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APOL1 Risk Variants Associate With the 
Prevalence of Stroke in African American 
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Eveline Oestreicher Stock , MD; Mary J. Malloy , MD; John P. Kane , MD, PhD

BACKGROUND: African American smokers have 2.5 times higher risk for stroke compared with nonsmokers (higher than other 
races). About 50% of the African American population carry 1 or 2 genetic variants (G1 and G2; rare in other races) of the apoli-
poprotein L1 gene (APOL1). Studies showed these variants may be associated with stroke. However, the role of the APOL1 risk 
variants in tobacco-related stroke is unknown.

METHODS AND RESULTS: In a cross-sectional study, we examined whether APOL1 risk variants modified the relationship between 
tobacco smoking and stroke prevalence in 513 African American adults recruited at University of California, San Francisco. 
Using DNA, plasma, and questionnaires we determined APOL1 variants, smoking status, and stroke prevalence. Using logis-
tic regression models, we examined the association between smoking (ever versus never smokers) and stroke overall, and 
among carriers of APOL1 risk variants (1 or 2 risk alleles), and noncarriers, separately. Among participants, 41% were ever (cur-
rent and past) smokers, 54% were carriers of the APOL1 risk variants, and 41 had a history of stroke. The association between 
smoking and stroke differed by APOL1 genotype (Pinteraction term=0.014). Among carriers, ever versus never smokers had odds 
ratio (OR) 2.46 (95% CI, 1.08–5.59) for stroke (P=0.034); OR 2.00 (95% CI, 0.81–4.96) among carriers of 1 risk allele, and OR 
4.72 (95% CI, 0.62–36.02) for 2 risk alleles. Among noncarriers, smoking was not associated with a stroke.

CONCLUSIONS: Current and past smokers who carry APOL1 G1 and/or G2 risk variants may be more susceptible to stroke 
among the African American population.
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African American/Black people (hereafter re-
ferred to as African American) have a dispropor-
tionately higher risk for stroke compared with all 

other races in the United States, which is only par-
tially explained by differences in traditional risk factors 
and socioeconomic inequalities.1,2 Tobacco smoking, 
a well-known independent risk factor for stroke, has 
been shown to be responsible for roughly one-fifth 
of all strokes in the United States.3,4 Yet, limited data 
are available on the relationship between smoking 
and stroke among the African American population. 

Recently, in a prospective cohort study, African 
American current smokers were found to have 2.5 
times higher risk for stroke compared with African 
American nonsmokers.5 In contrast, the relative risk 
of stroke comparing current versus never smokers is 
~1.5 in people who identify as non-Hispanic White.5,6 
The potentially greater risk of stroke attributable to 
tobacco smoking among the African American popu-
lation, compared with people who identify with other 
races,5 underscores the necessity to better under-
stand the cause of this relationship.
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Many traditional risk factors for cardiovascular dis-
eases, including stroke, such as systolic hypertension, 
diabetes, body mass index, tobacco smoking, and dys-
lipidemia, have been identified from the Framingham 
Heart Study, a prospective cohort study that has been 
conducted with White individuals of European descent 
in 1 geographic area of the United States.6–9 There 
are growing number of cohorts involving more diverse 
participants, such as Reasons for Geographic and 
Racial Differences in Stroke, the Multi-Ethnic Study 
of Atherosclerosis, Jackson Heart Study, and others, 
including a new wave of Framingham cohort itself, to 
better understand cardiovascular risk factors in under-
studied populations.2,10–12 Recent reports suggest that 
high prevalence of other social and structural factors, 
such as lack of health insurance or limited access to 
health care, in addition to well-established ones, could 
increase individual risk for stroke2 and may provide 
partial explanation for some of the excess burden 
among the African American population. Nevertheless, 
the literature to date is limited regarding risk factors for 
cardiovascular disease among people from more ra-
cially and ethnically diverse populations, underscoring 
the need for a better understanding of other contrib-
utors to the unexplained portion of the excess stroke 
risk among the African American population.

Two clinically important variants in the apolipo-
protein L1 (APOL1) gene (G1 and G2) are common 

among the African American population in the United 
States, with approximately 50% carrying at least 1 risk 
allele.13–15 These risk alleles, APOL1 G1 and G2, are 
extremely rare in populations not sharing African an-
cestry by admixture.13 The APOL1 gene encodes the 
apoL1 protein, found on high-density lipoprotein (HDL) 
particles.14 ApoL1 has an important function in the in-
nate immune responses to Trypanosoma brucei.13 The 
G1 and G2 variants in the terminal exon of the APOL1 
extend protection to Trypanosoma brucei strains that 
cause human African trypanosomiasis.16,17

Additionally, the presence of APOL1 G1 and G2 
variants is associated with increased risk for kidney 
disease, with estimated odds ratios of 3 to 29 among 
populations of sub-Saharan African descent.13,16 In fact, 
APOL1 G1 and G2 variants explain a substantial frac-
tion of the excess risk for nondiabetic kidney disease in 
African American men and women.13 Interestingly, sev-
eral studies examining a relationship between these 
variants and risk of stroke reported an increased risk 
for stroke among carriers of the APOL1 G1 and G2 
variants.14,15,18 However, other studies failed to find an 
association.19–21 In a transgenic mice study, a biologic 
mechanism involved in kidney disease development in 
carriers of the APOL1 risk genotype was found to de-
pend not only on presence of G1 and G2 risk variants 
but also on risk variant expression levels,22 suggest-
ing an increase of apoL1 levels to be the second hit 
needed for disease development. Given that tobacco 
smoking-related inflammation may increase the lev-
els of apoL1,23 which has been shown to accumulate 
in coronary plaques of APOL1 G1 and/or G2 variant 
carriers leading to its rupture,24 unraveling the role of 
these variants among the African American population 
in tobacco related-stroke is needed. Therefore, in our 
cross-sectional study, we assessed whether the pres-
ence of APOL1 risk genotypes modified the associa-
tion between tobacco smoking and stroke prevalence 
among 513 African American adults.

METHODS
Study Participants
Participants (N=527) attending the University 
of California, San Francisco (UCSF) Lipid and 
Endocrinology Clinics between 1999 and 2019 
were recruited into the UCSF Genomic Resource in 
Arteriosclerosis study.25 Participants were excluded 
from the study if they were younger than 18 years or 
did not have available information about their smok-
ing or stroke history (N=14). After exclusions, 513 self-
reported African American adults (52% female) were 
included in the study. All participants gave written in-
formed consent before enrollment in the study, which 
adhered to the World Medical Association Declaration 

RESEARCH PERSPECTIVE

What Is New?
•	 Two clinically important variants (G1 and G2) 

of apoL1 (apolipoprotein L1), which are com-
mon among the African American population 
and very rare in people identifying with other 
races, are associated with a higher prevalence 
of stroke among current and past smokers.

•	 Tobacco smoking may serve as a second hit 
(in addition to the presence of APOL1 genetic 
variants) making carriers of these variants more 
susceptible to tobacco-related stroke.

What Question Should Be Addressed 
Next?
•	 Our findings warrant further investigation of the 

role APOL1 risk variants play as a risk factor for 
stroke among smokers in prospective studies, 
particularly for ischemic stroke, and after ac-
counting for differences in smoking history, as 
well as the elucidation of the underlying mecha-
nisms that make carriers of APOL1 risk variants 
more susceptible to tobacco-related stroke, 
which could reveal targets for treatment and 
prevention.
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of Helsinki. The UCSF Institutional Review Board as 
part of the UCSF Human Research Protection Program 
approved the study. The data that support the findings 
of this study are available from the corresponding au-
thor on reasonable request.

Study Design
We conducted a cross-sectional study to examine 
whether the APOL1 genotype modified the relationship 
between smoking history and stroke prevalence in 
African American adults. At the time when participants 
were recruited, blood samples were collected and 
participants completed a questionnaire to document 
demographic characteristics, medical history (includ-
ing history of stroke), and clinically important lifestyle 
factors.

Ascertainment of Stroke
Briefly, the history of stroke was determined from the 
medical history reported in questionnaires. When 
available, medical records with neuroimaging (com-
puted tomography or magnetic resonance imaging) 
and medical notes were retrieved and reviewed by a 
physician to confirm self-report and ascertain stroke 
type. Reported diagnosis with physician adjudication 
was used to classify the stroke events as an ischemic 
stroke or hemorrhagic stroke.

Blood Collection, Lipid and Lipoprotein 
Analyses, and DNA Preparation
Blood was collected in tubes containing 0.1% ethyl-
enediaminetetraacetic acid after overnight fasting. 
When these samples were collected, blood was cen-
trifuged at 1000g for 15 minutes at 4 °C and plasma 
separated. An automated chemical analyzer (COBAS 
Chemistry analyzer) was used to measure levels of 
total cholesterol, HDL cholesterol, and triglyceride in 
plasma as described previously.26 Very low-density li-
poprotein (LDL) was prepared by ultracentrifugation.27 
HDL cholesterol was measured after precipitation of 
apoB-containing lipoproteins with dextran sulfate and 
magnesium.28 LDL cholesterol was calculated as total 
cholesterol minus HDL cholesterol plus very LDL cho-
lesterol or using the Friedewald equation when triglyc-
eride was <400 mg/dL. Genomic DNA was extracted 
using the Wizard purification kit (Qiagen).29 Both, DNA 
and plasma aliquots were stored at −80 °C.

Clinical and Lifestyle Covariates
Hypertension was defined as blood pres-
sure≥140/90 mm Hg or use of blood pressure–low-
ering medication. Type 2 diabetes was defined as 
fasting glucose ≥126 mg/dL or hemoglobin A1c≥6.5% 

or use of diabetic medication within 2 weeks before 
the clinic visit. Dyslipidemia was defined as age- and 
sex-normalized triglyceride or LDL cholesterol >90th 
percentile or HDL cholesterol <5th percentile, or use 
of lipid–lowering medication. A participant was defined 
as being physically active if they reported exercising 
≥30 minutes (including walking) more than twice per 
week, and alcohol intake as being drunk more than 
twice per week. Kidney disease is an independent 
risk factor for stroke. Carriers of 2 APOL1 risk alleles 
have excess risk for kidney disease. To assess mark-
ers of kidney function, we measured plasma creati-
nine (mg/dL) following the manufacturer’s instructions 
(QuantiChrom™ Creatinine Assay Kit, BioAssay 
Systems, Hayward, CA). Using creatinine levels, age, 
and sex, estimated glomerular filtration rate was calcu-
lated; a value <60 mL/min per 1.73 m2 indicated mild to 
moderate loss of kidney function).

Smoking Status
Smoking status was obtained from the self-reported 
smoking information in the questionnaire. Participants 
who answered yes to “Do you CURRENTLY smoke 
cigarettes?” were classified as current smokers. 
Participants who answered yes to “Are you a PAST 
smoker?” were classified as past smokers. Participants 
who responded no to these 2 questions were classi-
fied as never smokers. Cotinine, a main metabolite of 
nicotine, is the most commonly used biomarker of to-
bacco smoke exposure due to its relatively long half-life 
of ~16 hours.30 To validate self-reported smoking sta-
tus, plasma nicotine and cotinine levels were meas-
ured by gas chromatography at the UCSF Tobacco 
Biomarkers Core Facility. Briefly, concentrations of 
nicotine and cotinine were determined by gas chroma-
tography with nitrogen-phosphorus detection,31 using 
5-methylnicotine and 1-methyl-5-(2-pyridyl)-pyrrolidin-  
2-one (ortho-cotinine) as internal standards. This 
method has been modified for simultaneous extraction 
of nicotine and cotinine with determination using capil-
lary gas chromatography.32 The limits of quantitation 
are 1 ng/mL for nicotine and 10 ng/mL for cotinine. We 
compared self-reported smoking status with plasma 
nicotine and cotinine levels. From 473 (92%) available 
plasma samples, 58 (12%) participants had cotinine or 
nicotine levels detected. From 58 participants who had 
tobacco exposure markers in the plasma, 39 (67%) were 
self-reported current smokers, 13 (22%) self-reported 
past smokers, and 6 (10%) self-reported never smok-
ers. All participants with detected cotinine or nicotine 
in plasma were reclassified as current smokers. We did 
not detect tobacco-exposure markers in the plasma 
of 7 self-reported current smokers. Nevertheless, we 
considered them to be current smokers.
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APOL1 Genotype Status
Polymerase chain reaction products were generated 
from primers (AAAAC​TGG​CAC​GAT​AAAGGC and CATAT  
​CTC​TCC​TGG​TGGCTG) designed using MacVector soft-
ware (MacVector, Inc.).29 Sanger sequencing of exon 
6 of APOL1 gene was performed by the Quintara 
Biosciences. Sequencing chromatograms were ana-
lyzed using MacVector software (MacVector, Inc.) and 
APOL1 genotypes determined separately by 2 people. 
Participants’ APOL1 genotypes were scored as G0/
G0, G1/G0, G2/G0, G1/G1, G2/G2, or G1/G2. Based on 
scoring, participants were divided in 2 groups, APOL1 
risk genotype group and APOL1 reference group. 
Participants were assigned to APOL1 risk genotype 
group if having 2 risk alleles (G1/G1, G2/G2, G1/G2) 
or 1 risk allele (G1/G0, G2/G0, G0/G0) and to APOL1 
reference group if having 0 risk variants (G0/G0).

Statistical Analysis
Statistical analyses were conducted using R (ver-
sion 4.2.0) statistical software. A significance level 
of 2-sided α<0.05 was used to determined statistical 
significance. All variables were checked for missing 
values and skewness. Participants’ characteristics 
including demographics, medical history, smoking 
status, and APOL1 genotype status were examined 
and summarized for all participants and by smoking 
status. The P values and the descriptive statistics 
including the mean±SD, median [range] for continu-
ous variables, or N (%) frequency distributions and 
percentages for binary and categorical variables are 
presented. A comparison of the distributions was 
performed using either an unpaired t test for each 
continuous variable or Pearson χ2 test for each cat-
egorical variable.

We used logistic regression models with Firth’s 
bias reduction method (logistf package in R) to assess 
the relationship between smoking (ever versus never 
smokers) and odds of stroke history. To control for po-
tential confounding when examining smoking in rela-
tion to stroke, we adjusted for age, sex, dyslipidemia, 
hypertension, diabetes, body mass index, and esti-
mated glomerular filtration rate. We used multivariate 
imputation via chained equations (MICE package) with 
predictive mean matching (pmm) method in R to deal 
with missing values among covariates. The package 
assumes the missing values are missing at random. 
Alcohol intake and exercise were excluded from the 
final model because more than 30% participants had 
missing values for these variables. To assess whether 
physical activity or alcohol intake were potential con-
founders for the association between smoking history 
and stroke prevalence, we ran sensitivity analyses 
among participants who had data available for these 

variables, adding the variables to our full model, and 
did not observe significant changes in the results.

To test for effect modification of the association 
between smoking and odds of stroke history by the 
APOL1 risk genotype, we created an interaction term 
between the dichotomous smoking variable and the 
APOL1 genotype variable (yes/no) and included the 
interaction term in our multivariate model. Given that 
the interaction term was significant, we also examined 
the association between smoking and stroke stratified 
by the APOL1 groups (APOL1 reference and APOL1 
risk genotype group). To further quantity the extent to 
which, on the odds ratio (OR) scale, the association 
between smoking history and odds of stroke differed 
by APOL1 risk genotype, we used the interactionR 
package in R. Secondarily, we examined the relation-
ship between smoking and stroke among carriers of 
the APOL1 reference genotype, carriers of 1 APOL1 
risk variant, and carriers of 2 APOL1 risk variants sep-
arately. Lastly, in a sensitivity analysis, we assessed 
the association between smoking history and odds of 
ischemic stroke in a subgroup of 493 participants (we 
excluded 20 participants with unknown stroke type).

RESULTS
Participant Characteristics
Participant characteristics are shown in Table 1. Among 
all participants, after validating current smoking status 
by measuring tobacco exposure markers, 210 (41%) 
were ever smokers, 70 (14%) were current smokers, 
and 140 (27%) were past smokers. The average age of 
participants was 57.3±13.9 years (range: 18–88 years). 
The never smoker group was younger, on average, 
than the ever smoker group (56.1±14.8 years versus 
59.0±12.4 years) with the majority being women in never 
smoker (57%) and men in ever smoker (55%) groups. 
The average body mass index was 28.6±7.0 kg/m2 with 
no significant difference in body mass index between the 
never and ever smoker groups. The ever smoker group 
had greater prevalence of hypertension, diabetes, and 
dyslipidemia (68%, 33%, 61%, respectively) than the 
never smoker group (46%, 23%, 41%, respectively). In 
contrast, the never smoker group had more physically 
active participants and fewer participants who reported 
being drunk more than twice per week (63% and 12%, 
respectively) compared with the ever smoker group (43% 
and 20%, respectively). Among all participants, 54% had 
a APOL1 risk genotype (1 or 2 risk alleles) with 12% hav-
ing 2 APOL1 risk alleles and 41% having 1 APOL1 risk 
allele (Table 2). Out of 41 stroke cases, 21 had available 
medical records. In all 21 stroke cases with available 
medical records, stroke types were determined to be an 
ischemic, and not hemorrhagic, strokes.
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Prevalence of Stroke in Never and Ever 
Smokers Differs by APOL1 Genotype
Overall, we identified 41 stroke events among all par-
ticipants, 22 events (11%) among ever smokers and 19 
(6%) among never smokers. Carriers of the APOL1 refer-
ence genotype had similar prevalence of stroke events 
among ever and never smokers; 5 (5%) and 10 (7%) 
stroke events, respectively. Among carriers of the APOL1 
risk genotypes, ever smokers had significantly greater 
prevalence of stroke compared with never smokers; 17 
(15%) versus 9 (6%) stroke events (Table 3). Similar trend 
was observed for ischemic stroke events. Participants 
with APOL1 reference genotype had similar preva-
lence of ischemic stroke events among ever and never 

smokers; 2 (2%) and 5 (4%) ischemic stroke events, re-
spectively. Among carriers of the APOL1 risk genotypes, 
ever smokers had significantly greater prevalence of is-
chemic stroke compared with never smokers, 12 (11%) 
versus 2 (1%) ischemic stroke events (Table 6).

Association of APOL1 Risk Genotype With 
Prevalence of Tobacco-Related Stroke
In our crude and adjusted multivariate regression mod-
els including the interaction term (ever smoker×APOL1 
genotype), the association between smoking history  
and history of stroke differed by APOL1 genotype 
(Pinteraction=0.032, Pinteraction=0.014, respectively), so we re-
ported the data stratified by APOL1 genotype in Table 3. 
In carriers of the APOL1 risk genotype, ever smok-
ers had 2.46 times the odds of stroke compared with 
never smokers (95% CI, 1.08–5.59; adjusted P=0.034). 
In contrast, ever smoking was not associated with his-
tory of stroke among people with the APOL1 reference 
genotype. Among ever smokers, carriers of the APOL1 
risk genotypes had 3.9 (95% CI, 1.3–11.6) times greater 
odds of stroke compared with noncarriers; there was no 
association between APOL1 risk versus reference geno-
type and stroke among never smokers. Additionally, 

Table 1.  Characteristics of 513 African American Adults in the Cross-Sectional Study (Enrolled Between 1999 and 2019)

All (N=513) Never smokers (N=303) Ever smokers (N=210) P value

Age, y

Mean±SD 57.3±13.9 56.1±14.8 59.1±12.4 0.016

Median [range] 58 [18–88] 57.5 [18–88] 59 [28–86]

Sex, female

N (%) 268 (52) 174 (57) 94 (45) 0.006

Body mass index, kg/m2

Mean±SD 28.6±7.0 28.1±6.7 29.1±7.4 0.138

Missing, N (%) 36 (7) 20 (7) 16 (8)

Hypertension, N (%) 278 (55) 139 (46) 139 (68) <0.001

Missing, N (%) 8 (2) 3 (1) 5 (2)

Diabetes, N (%) 137 (27) 68 (23) 69 (33) 0.011

Missing, N (%) 7 (1) 4 (1) 3 (1)

Dyslipidemia, N (%) 222 (49) 109 (41) 113 (61) <0.001

Missing, N (%) 61 (12) 35 (12) 26 (12)

Exercise, yes

N (%) 185 (55) 105 (63) 73 (43) <0.001

Missing, N (%) 177 (35) 135 (45) 42 (20)

Alcohol, yes

N (%) 57 (16) 21 (12) 34 (20) 0.061

Missing, N (%) 162 (32) 125 (41) 37 (18)

Creatinine, mg/dL

Mean±SD 1.5±1.0 1.4±0.7 1.7±1.3 0.035

Missing, N (%) 26 (5) 16 (5) 10 (5)

Estimated glomerular filtration 
rate <60 mL/min per 1.73 m2

300 (62) 158 (61) 109 (60) 0.473

Results are presented as mean±SD, or N (percentage). P values denote differences between smoking groups (ever smoker vs never smoker).

Table 2.  APOL1 Genotype Frequency

APOL1 
reference APOL1 risk genotype

O risk allele 
(G0/G0)

One risk allele 
(G0/G1, G2/G0)

Two risk alleles 
(G1/G1, G1/G2, 
G2/G2)

Total N (%) 238 (46) 212 (41) 63 (12)

APOL1 indicates apolipoprotein L1.
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individuals who were ever smokers and carriers of the 
APOL1 risk genotypes had 4.9 times the odds of stroke 
compared with individuals who were never smokers with 
the reference genotype, indicating an interaction on the 
multiplicative scale. Although this result was statistically 
significant, the 95% CI was very wide, and our data are 
consistent with the magnitude of this association rang-
ing a 1.1-fold to 21.1-fold increase in odds (Table 4). The 
numbers of participants and stroke events were too 
small to separate current and past smokers.

In an effort to determine whether presence of 2 
APOL1 risk alleles had a stronger effect on the asso-
ciations between smoking and stroke than 1 APOL1 
risk allele, we performed secondary analyses in 3 sub-
groups (APOL1 reference subgroup, APOL1 1 risk al-
lele subgroup, and APOL1 2 risk alleles subgroup). In 
our crude and adjusted multivariate regression models 
the OR for stroke comparing ever versus never smok-
ing increased with each increase in APOL1 risk alleles 
(0 versus 1 versus 2) (Table 5).

Sensitivity Analyses Examining 
Association of APOL1 Risk Genotype With 
Prevalence of Tobacco-Related Ischemic 
Stroke
Relationships between smoking history and ischemic 
stroke, overall and stratified by the APOL1 genotype 

status, are presented in Table 6. Among carriers of a 
APOL1 risk genotypes, ever smokers had 5.85 times 
the odds for an ischemic stroke compared with never 
smokers (95% CI, 1.62–21.09; adjusted P=0.005).

DISCUSSION
In this study, the presence of the APOL1 risk geno-
type modified the association between the smok-
ing history and history of stroke in African American 
adults. Overall, ever smokers had higher prevalence 
of stroke relative to never smokers. When the relation-
ship between smoking and stroke was assessed in the 
APOL1 subgroups separately, there was no associa-
tion among noncarriers of the APOL1 risk genotype. 
However, in carriers of APOL1 risk genotypes, history 
of smoking was strongly and independently associated 
with greater odds of stroke. In particular, carriers of 
APOL1 risk genotypes with a smoking history had 2.5 
times the odds of having had a stroke compared with 
never smokers, after adjusting for covariates. Further, 
the association between smoking history and stroke 
was almost 4 times greater in carriers than noncarriers 
of the APOL1 risk genotypes. Our sensitivity analysis 
implied the findings may be particularly strong for is-
chemic type of stroke. Overall, our results suggest that 
carriers of APOL1 risk genotypes may be susceptible 
to tobacco-related stroke. Given high frequency of the 

Table 4.  Full Report on the Interaction Between History of Smoking and APOL1 Risk Genotypes [95% CI] in Relation to 
Odds of Stroke Among 513 African American Adults

Never smokers Ever smokers
Effect of smoking within the 
strata of APOL1 genotypes

OR [95% CI] OR [95% CI] OR [95% CI]

APOL1 reference genotype 1 [Reference] 0.5 [0.1–1.5] 0.5 [0.1–1.5]

APOL1 risk genotype 0.8 [0.3–2.3] 1.9 [0.7–4.5] 2.4 [1.0–5.8]

Effect of APOL1 genotypes within the strata of 
smoking groups

0.8 [0.3–2.3] 3.9 [1.3–11.6]

Multiplicative scale 4.9 [1.1–21.1]

Models were adjusted for age, sex, dyslipidemia, hypertension, diabetes, body mass index, and estimated glomerular filtration rate. APOL1 indicates 
apolipoprotein L1; and OR, odds ratio.

Table 3.  Prevalence Odds Ratio [95% CI] for Stroke in Ever Smokers Compared With Never Smokers Among 513 African 
American Adults, Stratified by APOL1 Genotype Status

Events N (%)/total N 
among ever smokers

Events N (%)/total N 
among never smokers

Crude,  
OR [95% CI] P value

Adjusted,  
OR [95% CI] P value

Overall

Stroke 22 (11)/210 19 (6)/303 1.74 [0.92–3.28] 0.086 1.24 [0.65–2.37] 0.527

APOL1 reference group

Stroke 5 (5)/93 10 (7)/145 0.80 [0.28–2.33] 0.421 0.53 [0.19–1.51] 0.259

APOL1 risk genotype

Stroke 17 (15)/117 9 (6)/158 2.90 [1.27–6.59] 0.009 2.46 [1.08–5.59] 0.034

P values were obtained from logistic regression without and with adjustments for age, sex, dyslipidemia, hypertension, diabetes, body mass index, and 
estimated glomerular filtration rate. APOL1 indicates apolipoprotein L1; and OR, odds ratio.
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APOL1 risk genotypes in African American population, 
this study may offer an explanation, at least partially, to 
the excess burden of tobacco-related stroke recently 
reported in this high-risk group.

The presence of APOL1 risk variants explains 
much of the excess risk for kidney disease observed 
in the African American population.13,16 However, not 
all carriers of the APOL1 risk variants are diagnosed 
with the chronic kidney disease (CKD) or experience 
CKD progression.33 Although the exact mechanism 
is yet to be elucidated, findings from an animal study 
demonstrated that, in addition to presence of APOL1 
risk genotype, the apoL1 risk variant expression levels 
are causal in kidney disease. In this respect, there is 
a particular emphasis on the need for a second hit to 
elevate apoL1 protein levels above a critical threshold 
leading to the development of the APOL1 risk geno-
type related-kidney pathology.22 The importance of the 
second hit by an environmental trigger in APOL1 risk 
variant-related kidney diseases is supported by several 
studies in humans,34–38 including a moderately large 
genome-wide association study that failed to identify 
significant genome-wide associations with CKD be-
yond the APOL1 gene or to identify single nucleotide 
variants showing significant genome-wide evidence for 
interaction with APOL1 risk genotype status to modify 
the risk of CKD.39 Expression of the APOL1 is induced 
by proinflammatory cytokines, which are known to be 
elevated in smokers.23,40 Thus, smoking may be an 
environmental trigger in APOL1 risk genotype-related 
disease pathology. A similar mechanism could be rele-
vant to the APOL1 risk variant’s role in tobacco-related 

stroke. Indeed, some studies reported an association 
between the APOL1 risk variants and increased risk 
for stroke,14,15,18 wheres other studies failed to confirm 
any association.19–21 The variability in results could be 
attributed to not being able to reach the potentially crit-
ical threshold for a development of stroke.

To the best of our knowledge, there are no known 
previous reports on the interaction between smoking 
and APOL1  in stroke occurrence. However, several 
studies explored the role of smoking on the association 
between APOL1 genotypes and CKD and failed to find 
a significant effect. For instance, Chen et  al.33 found 
smoking not to modify the association between the 
APOL1 risk variant and CKD progression in the African 
American Study of Kidney Disease and Hypertension. 
One possible explanation could be using a recessive 
genetic model in defining the APOL1 risk variants, 
where high-risk status was defined as having 2 cop-
ies of the APOL1 risk alleles, and low-risk status was 
defined as having 1 or no copies. Possibly, including 
the carriers of the 1 risk alleles in a low-risk group 
blunted the significance of the interaction term (smok-
ing×APOL1 variables) in CKD, as APOL1 heterozygous 
individuals were reported to have an increased disease 
risk when environmental triggers are high.41 Indeed, we 
observed APOL1 risk allele carrier status to be associ-
ated with an increased risk of tobacco-related stroke in 
a gene-dose–dependent manner, where ever smoker 
carriers of APOL1 2 risk alleles tended to have the 
greatest odds for stroke followed by the ever smoker 
carriers of APOL1 1 risk allele; the odds of stroke being 
the smallest among ever smoker noncarriers of APOL1 

Table 5.  Odds Ratio [95% CI] for Stroke in Ever Smokers Compared With Never Smokers According to APOL1 Risk Allele 
Status (Crude and Adjusted Regression Models)

APOL1 risk alleles

0 (N=238) 1 (N=212) 2 (N=63)

Stroke, crude, OR [95% CI] 0.80 [0.28–2.33] 2.45 [0.99–6.06] 3.94 [0.58–26.84]

Stroke, adjusted OR [95% CI] 0. 55 [0.19–1.56] 2.00 [0.81–4.96] 4.72 [0.62–36.02]

Models (logistic regression) were adjusted for age, sex, dyslipidemia, hypertension, diabetes, body mass index, and estimated glomerular filtration rate. 
APOL1 indicates apolipoprotein L1; and OR, odds ratio.

Table 6.  Prevalence, Odds Ratio [95% CI] for Ischemic Stroke in Ever Smokers Compared With Never Smokers Among 493 
African American Adults, Stratified by APOL1 Genotype Status

Events N (%)/total N 
among ever smokers

Events N (%)/total N 
among never smokers

Crude,  
OR [95% CI] P value

Adjusted,  
OR [95% CI] P value

Overall

Ischemic stroke 14 (7)/202 7 (2)/291 2.92 [1.19–7.18] 0.016 1.98 [0.83–4.71] 0.139

APOL1 reference group

Ischemic stroke 2 (2)/90 5 (4)/140 0.70 [0.15–3.18] 0.633 0.41 [0.11–1.61] 0.253

APOL1 risk genotypes

Ischemic stroke 12 (11)/112 2 (1)/151 7.43 [1.87–29.60] <0.001 5.85 [1.62–21.09] 0.005

P values were obtained from logistic regression without and with adjustments for age, sex, dyslipidemia, hypertension, diabetes, body mass index, and 
estimated glomerular filtration rate. APOL1 indicates apolipoprotein L1; and OR, odds ratio.



J Am Heart Assoc. 2023;12:e030796. DOI: 10.1161/JAHA.123.030796� 8

Rakic et al� APOL1 and Stroke in African American Smokers

risk allele/s. Another possible explanation could be 
the presence of social and structural risk factors that 
were reported to increase the risk for stroke, particu-
larly when combined together or presented with other 
known risk factors among African American men and 
women.2 Disadvantaged social position is associated 
with increased inflammation.42 The presence of these 
social factors could promote inflammatory state and 
serve as an environmental trigger potentially mask-
ing the effect of the interaction between smoking and 
APOL1 in previous studies. Lastly, all studies had self-
reported smoking status, and this may be unreliable if 
the participants do not feel comfortable reporting their 
answers due to medical or social disapproval. In our 
study, 19 (32%) of people classified as current smokers 
by plasma cotinine levels did not report current smok-
ing status, with 13 (22%) reported being past smokers 
and 6 (10%) reported being never smokers. For co-
tinine, a cut point to distinguish current smokers from 
nonsmokers is 5.92 ng/mL.43 Plasma nicotine/cotinine 
were measured by gas chromatography with limits of 
quantitation at 1 ng/mL for nicotine and 10 ng/mL for 
cotinine, so the limitation of the method to detect some 
lower levels of cotinine, <10 ng/mL, or similarly nico-
tine, could explain why we missed detecting smoking 
biomarkers in the plasma of 7 self-reported current 
smokers. Nevertheless, in our study we found notable 
interaction between APOL1 risk variant and smoking 
history for stroke outcome, where smokers had higher 
odds for stroke only when they were carriers of the 
APOL1 risk genotype. Moreover, the combined effect 
of both exposures, being ever smoker and carrier of 
the APOL1 risk genotype, on odds of stroke signifi-
cantly exceeded the product of the effects of the 2 ex-
posures considered separately.

Necrotic plaque formation is a result of inefficient 
removal of macrophages from arteries promoting the 
accumulation of cellular remains and extracellular lip-
ids. Susceptibility to necrotic plaque formation and its 
enlargement due to apoL1 accumulation might be a bi-
ologic behavior among carriers of the APOL1 risk vari-
ants. This notion is consistent with the findings from a 
transgenic mice study, where APOL1 risk variants were 
found to promote cholesterol accumulation in tissues 
and macrophages due to downregulation of the major 
transporters involved in reverse cholesterol transport 
resulting in its impairment.44 Moreover, in a recent au-
topsy study, carriers of APOL1 risk genotypes com-
pared with noncarriers had significantly larger necrotic 
cores of plaques and greater accumulation of apoL1 
protein in the necrotic core in a gene-dose–depen-
dent manner.24 Tobacco smoking is characterized by 
an increase in inflammation, with some inflammatory 
markers persisting more than 5 years after smoking 
cessation.45 Inflammation increases levels of apoL1 

protein.23 Given that smoking-related inflammation 
may increase levels of apoL1 protein in the plaque’s 
necrotic core of the carriers leading to plaque disrup-
tion, it may be the second hit needed for stroke event 
occurrence.

Other mechanisms could also be implicated in 
the pathogenic response to the APOL1 risk variants 
in those with a smoking history. Recently, inflamma-
tory milieu in sepsis in APOL1 high-risk genotype was 
suggested to serve as a second hit (in addition to the 
genetic variant) increasing APOL1 expression in endo-
thelial cells resulting in exacerbated disease severity.34 
Endothelial dysfunction and inflammatory phenotype 
in APOL1 risk variant carriers seem to be due to de-
fects in mitochondria and mitophagy in endothelial 
cells resulting in leakage of mtDNA into cytoplasm 
and activating NLRP3 inflammasome leading to in-
flammatory and proadhesive endothelial phenotype.34 
Inflammation due to tobacco smoking may serve as 
a second hit to APOL1 risk variant-associated endo-
thelial dysfunction triggering a robust inflammatory re-
sponse and progression of atherosclerotic lesions that 
upon rupture could lead to stroke.46 Further mecha-
nistic studies are needed to confirm the hypothesized 
mechanisms of tobacco-related stroke among APOL1 
risk variant carriers.

In our study, all 21 stroke cases for which data about 
stroke type were available were ischemic strokes. The 
magnitude and strength of the association increased 
with ischemic stroke as the outcome compared with 
the primary analysis with all stroke cases as the out-
come, suggesting that the modifying effect of the 
APOL1 genotype may be particularly relevant for the 
association between smoking and ischemic stroke his-
tory. Overall, the relationship between smoking history 
and APOL1 risk genotype demonstrated in our study 
underscores the notion that chronic inflammation initi-
ated by tobacco smoking might be a trigger that leads 
to stroke, especially ischemic stroke, in susceptible in-
dividuals with APOL1 risk genotype.

Our study is the first observational study exploring 
tobacco smoking-related stroke disease in African 
American adults after validating self-reported current 
smoking status by biochemical assessment of plasma 
smoking biomarkers. Tobacco smoking is a well-
established risk factor for all forms of stroke.4 In our 
study, we did not observe a significant association be-
tween smoking history and stroke. Smoking cessation 
reduces risk for stroke with a risk for stroke significantly 
declining within 5 years of smoking termination.47 Our 
ever smokers group included both current and past 
smokers, which may explain why we did not find a sig-
nificant relationship between history of smoking and 
history of stroke. Yet, though our sample size was lim-
ited to detect a significant relationship, relative to past 
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smokers, current smokers had higher prevalence of 
stroke independent of their APOL1 genotype status. 
Future larger studies with more comprehensive infor-
mation on past smoking are needed to explore the role 
of the APOL1 risk genotype in stroke risk among those 
with different history of smoking.

Our study has several limitations. First, our study was 
a cross-sectional observational study and therefore our 
findings can show only an association, as opposed to 
proof of a causal relationship. In addition, we were able 
to examine only odds of stroke events rather than risk 
of incident stroke events. However, based on the biol-
ogy described earlier, it seems plausible that the APOL1 
risk variants would also increase risk of incident stroke 
among ever smokers. Second, as mentioned previ-
ouly, our exposure variable combines current and past 
smokers in 1 group. Future studies are needed to eval-
uate the role of APOL1 genotype in stroke development 
among current, past, and never smokers separately, as 
well as among past smokers who quit smoking >5 and 
<5 years ago. Third, our study population includes only 
participants who self-identified as African American, 
which limits our ability to generalize our findings beyond 
this population group. However, about half of African 
American people are carriers of the APOL1 risk gen-
otypes, while it is rare in people identifying with other 
races, indicating importance of understanding the role 
it plays in this high-risk population.

CONCLUSIONS
In conclusion, to the best of our knowledge, our study is 
the first that has investigated the relationship between 
history of smoking and stroke in a self-reported African 
American cohort subdivided by APOL1 risk geno-
types. We showed that the presence of the APOL1 risk 
genotypes modified the relationship between smoking 
history and stroke prevalence, particularly ischemic 
stroke, suggesting carriers of this genotype may be 
more susceptible to tobacco-related stroke. If con-
firmed in prospective cohorts, these findings could ex-
plain a large fraction of the uniquely high risk for stroke 
recently reported in African American smokers5 and 
provide insights into targets for treatment and preven-
tion that could help reduce racial stroke disparities.
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