotensin receptor blockade

PLOS ONE | https://doi.org/10.1371/journal.pone.0221957 September 18, 2019 15 / 15

https://doi.org/10.4161/chan.3.6.10216
http://www.ncbi.nlm.nih.gov/pubmed/19901547
https://doi.org/10.1016/j.jmb.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15476821
http://www.ncbi.nlm.nih.gov/pubmed/20137488
https://doi.org/10.1016/j.ejmg.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/23832105
https://doi.org/10.1007/s10048-014-0418-9
http://www.ncbi.nlm.nih.gov/pubmed/25129042
https://doi.org/10.1016/j.hrthm.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26681609
https://doi.org/10.1001/jama.288.19.2421
https://doi.org/10.1001/jama.288.19.2421
http://www.ncbi.nlm.nih.gov/pubmed/12435255
https://doi.org/10.1111/bcpt.12682
https://doi.org/10.1111/bcpt.12682
http://www.ncbi.nlm.nih.gov/pubmed/27696692
https://doi.org/10.1161/HYP.0b013e31825b30f8
https://doi.org/10.1161/HYP.0b013e31825b30f8
http://www.ncbi.nlm.nih.gov/pubmed/22566498
https://doi.org/10.1093/ajh/hpt047
http://www.ncbi.nlm.nih.gov/pubmed/23591988
https://doi.org/10.1016/j.kint.2016.09.033
http://www.ncbi.nlm.nih.gov/pubmed/27927600
https://doi.org/10.1681/ASN.2016050550
https://doi.org/10.1681/ASN.2016050550
http://www.ncbi.nlm.nih.gov/pubmed/27864430
https://doi.org/10.1681/ASN.2016050546
http://www.ncbi.nlm.nih.gov/pubmed/27864431
https://doi.org/10.1371/journal.pone.0221957

