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Abstract

Background: A complex set of perturbations occur in cytokines and hormones in the etiopathogenesis of obesity
and related cardiometabolic conditions such as type 2 diabetes (T2D). Evidence for the genetic regulation of these
cytokines and hormones is limited, particularly in African-ancestry populations. In order to improve our
understanding of the biology of cardiometabolic traits, we investigated the genetic architecture of a large panel of
obesity- related cytokines and hormones among Africans with replication analyses in African Americans.

Methods: We performed genome-wide association studies (GWAS) in 4432 continental Africans, enrolled from
Ghana, Kenya, and Nigeria as part of the Africa America Diabetes Mellitus (AADM) study, for 13 obesity-related
cytokines and hormones, including adipsin, glucose-dependent insulinotropic peptide (GIP), glucagon-like peptide-1
(GLP-1), interleukin-1 receptor antagonist (IL1-RA), interleukin-6 (IL-6), interleukin-10 (IL-10), leptin, plasminogen
activator inhibitor-1 (PAI-1), resistin, visfatin, insulin, glucagon, and ghrelin. Exact and local replication analyses were
conducted in African Americans (n = 7990). The effects of sex, body mass index (BMI), and T2D on results were
investigated through stratified analyses.

Results: GWAS identified 39 significant (P value <5 X 1078 loci across all 13 traits. Notably, 14 loci were African-
ancestry specific. In this first GWAS for adipsin and ghrelin, we detected 13 and 4 genome-wide significant loci
respectively. Stratified analyses by sex, BMI, and T2D showed a strong effect of these variables on detected loci.
Eight novel loci were successfully replicated: adipsin (3), GIP (1), GLP-1 (1), and insulin (3). Annotation of these loci
revealed promising links between these adipocytokines and cardiometabolic outcomes as illustrated by
rs201751833 for adipsin and blood pressure and locus rs759790 for insulin level and T2D in lean individuals.

Conclusions: Our study identified genetic variants underlying variation in multiple adipocytokines, including the
first loci for adipsin and ghrelin. We identified population differences in variants associated with adipocytokines and
highlight the importance of stratification for discovery of loci. The high number of African-specific loci detected
emphasizes the need for GWAS in African-ancestry populations, as these loci could not have been detected in
other populations. Overall, our work contributes to the understanding of the biology linking adipocytokines to
cardiometabolic traits.
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Background

A complex system of cytokines and hormones is impli-
cated in the pathogenesis of obesity and related cardio-
metabolic conditions, such as insulin resistance and type
2 diabetes (T2D) [1]. Cytokines are small proteins that
can be divided into multiple subtypes depending on their
site of production or function, with much functional
overlap between these subtypes. One major subtype is
adipocytokines, cytokines released by adipose tissue,
such as adipsin, leptin, visfatin, plasminogen activator
inhibitor-1 (PAI-1), and resistin. Interleukins (ILs) are
cytokines that derive their name from their complex
immunomodulatory functions in leukocytes. Several ILs
including IL-6, IL-10, and IL-1 receptor antagonist (IL-
1RA) have been implicated in insulin resistance [1].
Incretins, glucose-dependent insulinotropic peptide
(GIP), and glucagon-like peptide-1 (GLP-1) are pro-
duced by the gut and influence the production of gluca-
gon and insulin [2].

The role of these cytokines and hormones in the eti-
ology of obesity and T2D is highly complex. Dysfunction
of cytokines and hormones such as leptin, ghrelin, insu-
lin, GLP-1, resistin, and visfatin has been implicated
causally in the pathogenesis of obesity but also as a me-
diator between excess fat mass and insulin resistance,
T2D, and cardiovascular disease [3—6]. There is a need
for improved understanding of the biology of obesity-
related cytokines and hormones because of the world-
wide increase in obesity [7]. While absolute prevalence
rates of obesity in sub-Saharan Africa are still relatively
low, the burden of obesity is increasing rapidly, in par-
ticular among women residing in urban areas [8, 9]. Fur-
thermore, African Americans (AA) and African migrants
to the USA and Europe are disproportionally affected by
obesity compared with European ancestry individuals in
these environments [8, 10]. The limited evidence avail-
able indicates both ethnic [11] and sex differences [12,
13] in circulating levels of obesity-related cytokines and
hormones. Leptin and IL-6 were found to be higher in
AA compared with European Americans [11, 12, 14],
while PAI-1 was found to be lower among South Afri-
cans with African ancestry compared with those of
European ancestry [15]. Higher leptin and ghrelin levels
were found in women compared with men [16, 17].
These ethnic and sex differences in circulating levels of
obesity-related cytokines and hormones point to poten-
tial ancestry- and sex-specific effects on their biology.

Twin studies report that the circulating levels of
obesity-related cytokines and hormones are highly herit-
able [18, 19]. This suggests that genetic factors play an
important role in variation in circulating levels between
individuals and between populations. Although several
genome-wide association studies (GWAS) have reported
genetic loci associated with circulating insulin levels
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[20-23], the number of GWAS on obesity-related cyto-
kines and hormones other than insulin is limited and
these GWAS have been conducted primarily in Euro-
pean ancestry populations [24—26]. Data on genetic loci
involved in obesity and diabetes-related cytokines and
hormones in African-ancestry populations are scarce
[20, 27]. Furthermore, most previous GWAS report a
single or a few traits at a time, despite their collective in-
volvement in the etiology of metabolic disorders. Lastly,
it has been suggested that the detection of novel loci for
blood-based biomarkers is improved by performing sex-
stratified analyses [28]. In this study, we aimed to study
the genetic architecture of a panel of 13 obesity and dia-
betes -related cytokines and hormones. Specifically, we
set out to (i) identify genetic loci for adipsin, ghrelin,
and visfatin by conducting the first GWAS ever for these
traits; (ii) compare genetic loci for 13 obesity and
diabetes-related cytokines and hormones in African-
ancestry populations by conducting the first GWAS for
these traits in Africans; (iii) evaluate the effect of strata
defined by sex, BMI, and T2D status on GWAS findings
for the 13 studied obesity and diabetes-related cytokines
and hormones; and (iv) explore the phenotypic and gen-
etic correlation between these obesity-related cytokines
and hormones.

Methods

Data and participants

Discovery cohort

We used data on 4432 sub-Saharan Africans from the
Africa America Diabetes Mellitus (AADM) study for the
discovery cohort. The AADM study is a cross-sectional
study comprising data on individuals residing in sub-
Saharan Africa and has been described in detail else-
where [29-31]. Data were collected in three cities in
Nigeria (Ibadan, Enugu, and Lagos), two cities in Ghana
(Accra, and Kumasi), and in the city of Eldoret in Kenya.
Ethical approval was obtained for each participating in-
stitution. All participants gave informed consent prior to
enrollment in the study.

Replication cohorts

Replication analyses were performed using data on 7990
AA from five different cohorts: the Howard University
Family Study (HUES) [32], the Multi-Ethnic Study of
Atherosclerosis (MESA) [33], the Cleveland Family
Study (CES) [34, 35], the Atherosclerosis Risk In Com-
munities (ARIC) study [36, 37], and the Jackson Heart
Study (JHS) [38]. The HUFS (Principal Investigator:
CNR) was a study of AA from the Washington DC
metropolitan area (USA) and was designed to investigate
the genetic and environmental basis of common com-
plex traits such as hypertension, obesity, and T2D [32].
The data for the other four cohorts were accessed
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through dbGaP (ARIC phs000280.v2.p1, phs00009
0.v2.pl; CFS phs000284.vl.pl; JHS phs000286.v4.p1,
phs000499.v2.p1; and MESA phs000209.v13.p1, phs0004
20.v6.p3). The ARIC cohort aimed to study the risk fac-
tors for coronary heart disease and carotid atheroscler-
osis in four communities across the USA. We included
3039 AA participants of ARIC who were aged 45 to 64
years. The CEFS is a family-based cohort designed to gain
insight into sleep apnea. Individuals with a confirmed
diagnosis of sleep apnea and at least two of their first-
degree relatives were recruited from three area hospital
sleep labs in the USA. Forty-six percent of the CFS sam-
ple was AA, and we included the 304 AA with cytokine
data available. We included 1281 AA from the JHS,
which aimed to investigate the causes of cardiovascular
diseases in AA and recruited from rural and urban areas
in Jackson, MS (USA). The aim of MESA was to identify
factors of subclinical CVD that predict progression to
clinically overt cardiovascular disease in a diverse sam-
ple. MESA included four ethnic groups (European
American, Chinese American, AA, and Hispanic), from
six US communities. Participants were aged 45—84 years
and were free of clinical CVD at baseline. One thousand
four hundred eighteen AA participants from MESA with
cytokine data available were included in the replication
effort. All cohorts obtained ethical approval from partici-
pating institutions and written informed consent from
their participants prior to data collection.

Genotyping and quality control

Genotyping for the AADM study was performed using
either the Affymetrix Axiom PANAFR SNP array or the
[Mlumina’s Multi-Ethnic Global Array (MEGA) [31].
Quality control was performed for each of the arrays
separately, resulting in a sample level genotype call rate
of at least 0.95 for all samples. For the replication co-
horts, genotyping was performed using the Affymetrix
Genome-Wide Human SNP Array 6.0 [39]. For all co-
horts, the SNP datasets were filtered for missingness per
marker (>0.05), minor allele frequency (<0.01), and
Hardy-Weinberg equilibrium (P value < 1 x 107°). Im-
putation for all cohorts was performed using the African
Genome Resources Haplotype Reference Panel via the
Sanger imputation Service [40]. Quality of imputation
was evaluated using INFO scores and only SNPs with
INFO scores >0.3 were retained. After (filtering,
18,199,418 variants remained in the final dataset for
AADM and 18,093,757 variants for replication cohorts.
We checked for population stratification using the
“epacts-pca-plot” function in the EPACTS software
package (version 3.2.6) [41] and identified three signifi-
cant principal components (PCs) for AADM, one for
HUEFS, and two for the other replication cohorts [42].
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Phenotyping

In all cohorts, demographic data such as age and sex
were obtained through questionnaires. Height and
weight were measured in light clothing and without
shoes to the nearest 0.1 cm and kg. Body mass index
(BMI) was calculated as weight/height® (kg/m?). Type
2 diabetes (T2D) status was determined in all cohorts
using the American Diabetes Association (ADA) cri-
teria. This entailed a fasting plasma glucose cut-off of
> 7.0 mmol/L (126 mg/dL), or a 2-h post load value
of > 11.1 (mmol/L) on an oral glucose tolerance test
(OGTT) on more than one occasion, or the reported
use of glucose-lowering medication as prescribed by a
physician confirmed by review of clinical records.

In the AADM study, the obesity and diabetes-
related cytokines and hormones adipsin, GIP, GLP-1,
leptin, PAI-1, resistin, visfatin, glucagon, and ghrelin
were measured on fasting serum samples using multi-
plex bead-based flow cytometric immunoassays—con-
taining dyed microspheres linked with monoclonal
antibodies specific for each protein plex—according to
the manufacturer’s instructions (Bio-Plex Pro human
diabetes: 10-plex, Cat#171A7001M and 2-plex,
Cat#171A7002M, Bio-Rad, Inc., Hercules, CA, USA).
These commercial kits measure the levels of cytokines
and hormones involved in human obesity and dia-
betes. Data were collected using Bio-Plex 200°System
(Luminex Corporation, Austin, TX) equipped with
Bio-Plex Manager™ Software (Bio-Rad, Inc., Hercules,
CA, USA). IL-1RA, IL-6, and IL-10 were analyzed
using Enzyme-Linked Immuno Sorbent Assay (ELISA)
(Quantikine ELISA, R&D Systems, Minneapolis, MN,
USA). Insulin was measured by electrochemilumines-
cence immunoassay (ECLIA) on Roche Modular-E or
Elecsys 2010 analyzers (Roche Diagnostics, Indianapo-
lis, IN). The obesity and diabetes-related cytokines
and hormones available in the AA replication cohorts
differed by cohort. Ten cytokines and hormones were
only available in the HUFS dataset (adipsin, ghrelin,
leptin, GLP-1, GIP, resistin, glucagon, IL-10, IL-1RA
and visfatin) (Additional File 1: Table S1). For these
cytokines and hormones, the same measurement as-
says were used as in the AADM study. PAI-1, insulin,
and IL-6 were evaluated in a combination of the AA
cohorts, including HUFS for insulin and IL-6 (Add-
itional File 1: Table S1). PAI-1 was evaluated in
MESA, CFS, and ARIC (n = 594). PAI-1 was mea-
sured by a two-site sandwich ELISA in all three co-
horts [43]. Insulin was available in MESA, JHS, ARIC,
and HUFS (n = 7645). Insulin was measured via a
radioimmunoassay method using the Linco Human
Insulin Specific RIA kit (Linco Research) in the
MESA and in the ARIC study, and using the Vitros
950 or 250, Ortho-Clinical Diagnostics analyzer
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(Raritan, NJ) in the JHS. IL-6 was available in MESA,
CFS, and HUFS (n = 2517) and measured using
ELISA in all three cohorts (R&D systems, Minneap-
olis, MN, USA).

Statistical analyses

Discovery

Heritability of all 13 obesity and diabetes-related cyto-
kines and hormones was calculated using the Genome-
wide Complex Trait Analysis — Genomic-Relatedness-
based restricted Maximum-Likelihood (GCTA-GREML)
approach [44] on the inverse normal transformed traits.
For these heritability analyses, genotyping data were
pruned using PLINK 1.9 [45]. The GCTA software was
used to calculate a genetic relationship matrix (GRM)
and based on this GRM we filtered for relatedness > 0.2
as the GCTA-GREML method assumes unrelated indi-
viduals, which removed 1382 individuals. Age, sex, T2D,
and the first three PCs were included as covariates in
heritability analyses. To perform genome-wide quantita-
tive linear regression analyses on each of the traits, we
used the EPACTS software package (version 3.2.6) [41].
Estimated allele dosages were used rather than hard
genotype calls in all GWAS analyses. This was done to
take the imputation quality into account and thereby
adjusting for uncertainty in genotype prediction. All cy-
tokines and hormones were transformed to normality
using inverse normal transformations. The base model
for each cytokine and hormone included adjustment for
age, sex, T2D, the first three PCs, and the GRM calcu-
lated in EPACTS. Inclusion of the genotyping array as a
covariate in our analysis models was evaluated but array
was not included in final models as this adjustment did
not alter findings. Bayesian colocalization analyses were
performed on GWAS summary statistics with expression
Quantitative Trait Loci (eQTL) data using the coloc
package in R version 4.0.5 [46, 47]. Expression data for
49 tissues were obtained from the Genotype-Tissue Ex-
pression (GTEx) Portal V8 [48]. Colocalization analyses
were restricted to a 200-kb window around the base
model lead variants. A posterior probability of hypoth-
esis 4 > 0.9 or >0.5 was considered as having strong or
moderate evidence for colocalization, respectively. Next,
GWAS models were run in stratified analyses: men and
women, lean (BMI < 25 kg/m2) and overweight (includ-
ing obese) individuals (BMI > 25 l(g/mz), and T2D con-
trols and T2D cases. A P value of <5 x 10™® was
considered genome-wide significant in all discovery ana-
lyses. Loci passing a more stringent threshold taking into
account the multiple traits and the stratification have
been annotated in the tables (P value < 1.32 x 10™° = 5 x
1078/(12 traits x 3 strata +1 trait [insulin] x 2 strata).
The sex, BMI, and T2D strata were each meta-analyzed
in METAL [49] to obtain heterogeneity P values for all
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variants identified in stratified analyses. Variants identi-
fied, in either the base (non-stratified) model or the
stratified models, that are observed in African popula-
tions but are not observed in populations without Afri-
can ancestry in the Allele Frequency Aggregator (ALFA)
database [50] were considered African-ancestry specific.
Phenotypic correlation between the included cytokines
and hormones was studied using partial correlation in-
cluding age, sex, and T2D as covariates and subsequently
by PC factor analysis in STATA version 15.1 (StataCorp,
Texas) [51] on the inverse normal transformed traits.
For the factor analyses, IL1-RA, IL-6, and IL-10 were ex-
cluded because of their relatively low sample size. Only
factors with eigenvalue >1 were retained. Participants
with T2D (n = 2082) were excluded from all fasting in-
sulin analyses. Lastly, the list of genes from the base
model was submitted to Ingenuity Pathway Analysis
(IPA) (QIAGEN Inc., www.qgiagen.com/ingenuity) for ca-
nonical pathway analyses through the use of the core
analysis feature of IPA [52]. IPA calculates P values of
overlap, using the right-tailed Fisher’s exact test, where
we considered a P value of <0.05 as statistically
significant.

Replication

The same association analysis software (EPACTS),
models, and transformations were used to perform
genome-wide quantitative linear regression analyses in
each of the replication cohorts. For HUFS, the first PC
was included as a covariate in all models and the first
two PCs were included for the other replication cohorts,
based on assessment of residual population stratification,
which was low after adjusting for the respective PCs. For
PAI-1, insulin, and IL-6, subsequent fixed-effects meta-
analyses were conducted with the METAL software [49]
using the classical approach which combines effect size
estimates and standard errors to combine the multiple
cohorts. Heterogeneity P values were also calculated
using METAL. To harmonize, the first two PCs were in-
cluded in all models and cohorts that were merged in
meta-analyses. Either HUEFS linear regression results
(adipsin, ghrelin, GIP, GLP-1, glucagon, IL-1RA, IL-10,
resistin, visfatin) or combined meta-analyses results (IL-
6, insulin, PAI-1) were subsequently used for follow-up
analyses. First, we performed exact replication, where we
evaluated per trait and per model the genome-wide sig-
nificant loci in AADM for significance (P value < 0.05)
in the replication cohorts. Secondly, local replication was
performed based on a linkage disequilibrium (LD) block
of 500 kb around the AADM significant variants, retain-
ing only those variants with a 7* of >0.3. To determine
statistical significance in the local replication, P value
thresholds were adjusted for the effective number of var-
iants (the effective degrees of freedom, N.g) in the LD
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block as described by Ramos et al. [53]. Neg was esti-
mated by spectrally decomposing the covariance matrix
and then using the following formula: N = (Xk =
1KAK)?/(Zk = 1KA2k)?, in which A, is the kth eigenvalue
of the K x K covariance matrix for the K SNPs. The
nominal significance threshold a = 0.05 was subse-
quently divided by N.g to obtain the adjusted P value
thresholds. In both exact and local replication, only vari-
ants below the P value thresholds that had the same dir-
ection of effect as in the discovery cohort were
considered replications. In addition, in silico replication
was performed by lookup in the GWAS catalog (https://
www.ebi.ac.uk/gwas/) [54]. A 500 kb region around each
detected variant was extracted from the GWAS catalog
to determine if loci were novel (>250kb from a known
locus) or known (< 250 kb of a known locus).

Results

Characteristics of the study populations

The discovery cohort included 4432 continental Africans
(AF) enrolled from Nigeria, Ghana, and Kenya as part of
the Africa America Diabetes Mellitus (AADM) study
who had at least one obesity and diabetes-related cyto-
kine or hormone measure available (Table 1). Out of the
AF samples included, the majority were from Yoruba
(27.1%), Ibo (21.5%), or Akan (18.6%) ethnolinguistic
groups. Results from PC analyses showed that the first
PC separated East from West Africa and the second PC
was a gradient across West Africa (Additional File 2: Fig
Sla). As expected, these AF samples clustered with
African-ancestry populations of the 1000 Genomes Pro-
ject (Additional File 2: Fig S1b). The replication cohorts
combined included 7990 AA with at least one obesity
and diabetes-related cytokine or hormone measure avail-
able (Additional File 1: Table S1). For the AA samples
included, the average proportion of West African ances-
try was 80.0% for HUFS, 82.0% for ARIC, 79.2% for CES,
82.2% for JHS, and 77.7% for MESA as derived using ad-
mixture analysis [55]. The mean age was lowest in HUFS
(39.4 years) and highest for MESA (62.1 years). Over half
of participants were women in all cohorts (Table 1). The
mean BMI was substantially lower in AF (26.5kg/m?)
compared with AA (ranging from 29.7 kg/m? in ARIC to
34.5kg/m* in CFS). Half of AF participants had T2D
due to the T2D case-control study design of AADM,
which was also reflected in the mean BMI being higher
than expected for the general population of the coun-
tries sampled. The T2D prevalence in the AA cohorts
ranged from 11.2% (HUES) to 28.3% (CES). Mean circu-
lating levels of GLP-1, PAI-1, visfatin, and IL-1RA were
higher in AF than in AA. For leptin, GIP, resistin, insu-
lin, and ghrelin, mean circulating levels were higher in
AA compared with AF. Mean circulating levels were
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similar between AF and AA for adipsin, IL-6, IL-10, and
glucagon.

Heritability of the obesity and diabetes-related cytokines
and hormones in African ancestry individuals

We calculated SNP-heritability for each of the adipocy-
tokines and hormones in AF. Heritability was highest for
glucagon (70.6%) and lowest for PAI-1 (13.3%) (Table 2).
No reliable heritability estimates could be derived for IL-
1RA, IL-6, and IL-10 due to the relatively low sample
size for these interleukins.

The SNP heritability estimates for the adipocytokines
and hormones in AF differ for several traits from what
has been reported among other populations (Table 2).
Heritability in AF was higher for GIP, GLP-1, insulin,
and glucagon compared with other populations [24, 56].
For resistin, heritability was lower in AF compared with
other populations [58, 59]. Ghrelin, PAI-1, and leptin
heritability were comparable with estimates from other
populations [56, 57]. No previously reported heritability
estimates for adipsin and visfatin were found.

Genetic loci associated with obesity and diabetes-related
cytokines and hormones

We performed the first GWAS for 13 adipocytokines
and hormones in African-ancestry populations. An over-
view of the number of loci discovered per stratum and
per trait, as well as the number of replicated loci, can be
found in Additional File 1: Table S2. Figure 1 shows the
Manhattan plots for adipsin (Fig. 1A), ghrelin (Fig. 1B),
and visfatin (Fig. 1C), for which this was the first GWAS
in any population. We detected 39 loci across all traits
that passed the genome-wide significance threshold of P
value <5 x 107® and four loci that passed a more strin-
gent P value threshold adjusted for the number of traits
and the stratification (Table 3). Regression analyses of
genome-wide significant variants with a low MAF (< 5%)
were checked for high leverage points using Cook’s dis-
tance, but removal of the few outliers identified did not
alter the results (Additional File 1: Table S3). Regional
plots created using LocusZoom [60] for all 39 loci can be
found in Additional File 2: Fig S2. For IL-10 and visfatin,
no variants reached the genome-wide significance
threshold of P value <5 x 1075, Three of the 39 detected
loci were known: a locus in an intron of the LEP gene
for leptin [26], a locus in an intron of TRIMS56 for PAI-1
[61, 62], and a locus in the promoter of RETN for resis-
tin [63—-65] (Table 4). Replication in AA could not be
attempted for 10 of the 36 novel loci because the variant
had been filtered out in the AA dataset either due to low
MAF (<0.01) or during quality control. We replicated
one locus in AA for adipsin: locus AC092684.1 (best rep-
resented by variant rs201751833) on chromosome 2,
replicated in AA at a P value of 0.002 (Table 4 and
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Table 1 Characteristics of the study population, by cohort
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Discovery cohort

Replication cohorts

AADM (n = 4432) HUFS (n = 1958) ARIC (n=3029) CFS(n=304) JHS(n=1281) MESA (n=1418)

Covariates

Age (years) 51.5(51.1-51.9) 394 (38.6-40.1) 53.3 (53.1-526) 45.1 (43.3-469) 494 (48.7-50.1)  62.1 (61.5-62.6)

Sex (% female) 594 (58.0-60.8) 61.2 (59.1-634) 62.6 (60.9-64.3) 586 (52.9-64.0) 605 (578-63.1) 535 (50.9-56.0)

BMI (kg/mz) 265 (264-26.7) 30.0 (29.6-30.3) 29.7 (294-29.9) 345 (335-355) 323 (31.9-327) 30.2 (29.9-30.5)

T2D (%)° 499 (484-514) 11.2 (9.9-127) 21.7 (20.3-23.2) 283 (235-336) 128 (11.1-147) 17.8 (15.9-19.9)
Cytokines

Adipsin (ng/ml) 12055 (898.5-2095.5) 11534 (920.8-13809) - - - -

Leptin (ng/ml) 3.7 (1.0-10.2) 14.1 (3.9-40.0) - - - -

GIP (pg/ml) 207.0 (134.9-336.9) 480.8 (346.7-694.3) - - - -

GLP-1(pg/ml) 224.1 (176.4-289.7) 153.6 (124.8-182.3) - - - -

PAI-1(ng/ml) 320 (22.6-474) NA 14.0 (56-24.2) 29.1 (13.1-559) - 16.0 (8.0-33.0)

Resistin (ng/ml) 48 (3.2-7.5) 5.7 (40-9.1) - - - -

Visfatin (ng/ml) 23 (1.5-39) 133 (1.06-162) - - - -

II-TRA (pg/ml) 320.7 (237.7-463.4) 270.8 (152.6-427.1) - - - -

IL-6 (pg/ml) 1.06 (0.72-1.70) 123 (0.75-2.1) - 235(14-39) - 1.36 (0.89-2.14)

IL-10 (pg/ml) 96 (7.7-12.0) 9.8 (7.8-12.0) - - - -
Hormones

Insulin (uU/mi)® 57 (3.1-10.1) 79 (46-134) 114 (7.2-17.6) - 140 (100-210) 84 (59-123)

Glucagon (pg/ml)
Ghrelin (pg/ml)

280.5 (176.2-449.2)
311.0 (160.1-685.8)

286.8 (216.6-363.9)
944.7 (754.2-1280.2)

Continuous variables are in means and corresponding (95% confidence intervals) for normally distributed variables. Categorical variables are in percentages with
corresponding (95% confidence intervals). Non-normally distributed variables are expressed in medians and (25th-75th percentile)

*The high T2D prevalence in AADM is due to the T2D case-control study design
PT2D cases were excluded for all insulin analyses
T2D type 2 diabetes; --, not available

Additional File 2: Fig S2). This locus did not pass a more
stringent threshold adjusted for the number of replica-
tion loci evaluated (P value < 0.0017). Across adipocyto-
kines and hormones, associations were detected with 14
African-specific variants, i.e., variants that are observed
in African populations but are not observed in popula-
tions without African ancestry in the Allele Frequency
Aggregator (ALFA) database (Table 3). In meta-analysis
of discovery and replication cohorts combined, we de-
tected 16 loci across 10 of the 13 traits that passed the
threshold for genome-wide significance and six that
passed the more stringent threshold (Additional File 1:
Table S4, Additional File 2: Fig S3). Six of these 16
genome-wide significant loci were also detected in the
discovery analysis at a P value of <5 x 107%,

Evidence for colocalization of GWAS findings and eQTL
data

We performed Bayesian colocalization analyses on our
association summary statistics and eQTL data on 49 tis-
sues from the GTEx portal to quantify the probability
that eQTL signals at genome-wide loci share a single

causal variant. Across traits, a total of 18 genome-wide
loci showed strong evidence for colocalization in one or
more tissues and one locus showed moderate evidence
(Additional File 1: Table S5). Subcutaneous and visceral
omentum adipose tissues were the predominant tissue
types showing convincing evidence for colocalization.
No colocalizing genes were identified for the novel repli-
cated locus (rs201751833) nor for the four loci meeting
the more stringent GWAS P value threshold.

The effect of sex, BMI status, and T2D status on GWAS
findings for the obesity-related cytokines and hormones
We found associations that differed markedly by sex,
BMI status and T2D status. All detected loci differed be-
tween strata, except for the known PAI-1 and resistin
loci (annotated to genes TRIM56 and RETN respectively)
and the leptin loci for the lean and overweight models
(Additional File 2: Fig S4-S6). Most loci differing be-
tween strata (90%) showed significant heterogeneity (P
values < 0.05) when meta-analyzed together (Additional
File 1: Tables S6-S11). We detected 49 loci associated
with one or more of the 13 obesity and diabetes-related
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Table 2 Heritability estimates with corresponding 95% confidence intervals for the 13 obesity- and diabetes-related cytokines and
hormones in continental Africans with comparison of heritability estimates in other populations

Continental Africans

Other populations

Trait Heritability % SE  95% Cl n Population Heritability % Method n Ref
Adipsin 62.8 115 403-853 2761
Leptin 329 125 84-574 2808  Hispanic 25 Variance component analyses 1030 [56]
GIP 476 119  243-709 2810  Swedish 15 GCTA 3344 [24]
GLP-1 219 122 —20-458 2834 Swedish 0 GCTA 3344 [24]
PAI-1 133 119 —100-366 2847 British 20 Variance component analyses 537 [57]
Resistin 248 110 32-464 1814  ltalian 68 Variance component analyses 264 [58]
European American 35 Quantitative trait simulation 2531 [59]
Visfatin 53.6 122 29.7-775 2803
Il-1RA® - - - 1179
IL-6° - - - 1125
IL-10° - - - 881
Insulin® 46.7 114 244-69.0 2963
Swedish 106 GCTA 3344 [24]
Hispanics 19 Variance components decomposition 1030  [56]
Glucagon 706 117 47.7-935 2796  Swedish 20 GCTA 3344 [24]
Ghrelin 586 1.1 36.8-804 2830 Hispanics 61 Variance components decomposition 1030  [56]

?No reliable estimate could be derived due to the low sample size for these interleukins

PT2D cases were excluded for all Insulin analyses

SE standard error; C/ confidence interval; n, sample size; --, not available; GCTA Genome-Wide Complex Trait Analysis; Ref reference

cytokines and hormones among men (Additional File 1:
Table S6), 40 among women (Additional File 1: Table
S7), 42 among lean individuals (Additional File 1: Table
S8), 50 loci among overweight individuals (Additional
File 1: Table S9), 53 among T2D controls (Additional
File 1: Table S10), and 34 among T2D cases (Additional
File 1: Table S11). Using a more stringent P value
threshold adjusting for the number of traits and the
stratification, we detected five loci among men, seven
among women, 10 among lean individuals, seven among
overweight individuals, six among T2D controls, and five
among T2D cases (Additional File 1: Tables S6-S11).

The effect of sex

Sex was most relevant for GIP and PAI-1, for which we
respectively detected nine and five genome-wide signifi-
cant loci in women, but none among men (Additional
File 2: Fig S4). Among men, we detected a known locus
(CHL) for insulin, which has been reported previously in
European-ancestry populations [23]. Five of the 47 novel
loci detected in men replicated in AA. The associations
for each of the five replicated loci per model are dis-
played in Fig. 2A-2E. Two of the five replicated loci were
adipsin loci that replicated in AA: an intergenic locus on
chromosome 10 (rs61848529) (P value of 0.024) and
KIR3DLI on chromosome 19 (P value 0.044) (Fig. 2A

and B, Additional File 1: Table S6, Additional File 2: Fig
S2). Interaction tests revealed that the larger effect size
of rs61848529 for adipsin in men compared to women
was not significant for both the GG genotype (P value =
0.054) and the AG genotype (P value = 0.745). The vari-
ant annotated to KIR3DL1 did show a significant differ-
ential effect on adipsin in men compared with women
for both the AA genotype (P value of interaction =
0.023) and for the AG genotype (P value of interaction =
0.036) compared with the GG genotype. A locus associ-
ated with GLP-1 in men (GLTSCRI) was replicated in
AA (P value 0.0009) (Fig. 2C, Additional File 1: Table
S6, Additional File 2: Fig S2). This replicated locus add-
itionally passed a more stringent threshold adjusted for
number or independent loci attempted for replication (P
value < 0.0019). The association of this locus with GLP-1
also had a larger effect size in men than in women for
both the CC genotype (P value of interaction = 0.003)
and the AG genotype (P value of interaction = 0.001)
compared with the AA genotype. For insulin, two men-
specific novel loci were replicated in AA: locus NALCN-
AS1 on chromosome 19 (P value AA = 0.039) (Fig. 2D,
Additional File 1: Table S6, Additional File 2: Fig S2)
and an intergenic locus (rs73216105) on chromosome
12 (P value AA = 0.029) (Fig. 2E, Additional File 1: Table
S6, Additional File 2: Fig S2). The larger effect sizes in
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File 2: Fig S2). In exact replication, the variant best

men compared with women for both loci were con-
representing this locus for GIP did not reach statistical

firmed to be statistically significant in interaction tests
(all interaction P values <0.025). One women-specific
intergenic locus replicated in AA (Fig. 2F, Additional

significance (rs4397350, P value 0.075), but in LD-based
local replication the variant rs62460948 was replicated at
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Table 3 Variants at genome-wide significance of P value <5 x 10°8 per adipocytokine/hormone for the base model

SNP Chr Position Alleles NS MAF  AFR/EAS/EUR INFO beta SE P value Functional
GRCh37 ref/tested /AMR class: gene
Adipsin
rs199890456 6 2914945 (@) 3402 02173 0.00/0.00/0.00/0.00 061 —0230 0036 2.59E-10 Intergenic
rs201751833 2 165079139  T/G 3713 02579 035/0.09/0.15/067 080 —0.191 0031 5.51E-10 Intron:AC092684.1
rs1469952 2 11917519 G/A 3713 02983 050/0.00/056/000 099 —0.159 0026 1.76E-09 UtrS:.LPINT
rs115100304 2 234777140 C/G 3713 00265 0.01/0.00/0.00/000 098 —-0438 0076 876E-09 Intergenic
1534061423 14 91095586  C/CT,CAT 3713 02480 NA 092 -0172 0030 1.17E-08 Insertion:TTC7B
rs183172404 17 20247428  G/A 3713 00392 0.05/0.00/0.00/0.00 091 0371 0.065 1.44E-08 Intergenic
rs539334014 11 13192725  G/AT 3713 00234 0.00/0.00/0.01/000 060 —0.549 0097 1.76E-08 Intergenic
179750258 2 64909796  T/G 3713 0.1776 0.05/0.12/042/0.11 061 —-0210 0037 2.19E-08 Intron:SERTAD2
rs111651263 7 93239919  T/C 3713 00560 0.04/0.00/0.00/0.00 099 —0310 0055 244E-08 Intron:GNGT1
1579024755 8 95715336  G/T 3713 0.1746 0.25/0.00/0.01/000 068 —0.195 0035 2.64E-08 Intron:ESRP1
rs113529034 7 146458922 T/C 3713 02346 NA 083 —-0.179 0032 290E-08 Intron:CNTNAP2
rs180913374 2 132099516 /T 3713 00116 0.00/0.00/0.01/000 060 0734  0.133 3.87E-08 Intron:PLEKHB2
rs145662005 17 70334651  G/C 3713 00122 0.00/0.00/0.00/000 067 0698  0.127 4.20E-08 Intergenic
Leptin
rs28954105 7 127891616 G/T 3745 01119 0.08/0.00/0.00/000 099 —0219 0038 6.77E-09 Intron:LEP
rs113453972 14 64123318  G/T 3745 00538 0.05/0.00/0.00/000 099 —-0298 0053 1.88E-08 Intergenic
161258383 1 88355364  A/G 3745 00531 029/0.13/031/025 095  0.300 0.054 3.55E-08 Intergenic
rs9894577 17 43223292 G/A 3745 03203 031/0.23/032/034 099 —0.140 0026 441E-08 Intergenic
GIP
1512028926 1 8818438 C/G 3751 00183 0.08/1.00/0.27/000 0.77 —0559 0.094 3.00E-09 Intron:RERE
rs62266118 3 115124821 A/G 3751 00211 006/0.22/021/000 075 —0500 0085 5.12E-09 Intergenic
1s17437121 1 23640663  A/G 3751 00219 0.03/0.00/0.15/0.10 0.81 0499 0.090 3.46E-08 Intron:HNRNPR
1517335662 1 11062119 /T 3751 00162 0.06/0.00/0.22/000 093 —-0506 0.092 3.86E-08 Intergenic
rs182578321 9 85708499  C/T 3751 00120 0.01/0.00/0.00/000 091 0611 0111  4.06E-08 Intergenic
rs988623129 18 44187314  ATACATATATA 3751 00229 NA 088 0460 0084 4.56E-08 Deletion:LOXHD1
CATATATG/A
GLP-1
rs1355371392 2 135283403 C/A 1918 0.0507 0.00/0.00/0.00/0.00 092 —-0476 0080 247E-09 Intron:TMEM163
1573669122 9 129313248 C/T 3783 0.1365 0.04/0.00/0.00/0.00 093  0.202 0.036 141E-08 Intergenic
rs1450571579 1 93402186  C/A 3783 00515 NA 061 —0382 0068 2.156-08 Intron:FAM6E9A
rs1445210817 14 64071897  T/C 3783 00155 0.00/0.00/0.00/000 048 —0704 0.128 3.75E-08 Intron:WDR89
rs372701742 8 25463403 T/TA 3783 0.0250 NA 061 0540 0098 423E-08 Intergenic
PAI-1
rs113421429 7 100729247 /T 3807 0.0978 0.18/0.00/0.00/000 100 —-0270 0.041 5.86E-11 Intron:TRIM56
rs61654751 19 3436093 TG/T 3807 0.1056 0.13/0.00/0.00/000 095 —0.238 0041 5.58E-09 Deletion:NFIC
152496687 6 81340947  C/G 3807 07965 0.76/1.00/091/000 099 —0.169 0030 240E-08 Intergenic
IL1-RA
rs202017265 18 13515503  A/T 1339 0.1543 021/027/029/0.17 071 —0347 0063 391E-08 Exon:RP11-53B2.3
IL-6
172911283 18 8243353 T/G 1263 00213 0.01/0.00/0.07/008 093 —0.793 0.143 3.24E-08 Intron:PTPRM
Glucagon

rs10809430 9 11345807  C/G 3730 00138 0.00/0.00/0.00/000 092  0.590 0.106  2.91E-08 Intergenic
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Table 3 Variants at genome-wide significance of P value <5 x 10°® per adipocytokine/hormone for the base model (Continued)

SNP Chr Position Alleles NS MAF  AFR/EAS/EUR INFO beta SE P value Functional
GRCh37 ref/tested /AMR class: gene
Ghrelin
3:49318960 3 49318960  C/T 3777 00128 NA 084 0616 0.109 1.67E-08 Intron:USP4
rs150921599 2 72385239  C/CA 3777 0.1089 0.04/0.00/0.00/0.00 098  0.208 0.037 2.60E-08 Intergenic
rs183921098 6 159981730 G/A 3777 00101 0.01/0.00/0.00/000 088 0663 0.119  297E-08 Intergenic
1s372331930 4 140418751  G/GT 3777 00343 0.06/0.01/0.00/0.02 089  0.365 0.067 442E-08 Insertion:SETD7
Resistin
rs3219175 19 7733855 G/A 3754 00760 0.14/0.17/0.01/001 084 0777 0034 5.01E-111 PromotorRETN

Reported allele frequencies are from the Allele Frequency Aggregator (ALFA) (version 20200227123210) and from the 1000 Genomes Project (phase3 release V3+)

when ALFA frequencies were not available

P values of loci passing the more stringent significance threshold of 1.32 x 107 have been indicated in bold
SNP single nucleotide polymorphism; Chr chromosome; NS number of samples; MAF minor allele frequency; AFR African; EAS East Asian; EUR European; AMR
American; INFO imputation info score; SE standard error for the beta; NA data not available

P value 0.021 (LD-corrected P value threshold = 0.037).
This locus showed a larger effect size in women for both
the CC genotype (P value of interaction = 0.000) and the
CT genotype (P value of interaction = 0.030) compared
with the TT genotype.

The effect of BMI status

BMI status had a strong effect on all included adipocyto-
kines and hormones, except leptin (Additional File 1:
Tables S8 and S9, Additional File 2: Fig S5). Three loci
were found strongly associated with leptin in both lean
(BMI < 25kg/m?) and overweight (BMI > 25 kg/m?) in-
dividuals. We replicated one novel lean-specific locus
associated with insulin (rs759790, AA P value 0.0084)
(Fig. 3A, Additional File 1: Table S8, Additional File 2:
Fig S2) and one novel overweight-specific locus.
AC092684.1, associated with adipsin, replicated in AA at
a P value of 0.0036 (Fig. 3B, Additional File 1: Table S9,
Additional File 2: Fig S2). This is the same variant
(rs201751833) as was replicated for adipsin in the base
(non-stratified) model. The replicated lean-specific locus
for insulin (rs759790) showed a differential association
between lean and overweight individuals (Fig. 3A), which
was confirmed in statistical interaction tests (P value =
0.001) that showed that the AC genotype compared with
the CC genotype had a significantly larger effect size for
the association with insulin in lean compared with over-
weight individuals. The effect of the AA genotype com-
pared with CC did not significantly differ between lean
and overweight individuals (P value 0.907). The repli-
cated overweight-specific locus for adipsin did not show
differential associations between lean and overweight in-
dividuals (P values for interaction >0.1) due to reduced
sample size in the lean stratum (n = 1547) compared
with the overweight (n = 2166) (Fig. 3B).

The effect of T2D status

T2D status was particularly relevant for visfatin.
While no genome-wide significant loci were detected
for visfatin in the base model and only one locus in
the T2D controls, seven loci were detected in T2D
cases (Additional File 2: Fig S6). Notably, an
African-specific locus (rs577401632) annotated to
gene ZRANB3 was detected for glucagon in T2D
controls only. ZRANB3 has recently been identified
as an African-specific T2D locus associated with
beta-cell mass and insulin response [31]. This variant
could not be replicated in AA as the variant had
been filtered out in AA because of low imputation
quality (INFO = 0.29). None of the other 33 novel
loci in T2D controls that could be replicated were
replicated in AA (Additional File 1: Table S2 and
Table S10). As T2D cases were excluded from all in-
sulin analyses, T2D case specific analyses were not
performed for insulin (Additional File 1: Table S11).
Replication in AA was not performed for T2D cases
as the number of T2D cases in the AA cohorts was
insufficient.

Phenotypic and genetic correlation among obesity and
diabetes-related cytokines and hormones

Both phenotypic and genetic correlation between the
studied cytokines and hormones was low. Most adipocy-
tokines and hormones were very weak (r* < 0.20) or
weakly (* = 0.20—0.39) correlated with each other (Fig.
4). Adipsin and ghrelin, ghrelin and GLP-1, as well as
GLP-1 and glucagon showed moderate correlation (r* =
0.40-0.59), whereas none of the adipocytokines and hor-
mones showed high correlation (* = 0.60).

The Bartlett test of sphericity indicated that sufficient
correlation existed to perform factor analysis (P value <
0.001). The interleukins (IL-1RA, IL-6, and IL-10) were
excluded from factor analyses because of low sample
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Table 4 Replication in African Americans and GWAS catalog of genome-wide significant loci per adipocytokine/hormone for the

base model
Replication in AA Replication in GWAS catalog
SNP Chr Position Alleles NS  MAF P value beta SE Heterogeneity PMID: population(s)
GRCh37 ref/tested P value

Adipsin
rs199890456 6 2914945 arT - - - - - - (novel)
rs201751833 2 165079139  T/G 1846 04782 0.002 -0113 0037 - (novel)
151469952 2 11917519 G/A 1846 04951 0.866 0.006 0035 - (novel)
rs115100304 2 234777140 C/G 1846 0.0411 0942 -0006 0089 - (novel)
1534061423 14 91095586  C/CT,CAT 1846 0.3599 0.508 -0024 0037 - (novel)
15183172404 17 20247428  G/A 1846 0.0389 0.554 -0057 0097 - (novel)
rs539334014 11 13192725 G/AT - - - - - - (novel)
rs79750258 2 6490979  T/G - - - - - - (novel)
rs111651263 7 93239919  T/C 1846 0.0842 0.766 0.021 0071 - (novel)
rs79024755 8 95715336  G/T 1846 02848 0.747 -0016 0048 - (novel)
rs113529034 7 146458922  T/C 1846 00245 0.169 -0211 0153 - (novel)
rs180913374 2 132099516  C/T - - - - - - (novel)
rs145662005 17 70334651  G/C - - -- - - - (novel)

Leptin
1528954105 7 127891616  G/T 1869 0.0822 0.001 -0214 0063 - 26833098: European

ancestry

rs113453972 14 64123318 G/T 1869 0.0398 0476 -0064 009 -- (novel)
rs61258383 1 88355364 A/G 1869 0.0469 0.864 -0014 0082 - (novel)
159894577 17 43223292 G/A 1869 02878 0897 -0.005 0039 - (novel)

GIP
1512028926 1 8818438 /G 1859 0.0523 0.797 -0.021 0081 - (novel)
rs62266118 3 115124821  A/G 1859 00376 0599 0052 0099 - (novel)
1s17437121 1 23640663  A/G 1859 0.0360 0.798 0.026 0103 - (novel)
1517335662 " 11062119 /T 1859 0.0495 0.567 0.048 0.085 - (novel)
rs182578321 9 85708499 /T - - - - - - (novel)
rs988623129 18 44187314  ATACATATATA 1859 00114 0578 -0.101 0182 - (novel)

CATATATG/A

GLP-1
rs1355371392 2 135283403 C/A - - - - - - (novel)
rs73669122 9 129313248 /T 1798 0.1029 0348 -0058 0062 - (novel)
11450571579 1 93402186  C/A 1798 00426 0.259 0.129 0114 - (novel)
rs1445210817 14 64071897  T/C - - - - - - (novel)
rs372701742 8 25463403 T/TA 1798 00270 0682 -0062 0152 - (novel)

PAI-1
1113421429 7 100729247 C/T 594 0.1641 0.103 0.151 0.093 0.869 24578379 & 22990020:

European ancestry

1s61654751 19 3436093 TG/T 594 01299 0.185 0.179 0135 0310 (novel)
152496687 6 81340947 (/G 594 07799 0.122 0.109 0.071 0488 (novel)

IL1-RA
rs202017265 18 13515503  A/T 533 03761 0308 -0066 0064 - (novel)

IL-6
rs72911283 18 8243353 T/G 2235 00208 0.09% 0112 0401 0.166 (novel)
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Table 4 Replication in African Americans and GWAS catalog of genome-wide significant loci per adipocytokine/hormone for the

base model (Continued)

Replication in AA

Replication in GWAS catalog

SNP Chr Position Alleles NS  MAF P value beta SE Heterogeneity PMID: population(s)
GRCh37 ref/tested P value
Glucagon
rs10809430 9 11345807  C/G 1865 00458 0661 -0036 0082 - (novel)
Ghrelin
3:49318960 3 49318960  C/T - - - - - - (novel)
rs150921599 2 72385239  C/CA 1858 0.0897 0354 -0058 0062 - (novel)
rs183921098 6 159981730 G/A - - - - - - (novel)
1s372331930 4 140418751 G/GT 1858 0.0340 0.809 -0025 0104 - (novel)
Resistin
rs3219175 19 7733855 G/A 1867 0.1157 9.52E-38 0804 0061 - 24123702, 22843503 &

27664181: Han Chinese,
European ancestry,
Japanese

-- could not be replicated in AA because the variant had been filtered out in the AA dataset either due to low MAF (< 0.01) or during the quality control
AA African American; SNP single nucleotide polymorphism; Chr chromosome; NS number of samples; MAF minor allele frequency; SE standard error for the beta

size. Factor analysis was performed on the 1538 samples
that had complete data on all 10 remaining adipocyto-
kines and hormones and revealed four factors with an
eigenvalue of <1 that combined explained 65% of vari-
ance. Traits GLP-1, glucagon, and GIP were related to
the first factor, PAI-1 and visfatin to the second factor,
ghrelin and adipsin to the third factor, and insulin and
leptin to the fourth factor. Resistin did not relate well to
any of the factors. Figure 5 shows the rotated factor
loadings for each of the traits. Consistent with our ex-
pectations that several of these traits are biologically in-
dependent, the internal consistency of the 10 cytokines
and hormones included in the factor analysis was low
with a Cronbach’s alpha of 0.67.

In addition, there was little evidence of pleiotropic loci
influencing multiple adipocytokines and hormones. In
the base model, only one locus overlapped (within 500
kb region) in the results across traits. GLP-1 variant
rs1445210817 is 51.4kb away from leptin variant
rs113453972. These variants were not in LD (R® =
0.0004). The GLP-1 variant is annotated as in an intron
of WDR89 and the leptin variant is intergenic. In the
stratified models, we found three additional loci that
were physically close of which one had an R* > 0.3. Vari-
ant rs75275574, associated with visfatin in T2D cases,
was 12 kb upstream of rs552964654, associated with IL-
1RA in T2D controls (R* = 0.34).

To further assess the genetic correlation of the traits,
we used Ingenuity Pathway Analysis (IPA) to perform
pathway analysis of genome-wide significant loci in the
base model. We found three significant enriched canon-
ical pathways when we evaluated genes annotated to
genome-wide significant loci (P value <5 x 107%) (Add-
itional File 1: Table S12). Only the most significant

pathway (P value 0.007) included more than one gene;
the Adipogenesis Pathway included the LEP gene from
the leptin analysis and the LPINI gene from the Adipsin
analysis (Additional File 1: Table S12). When performing
pathway analyses on all genes from the base model an-
notated to loci with a P value <5 x 107/, 15 significant
pathways were identified. However, none of these path-
ways included more than three associated genes (Add-
itional File 1: Table S12).

Discussion

In this work, we report the genetic architecture of thir-
teen obesity- and diabetes-related cytokines and hor-
mones in continental Africans. The heritability of these
adipocytokines and hormones ranged from 13.3% for
PAI-1 to 70.6% for glucagon. We report the first GWAS
for these adipocytokines and hormones in Africans and
for adipsin, ghrelin, and visfatin this is the first GWAS
for these three adipocytokines reported in any popula-
tion. We found 39 associations across traits, of which 36
represent novel loci. For ten of these 36 novel loci, repli-
cation could not be attempted because of low MAF in
AA and out of the remaining 26 one adipsin locus
(AC092684.1) was replicated in AA. Fourteen of the total
39 identified loci were African-ancestry specific. In
addition, we found that genetic loci associated with the
studied adipocytokines and hormones vary greatly be-
tween strata of phenotypes: men, women, lean, over-
weight, T2D controls, and T2D cases. An additional 237
loci were discovered in stratified models and 8 loci from
stratified analyses were replicated in AA. Lastly, we ob-
served low phenotypic as well as low genetic correlation
between the traits.
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A rs61848529 Adipsin D rs12428438 Insulin - T2D controls only
Model N MAF  P-value Model N MAF  P-value
Base AF 3,713 042  2.73x10-6 E 3
Men AF 1,681 0.03  2.03x10-8 ]
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Men AA 724 016 00240 ° Women AF 2462 0.02 03053 ~ —=—
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Women AA 1122 016 03782 S Women AA 3,841 0.03 0.0234 g 2
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Lean AA 605 016 00116 Lean AA 1563 003 05765 o
Overweight + Obese AF 2,166 0.41 5.87x10-5 -
Overweight + Obese AA 1241 0.16 0.4646 - Overweight + Obese AF 1,087 0.02 0.0184 —
T2D Controls AF 1,893 0.38 0.0145 - Overweight + Obese AA 4,874 0.03 0.6714 E 2
T2D Controls AA 1,643 0.16 0.0892 e
T2D Controls AF 2,061 0.02 0.0335 —a
T2D Cases AF 1,820 046  1.32x10-8 ]
T2D Cases AA 203 NA NA T2D Controls AA 6,437  0.03 0.5544 [ 2
T T T T T T T 1 T T T T T T T
-0.5-04-0.3-0.2-0.1 0 0.1 0.2 -04-02 0 02 04 06 038
Inverse norm Adipsin Inverse norm Insulin
B rs527885640 Adipsin E rs73216105 Insulin - T2D controls only
Model N MAF  P-value Model N MAF  P-value
Base AF 3,713 0.064 0.0002 [ |
Men AF 1,681 0.02  3.46x10-8 L]
Base AA 1,846 0.025 0.3275 —e—
Men AF 1,510  0.058  1.02x10-8 s = Men AA 2,596 0.02 0.0292 —o—
Men AA 724 0.024 0.0434 ° Women AF 2462 002 04247 — W —
Women AF 2,203 0.068 0.2675 ]
Women AA 1122 0026 0.8102 . Women AA 3841 002 03457 °
Lean AF 1,547 0062  4.43x10-7 » Lean AF 974  0.02 0.0153 =
Lean AA 605 0.026 0.0056 Lean AA 1563  0.02 01173 ——
Overweight + Obese AF 2,166  0.065 0.1033 :
Overweight + Obese AA 1241 0.025 0.3857 . Overweight + Obese AF 1,087 0.02 0.0016 —
T2D Controls AF 1,893 0.055 0.0009 - Overweight + Obese AA 4,874  0.02 0.5895 -
T2D Controls AA 1,643 0025 0.0928 ——
T2D Controls AF 2,061 0.02  7.60x10-7 -
T2D Cases AF 1,820  0.073 0.0036 E 3
T2D Cases AA 203 NA NA T2D Controls AA 8,498  0.02 0.0217 @
Trrrrrrrrr11 T T T T T T 1
-12 08 -04 002 06 02 0 02 0406 08 1
Inverse norm Adipsin Inverse norm Insulin
C rs2974224 GLP-1 F rs4397350 GIP
Model N MAF P-value Model N MAF P-value
Base AF 3,783 0.18 0.0021 - Base AF 3,751 028  8.36x10-5 -
Base AA 1,798 0.15 0.0412 —— Base AA 1,859 027 0.2795 ——o—
Men AF 1,534 0.18  3.59x10-8 = Men AF 1522 028 0.7326 ]
Men AA 693 0.14 0.0009 ° Men AA 732 027 0.5265 °
Women AF 2,249 0.18 0.9158 —— Women AF 2229 028  4.36x10-8 ——
Women AA 1,105 0.15 06631 —— @ —— Women AA 1127 027 0.0752 ——
Lean AF 1,565 0.18 0.0031 —— Lean AF 1548 028 0.0052 ——
Lean AA 568 0.14 0.0702 R — Lean AA 603 0.29 0.4718 ———
Overweight + Obese AF 2,218 0.19 0.0290 L ] Overweight + Obese AF 2,203 0.28 0.0041 L
Overweight + Obese AA 1,230 0.15 0.0744 — Overweight + Obese AA 1,256 0.26 0.0742 —
T2D Controls AF 1,923 0.18 0.0174 —— T2D Controls AF 1,907 028 0.0138 ——
T2D Controls AA 1,588 0.15 0.0525 —— T2D Controls AA 1653 027 0.6598 ——
T2D Cases AF 1,860 0.19 0.0376 ] T2D Cases AF 1,844 029 0.0029 L]
T2D Cases AA 210 NA NA T2D Cases AA 206 NA NA
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Fig. 2 Forest plots illustrating for each model the beta and 95% confidence interval of replicated novel variants that showed sex-specific effects.
Where multiple variants were statistically significant in one locus, the replicated variant with the lowest P value has been displayed. T2D controls
only = insulin analyses were not undertaken in T2D cases because of the potential of fasting insulin levels to be altered as part of the

T2D pathology

The differences in heritability estimates for several of inherently population specific. Higher heritability in AF
the adipocytokines and hormones in AF compared with may be partly attributed to population differences in
other populations were expected as heritability is BMI as well as other environmental factors. Our
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A rs759790 Insulin - T2D controls only

Model N MAF P-value

Men AF 1,681 0.04 3.34x10-8 —a—

Men AA 2,596 0.04 0.6348 @
Women AF 2,462 0.03 0.0549 ——
Women AA 3,841 0.04 0.0052 @
Lean AF 974 0.04 7.90x10-11 —

Lean AA 1,563 0.04 0.0084 —o—
Overweight + Obese AF 1,087 0.03 0.0208 —
Overweight + Obese AA 4,874 0.04 0.5155 L 2
T2D Controls AF 2,061 0.03 8.32x10-07 ——

T2D Controls AA 8,498 0.04 0.5882 o

-1.2 -1 -0.8-0.6-0.4-02 0 0.2
Inverse norm Insulin

B rs201751833 Adipsin

Model N MAF P-value

Base AF 3,713 026  5.51x10-10 ——

Base AA 1,846 0.48 0.0025 —Q@—
Men AF 1,510 0.26 1.32x10-6 ——

Men AA 724 0.48 0.0068 ——
Women AF 2,203 0.26 3.40x10-7 —l—
Women AA 1,122 0.48 0.0681 ——
Lean AF 1,547 0.26 5.78x10-5 —i—
Lean AA 605 0.47 0.1475 —
Overweight + Obese AF 2,166 0.26 7.86x10-9 —l—
Overweight + Obese AA 1,241 0.48 0.0036 ——
T2D Controls AF 1,893 0.23 2.13x10-7 —l—

T2D Controls AA 1,643 0.48 0.0037 — Q@
T2D Cases AF 1,820 0.29 5.63x10-7 ——

T2D Cases AA 203 NA NA

-0.3 -02 -0.1 0 0.1
Inverse norm Adipsin

Fig. 3 Forest plots illustrating for each model the beta and 95% confidence interval of replicated novel variants that showed BMI specific effects.
Where multiple variants were statistically significant in one locus, the replicated variant with the lowest P value has been displayed. T2D controls
only = insulin analyses were not undertaken in T2D cases because of the potential of fasting insulin levels to be altered as part of the

T2D pathology
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African-specific cytokine and hormone heritability esti-
mates contribute to the slowly growing body of
population-specific SNP heritability estimates.

Two novel loci in the base model passed the stringent
threshold for genome-wide significance (rs199890456
and AC092684.1). Both loci were associated with adipsin.
Variant rs199890456 is African-ancestry specific and
evaluation of the regional plot for this intergenic locus
(Additional File 2: Fig S2) showed lack of association in
a genotyped variant in high LD (+* = 0.93). We, there-
fore, urge caution in interpreting this finding. Locus
AC092684.1 is one of four replicated loci that have pre-
viously been reported in relation to cardiometabolic
traits in other populations and their annotation suggests
possible mechanisms by which these variants may influ-
ence cardiometabolic traits. This locus, which we not
only replicated in the base model but also in the over-
weight stratum for adipsin, has previously been associ-
ated with blood pressure among those with European
ancestry, Asian ancestry and AA [66-69] as well as with
cardiovascular disease [70] and hypertension [71]. Poten-
tially, a simultaneous effect of variants in AC092684.1 on
both adipsin levels and blood pressure could explain
variation in adipsin levels in relation to cardiometabolic
traits. Using Haploreg v4.1 [72], we found that
rs201751833 substantially alters a regulatory motif for
Mef2 [73]. Mef2, or Myocyte enhancer factor-2, is a
core cardiac transcription factor that plays a prominent
role in cardiovascular development [74]. This is an ex-
ample of how identification of loci associated with adi-
pocytokines and hormones can contribute to our
understanding of cardiometabolic traits.

The intergenic locus represented by rs61848529, repli-
cated for adipsin in men, has been associated with dia-
stolic blood pressure in a European-ancestry sample
[75]. This variant, with a MAF of 0.41 in our sample of
AF and 0.15 in AA, is not reported in ALFA nor in the
1000 Genomes Project. Using LD data from the AADM
study, we found that the extent of the associated region
is limited to the rs61848529 variant (Additional File 2:
Fig S2), suggesting that this signal may not be robust.

Five variants in LD with each other (#* > 0.4) within
the KIR3DLI locus reached genome-wide significance in
AF men for adipsin and one of these, rs527885640, repli-
cated in AA. rs78852323 and rs527885640, annotated to
an intron of KIR3DLI, are African-ancestry specific and
the alternative alleles were associated with lower adipsin
levels. rs527885640 has previously been associated in
Finnish-ancestry individuals with IL-7, an interleukin
that plays an important role in B and T cell development
as part of the immune respons e[76]. Adipsin is secreted
by adipocytes and is essential in the activation of the im-
mune system’s alternative complement pathway [77].
rs527885640 alters regulatory motifs for /DP2 and
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NFE2L 1[78]. Silencing of NFE2L1 was found to disrupt
glucose metabolism and impair insulin secretion [79].
More work is needed to understand the interplay be-
tween adipsin and the immune system in relation to
obesity and abnormal glucose metabolism.

Intergenic insulin locus rs73216105, which was de-
tected and replicated in men, has been reported in rela-
tion to peak insulin response and acute insulin response
in Hispanic, Europeans, and Pima Indians, but it did not
reach genome-wide significance in these analyses (P
values of 1.07 x 107° for peak insulin response and 3.15
x 107° for acute insulin response, populations combined)
[80]. Multiple other studies reported this locus to be as-
sociated with T2D in Asian- and European-ancestry in-
dividuals [70, 81-84].

Thirty-three novel loci across stratified models passed
a more stringent P value threshold adjusted for the
number of traits and the stratification. For 17 of these
33 loci, data were available through the GTEx Portal V8
(accessed on December 23, 2020) [48] of which six had
significant eQTL reported. Locus TBCD (rs139302892),
associated with GIP in women, is an eQTL for TBCD in
adipose tissue, whole blood, and muscle tissue, and for
FN3KRP in multiple tissues including colon, adipose,
heart, whole blood, and pancreas. The FN3KRP gene has
been tentatively associated with glucose metabolism and
T2D [85]. Intergenic locus rs112549844, associated with
insulin in women, is an eQTL for FAHD2CP in muscle
and heart tissue, which is a pseudogene. The insulin
locus RP11-31F15.2 in lean individuals is an eQTL for
SLC16A1 in adipose tissue. Overexpression of SLC16A1
has in mouse pancreatic B cells been found to induce hy-
perinsulinism during exercise [86]. Locus rs746586 asso-
ciated with GIP in T2D controls is an eQTL for
SLC24A4 in skin. An intergenic locus for adipsin in T2D
cases (rs2853934) has been reported as an eQTL for 15
genes in multiple tissues including 4 HLA genes (HLA-B,
HLA-C, HLA-S, HLA-E).

An intergenic insulin locus (rs759790) that passed the
stringent P value threshold and that was replicated in
lean individuals in our analyses is an eQTL for 18 differ-
ent genes across multiple tissues. Most notable is the
eQTL GPAT2 in muscle, heart, and adipose tissue.
GPAT?2 codes for the enzyme glycerol-3-phosphate acyl-
transferase (GPAT), which a rate-limiting enzyme in gly-
cerolipid biosynthesis. GPATs have been reported to
play a critical role in the development of obesity and in-
sulin resistance [87]. This same locus has previously
been associated with eosinophil counts [70]. An increase
in eosinophils has been shown to be associated with a
decreased risk of elevated fasting insulin and T2D [88],
suggesting potential co-regulation.

Differences in environmental and genetic background
between AF and AA may have limited our replication
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efforts. The AF participants of our discovery cohort were
recruited in Ghana, Nigeria, and Kenya, which greatly
differ in physical environment and related health behav-
iors such as physical activity, dietary intake, and smoking
from the AA participants in the replication cohorts who
reside in the USA. These environmental and genetic
background differences between AF and AA highlight
the need for more studies in AF in order to be able to
replicate findings within this population.

Detection of loci linking adipocytokines and hormones
to cardiometabolic traits was increased in the sex-
stratified and BMI-stratified models. In addition, replica-
tion ability was higher in the sex-stratified model (13.3%
replicated) compared with the non-stratified base model
(3.8%) and the BMI-stratified models (3.6%). By stratify-
ing we reduced the variability in the environmental
context, which may have limited replication in the non-
stratified model. These strata also show statistically sig-
nificant heterogeneity according to an I-square value.
The higher number of detected loci in the stratified
models may, therefore, be an indication of the import-
ance of sex, BMI, and T2D on these phenotypes: ignor-
ing these factors by considering them in unstratified
models may hamper the ability to detect and replicate
association signals. Furthermore, the striking differences
in detected loci between sub-groups of phenotypes
(men, women, lean, overweight, T2D controls, and T2D
cases) suggest that genetic variants for obesity and
diabetes-related cytokines and hormones are specific to
sub-groups. Previous studies have reported sex-specific
SNP-trait associations for coronary artery disease and
Crohn’s disease [89], longevity [90], anthropometrics
[91], and lipid traits [92]. It has been suggested that
blood-based biomarkers are of particular interest for dis-
covery of novel loci by sex-stratified analyses that have
previously been undetected in sex-combined analyses
[28]. In this work, we confirmed that circulating adipo-
cytokines and hormones show heterogeneity of SNP ef-
fects between sexes. Previous GWAS that stratified on
T2D status detected and replicated loci associated with
estimated glomerular filtration rate (eGFR) in T2D con-
trols only, but found similar effect sizes in T2D cases
and controls [93, 94]. In contrast, meta-analysis of the
T2D strata in the present analyses revealed significant
heterogeneity between the loci detected for each
stratum. To our knowledge, we are the first to report
GWAS stratified by BMI status for any trait.

Despite efforts to increase diversity in genomics stud-
ies, African-ancestry populations are still underrepre-
sented in GWAS [95, 96]. Our findings reveal that some
genetic loci involved in the regulation of obesity- and
diabetes-related cytokines and hormones seem to be
population-specific. Fourteen out of the 39 loci detected
in the base models for the 13 cytokines and hormones
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were best represented by variants that are African-
specific. These loci may play a role in the previously re-
ported ethnic differences in circulating levels of these
adipocytokines and hormones [11, 12, 14, 15]. Further-
more, we observed a preponderance of low allele
frequency variants among our findings. This preponder-
ance has been reported previously in analyses of African
ancestry individuals [97-99], highlighting the need for
more studies in African-ancestry populations to be able
to study the phenomenon. The underrepresentation of
African individuals in databases such as GTEx [48] fur-
ther impairs insight into the functional relevance of de-
tected variants. Further studies that include multi-omics
data are needed to unravel whether the detected loci are
involved in the high burden of obesity and related car-
diometabolic disorders in African-ancestry populations.

A recent study reporting a GWAS of a cytokines net-
work found shared causal variants between cytokines
[100]. In contrast, we found little evidence for either
phenotypic or genetic correlation between our panel of
adipocytokines and hormones in Africans. This differ-
ence may be attributed to the cytokines studied, which
differed from the study by Nath et al. with IL-6 and IL-
10 being the only cytokines in common. While all 13
adipocytokines we studied are secreted into the circula-
tion and contribute to the pathophysiology of obesity
and diabetes, they operate physiologically through differ-
ent pathways (such as the gut-brain axis, adipogenesis,
inflammation, and insulinotropic pathways) and on dif-
ferent organ systems that are important in metabolic
traits [101-103]. This difference in physiological path-
ways may explain their lack of phenotypic and genetic
correlation. Alternatively, the difference in population
included between the study by Nath et al. [100] and our
study—European compared with African in our study—
may play a role. Nevertheless, the high complexity of the
biology of circulating cytokines and hormones warrants
consideration of potential networks across cytokines and
populations.

Conclusions

In conclusion, our findings contribute to the growing
body of evidence on the genetic basis of obesity- and
diabetes-related cytokines and hormones. The loci we
identified and replicated for several cytokines and hor-
mones provide insight into how these cytokines and hor-
mones may influence cardiometabolic traits. The high
number of African-specific loci detected emphasizes the
need for GWAS in African-ancestry populations, as
these loci could not have been detected in other popula-
tions. The strong effect of sex, BMI, and T2D status on
GWAS findings highlights that stratified analyses facili-
tate the discovery of novel loci that have previously been
undetected in combined analyses.



Meeks et al. Genome Medicine (2021) 13:156

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513073-021-00971-2.

Additional file 1: Table S1: Number of samples per cohort and per
obesity-related cytokine and hormone. Table S$2: Total number of
genome-wide significant (P-value < 5x10-8) loci detected in the discov-
ery cohort, number of novel loci, and number of loci replicated in African
Americans per trait and per model. Table S3: Variants at genome-wide
significance of P-value < 5x10-8 with low MAF (<5%) before and after re-
moval of high leverage points based on Cook's distance. Table S4: Vari-
ants at genome-wide significance of P-value < 5x10-8 per adipocytokine/
hormone for the meta-analysis of discovery and replication cohorts com-
bined. Table S5: Genome-wide significant loci from base model analyses
with moderate or strong evidence for colocalization with eQTL data from
GTEx. Table S6: Variants at genome-wide significance of P-value <
5x10°® per adipocytokine/hormone for men only. Table S7: Variants at
genome-wide significance of P-value < 5x10°® per adipocytokine/hor-
mone for women only. Table S$8: Variants at genome-wide significance
of Pvalue < 5x10°® per adipocytokine/hormone for lean (BMI < 25.0 kg/
m?) individuals only. Table §9: Variants at genome-wide significance of
P-value < 5x10°® per adipocytokine/hormone for overweight (BMI = 25.0
kg/m?) individuals only. Table $10: Variants at genome-wide significance
of P-value < 5x10°® per adipocytokine/hormone for T2D controls only.
Table S11: Variants at genome-wide significance of P-value < 5x10°® per
adipocytokine/hormone for T2D cases only. Table $12: Canonical path-
ways for genes annotated to genome-wide significant and suggestive
loci in the base model

Additional file 2. Fig S1: Principal Components 1 and 2 in continental
Africans from the AADM study (A) and for the AADM study combined
with 1000 Genomes Project populations (B), colored by ethnic group. Fig
S2: Regional plots of all loci detected in the base model (P-value < 5x10-
8) and all replicated loci from stratified models. Fig $3: Manhattan plots
for meta-analysis of discovery and replication cohorts combined for all 13
obesity- and diabetes-related cytokines and hormones. Fig S4: Miami
plots for sex-stratified analyses for all 13 obesity- and diabetes-related cy-
tokines and hormones. Fig S5: Miami plots for analyses stratified on BMI
status for all 13 obesity- and diabetes-related cytokines and hormones.
Fig S6: Miami plots for T2D status-stratified analyses for all 13 obesity-

and diabetes-related cytokines and hormones.

Acknowledgements

The authors are very grateful to the AADM collaborators. We are also
thankful to the participants in the AADM, HUFS, MESA, CFS, ARIC, and JHS
projects, their families, and their physicians. The authors gratefully
acknowledge Dr. Daniel Shriner's expertise and support with performing the
colocalization analyses. The views expressed in this manuscript are those of
the authors and do not necessarily represent the views of the NIH.

Authors’ contributions

APD, CNR, and AAA conceived and designed the experimental approaches;
KACM, ARB, CNR, APD, and AAA conceived the study analytic approaches.
APD and LL performed the molecular laboratory assays. AAA, GC, MHG, and
JZ prepared and maintained the data. KACM performed the statistical
analyses and wrote the manuscript with input from all co-authors. All authors
read and approved the final manuscript.

Funding

This project was largely supported by the Intramural Research Program of
the National Human Genome Research Institute of the National Institutes of
Health (NIH) through the Center for Research on Genomics and Global
Health (CRGGH). The CRGGH is also supported by the National Institute of
Diabetes and Digestive and Kidney Diseases and the Office of the Director at
the NIH (Z01HG200362). Support for participant recruitment and initial
genetic studies of the Africa America Diabetes Mellitus (AADM) study was
provided by NIH grant No. 3T37TW00041-03S2 from the Office of Research
on Minority Health. The Howard University Family Study (HUFS) was sup-
ported by grants SO6GM008016-320107 and S06GM008016-380111, both
from the NIGMS/MBRS/SCORE Program. The Multi-Ethnic Study of Athero-
sclerosis (MESA) is supported by contracts NO1-HC-95159 through NO1-HC-

Page 18 of 21

95166 and NO1-HC-95169 from the National Heart, Lung, and Blood Institute
(NHLBI). The Cleveland Family Study (CFS) was supported by grants from the
National Institutes of Health (HL46380, MO1 RRO0080-39, T32-HL07567, RO1-
46380). The Atherosclerosis Risk In Communities (ARIC) study was funded by
NHLBI contracts NO1-HC-55015, NO1-HC-55016, NO1-HC-55018, NO1-HC-
55019, NO1-HC-55020, NO1-HC-55021, and NO1-HC-55022. The Jackson Heart
Study (JHS) is supported and conducted in collaboration with Jackson State
University (HHSN268201800013I), Tougaloo College (HHSN268201800014),
the Mississippi State Department of Health (HHSN268201800015I), and the
University of Mississippi Medical Center (HHSN268201800010I,
HHSN2682018000111 and HHSN2682018000121) contracts from the NHLBI
and the National Institute on Minority Health and Health Disparities (NIMHD).
The Genotype-Tissue Expression (GTEx) Project was supported by the Com-
mon Fund of the Office of the Director of the National Institutes of Health,
and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS.

Availability of data and materials

The AADM and HUFS datasets used and/or analyzed in the current study are
available from the corresponding author upon request as permitted by the
IRB approval and signed informed consent. These data are not available
through a repository due to the consent obtained which does not grant
permission for deposition. The data for the other four cohorts were accessed
through dbGaP: ARIC [36, 37, 104], CFS [34, 35, 105], JHS [38, 106], and MESA
[33, 107].

Declarations

Ethics approval and consent to participate

Ethical approval was obtained for Africa America Diabetes Mellitus (AADM)
study from the National Institutes of Health, from the Howard University
Institutional Review Board (IRB), and from the ethical committees in Ghana
(University of Ghana Medical School Research Ethics Committee and the
Kwame Nkrumah University of Science and Technology Committee on
Human Research Publication and Ethics), Nigeria (National Health Research
Ethics Committee of Nigeria [NHREC]), and Kenya (The Moi Teaching &
Referral Hospital/Moi University College of Health Sciences -Institutional
Research and Ethics Committee [MTRH/MU-IREC]). Ethical approval for the
Howard University Family Study (HUFS) was obtained from the Howard
University IRB. The Atherosclerosis Risk In Communities (ARIC) study was
approved by the IRB of the University of North Carolina at Chapel Hill, Johns
Hopkins University, University of Mississippi Medical Center, Wake Forest
University, University of Minnesota, Brigham and Women's Hospital, and
Baylor College of Medicine. The Cleveland Family Study (CFS) was approved
by the University Hospitals Case Medical Center. The Jackson Heart Study
(JHS) was approved by the IRB of the University of Mississippi Medical
Center, Jackson State University, and Tougaloo College. The Multi-Ethnic
Study of Atherosclerosis (MESA) was approved by the IRB at each of the six
field centers. All participants gave written informed consent prior to enroll-
ments in the studies. All procedures have been performed in accordance
with the ethical standards as laid down in the 1964 Declaration of Helsinki
and its later amendments or comparable ethical standards.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 13 May 2020 Accepted: 16 September 2021
Published online: 07 October 2021

References

1. Febbraio MA. Role of interleukins in obesity: implications for metabolic
disease. Trends Endocrinol Metab. 2014;25(6):312-9. https://doi.org/10.1016/
jtem.2014.02.004.

2. Nauck MA, Meier JJ. Incretin hormones: their role in health and disease.
Diab Obes Metab. 2018;20(Suppl 1):5-21. https://doi.org/10.1111/
dom.13129.

3. Madsbad S. The role of glucagon-like peptide-1 impairment in obesity and
potential therapeutic implications. Diab Obes Metab. 2014;16(1):9-21.
https.//doi.org/10.1111/dom.12119.


https://doi.org/10.1186/s13073-021-00971-2
https://doi.org/10.1186/s13073-021-00971-2
https://doi.org/10.1016/j.tem.2014.02.004
https://doi.org/10.1016/j.tem.2014.02.004
https://doi.org/10.1111/dom.13129
https://doi.org/10.1111/dom.13129
https://doi.org/10.1111/dom.12119

Meeks et al. Genome Medicine

20.

21.

22.

(2021) 13:156

Stofkova A. Resistin and visfatin: regulators of insulin sensitivity,
inflammation and immunity. Endocr Regul. 2010;44(1):25-36. https://doi.
0rg/10.4149/endo_2010_01_25.

Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, Weigle DS. A
preprandial rise in plasma ghrelin levels suggests a role in meal initiation in
humans. Diabetes. 2001;50:1714-9.

Guyenet SJ, Schwartz MW. Regulation of food intake, energy balance, and
body fat mass: implications for the pathogenesis and treatment of obesity. J
Clin Endocrinol Metab. 2012;97:745-55.

Abarca-Gémez L, Abdeen ZA, Hamid ZA, Abu-Rmeileh NM, Acosta-Cazares
B, Acuin C, et al. Worldwide trends in body-mass index, underweight,
overweight, and obesity from 1975 to 2016: a pooled analysis of 2416
population-based measurement studies in 128:9 million children,
adolescents, and adults. Lancet. 2017;390(10113):2627-42. https;//doi.org/1
0.1016/S0140-6736(17)32129-3.

Agyemang C, Meeks K, Beune E, Owusu-Dabo E, Mockenhaupt FP, Addo J,
et al. Obesity and type 2 diabetes in sub-Saharan Africans - is the burden in
today's Africa similar to African migrants in Europe? The RODAM study. BMC
Med. 2016;14(1):166. https.//doi.org/10.1186/512916-016-0709-0.

N. C. D. Risk Factor Collaboration - Africa Working Group. Trends in obesity
and diabetes across Africa from 1980 to 2014: an analysis of pooled
population-based studies. Int J Epidemiol. 2017;46:1421-32.

National Center for Health Statistics: Health, United States, 2016: with
Chartbook on Long-term Trends in Health. https.//www.cdc.gov/nchs/data/
hus/hus16.pdf (2017).

Khan Ul, Wang D, Sowers MR, Mancuso P, Everson-Rose SA, Scherer PE,

et al. Race—ethnic differences in adipokine levels: the Study of Women's
Health Across the Nation (SWAN). Metabolism. 2012,61(9):1261-9. https://
doi.org/10.1016/j.metabol.2012.02.005.

Morimoto Y, Conroy SM, Ollberding NJ, Kim Y, Lim U, Cooney RV, et al.
Ethnic differences in serum adipokine and C-reactive protein levels: the
multiethnic cohort. Int J Obes. 2014;38(11):1416-22. https://doi.org/10.1038/
j0.2014.25.

Aulock SV, Deininger S, Draing C, Gueinzius K, Dehus O, Hermann C. Gender
difference in cytokine secretion on immune stimulation with LPS and LTA. J
Interferon Cytokine Res. 2006;26(12):887-92. https://doi.org/10.1089/jir.2006.2
6.887.

Carroll JF, Fulda KG, Chiapa AL, Rodriquez M, Phelps DR, Cardarelli KM, et al.
Impact of race/ethnicity on the relationship between visceral fat and
inflammatory biomarkers. Obesity. 2009;17(7):1420-7. https://doi.org/10.103
8/0by.2008.657.

Greyling A, Pieters M, Hoekstra T, Oosthuizen W, Schutte A. Differences in
the association of PAI-1 activity with the metabolic syndrome between
African and Caucasian women. Nutri Metab Cardiovasc Dis. 2007;17(7):499—
507. https//doi.org/10.1016/j.numecd.2006.04.006.

Couillard C, Mauriege P, Prud'homme D, Nadeau A, Tremblay A, Bouchard
G, et al. Plasma leptin concentrations: gender differences and associations
with metabolic risk factors for cardiovascular disease. Diabetologia. 1997;
40(10):1178-84. https://doi.org/10.1007/5001250050804.

Makovey J, Naganathan V, Seibel M, Sambrook P. Gender differences in
plasma ghrelin and its relations to body composition and bone-an
opposite-sex twin study. Clin Endocrinol. 2007,66(0):530-7. https://doi.org/1
0.1111/).1365-2265.2007.02768 x.

Al-Daghri NM, Al-Attas OS, Alokail MS, Alkharfy KM, Yakout SM, Sabico SB,
et al. Parent-offspring transmission of adipocytokine levels and their
associations with metabolic traits. PloS One. 2011;6(4):e18182. https://doi.
org/10.1371/journal.pone.0018182.

Narkiewicz K, Szczech R, Winnicki M, Chrostowska M, Pawlowski R, Lysiak-
Szydlowska W, et al. Heritability of plasma leptin levels: a twin study. J
Hypertens. 1999;17:27-31.

Chen G, Bentley A, Adeyemo A, Shriner D, Zhou J, Doumatey A, et al.
Genome-wide association study identifies novel loci association with fasting
insulin and insulin resistance in African Americans. Hum Mol Genet. 2012;
21(20):4530-6. https://doi.org/10.1093/hmg/dds282.

Walford GA, Gustafsson S, Rybin D, Stancakova A, Chen H, Liu CT, et al.
Genome-wide association study of the modified stumvoll insulin sensitivity
index identifies BCL2 and FAM19A2 as novel insulin sensitivity loci.
Diabetes. 2016;65:3200-11.

Irvin MR, Wineinger NE, Rice TK, Pajewski NM, Kabagambe EK, Gu CC,
et al. Genome-wide detection of allele specific copy number variation
associated with insulin resistance in African Americans from the

23.

24,

25.

26.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

Page 19 of 21

HyperGEN study. PLoS One. 2011;6(8):e24052. https://doi.org/10.1371/
journal.pone.0024052.

Manning AK, Hivert MF, Scott RA, Grimsby JL, Bouatia-Naji N, Chen H, et al.
A genome-wide approach accounting for body mass index identifies
genetic variants influencing fasting glycemic traits and insulin resistance.
Nat Genet. 2012;44(6):659-69. https://doi.org/10.1038/ng.2274.

Almgren P, Lindqvist A, Krus U, Hakaste L, Ottosson-Laakso E, Asplund O,
et al. Genetic determinants of circulating GIP and GLP-1 concentrations. JCI
Insight. 2017;2(21). https://doi.org/10.1172/jciinsight.93306.
Gudmundsdottir V, Pedersen HK; Allebrandt KV, Brorsson C, van Leeuwen N,
Banasik K, et al. Integrative network analysis highlights biological processes
underlying GLP-1 stimulated insulin secretion: A DIRECT study. PloS one.
2018;13(1):e0189886. https://doi.org/10.1371/journal.pone.0189886.
Kilpelainen TO, Carli JF, Skowronski AA, Sun Q, Kriebel J, Feitosa MF, et al.
Genome-wide meta-analysis uncovers novel loci influencing circulating
leptin levels. Nat Commun. 2016;7(1):10494. https://doi.org/10.1038/
ncomms10494.

Tekola Ayele F, Doumatey A, Huang H, Zhou J, Charles B, Erdos M, et al.
Genome-wide associated loci influencing interleukin (IL)-10, IL-1Ra, and IL-6
levels in African Americans. Immunogenetics. 2012;64:351-9.

Khramtsova EA, Davis LK, Stranger BE. The role of sex in the genomics of
human complex traits. Nat Rev Genet. 2019;20(3):173-90. https://doi.org/1
0.1038/541576-018-0083-1.

Rotimi CN, Chen G, Adeyemo AA, Furbert-Harris P, Guass D, Zhou J, et al. A
genome-wide search for type 2 diabetes susceptibility genes in West
Africans: the Africa America Diabetes Mellitus (AADM) Study. Diabetes. 2004;
53(3):838-41. https://doi.org/10.2337/diabetes.53.3.838.

Rotimi CN, Dunston GM, Berg K, Akinsete O, Amoah A, Owusu S, et al. In
search of susceptibility genes for type 2 diabetes in West Africa: the design
and results of the first phase of the AADM study. Ann Epidemiol. 2001;11:
51-8.

Adeyemo AA, Zaghloul NA, Chen G, Doumatey AP, Leitch CC, Hostelley TL,
et al. ZRANB3 is an African-specific type 2 diabetes locus associated with
beta-cell mass and insulin response. Nat Commun. 2019;10(1):3195. https.//
doi.org/10.1038/541467-019-10967-7.

Adeyemo A, Gerry N, Chen G, Herbert A, Doumatey A, Huang H, et al. A
genome-wide association study of hypertension and blood pressure in
African Americans. PLOS Genetics. 2009;5:1000564.

Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, et al.
Multi-Ethnic Study of Atherosclerosis: objectives and design. Am J
Epidemiol. 2002;156(9):871-81. https://doi.org/10.1093/aje/kwf113.

Redline S, Tishler PV, Tosteson TD, Williamson J, Kump K, Browner |,

et al. The familial aggregation of obstructive sleep apnea. Am J Respir
Crit Care Med. 1995;151(3_pt_1):682-7. https://doi.org/10.1164/ajrccm/1
51.3_Pt_1.682.

Zhang GQ, Cui L, Mueller R, Tao S, Kim M, Rueschman M, et al. The National
Sleep Research Resource: towards a sleep data commons. J Am Med Inform
Assoc. 2018;25:1351-8.

Folsom AR, Wu KK, Rosamond WD, Sharrett AR, Chambless LE. Prospective
study of hemostatic factors and incidence of coronary heart disease.
Circulation. 1997;96(4):1102-8. https;//doi.org/10.1161/01.CIR.96.4.1102.
Jones DW, Chambless LE, Folsom AR, Heiss G, Hutchinson RG, Sharrett AR,
et al. Risk factors for coronary heart disease in African Americans: the
atherosclerosis risk in communities study, 1987-1997. Arch Intern Med. 2002;
162(22):2565-71. https//doi.org/10.1001/archinte.162.22.2565.

Taylor HA Jr, Wilson JG, Jones DW, Sarpong DF, Srinivasan A, Garrison RJ,
et al. Toward resolution of cardiovascular health disparities in African
Americans: design and methods of the Jackson Heart Study. Ethn Dis. 2005;
15:56-4.

McCarroll SA, Kuruvilla FG, Korn JM, Cawley S, Nemesh J, Wysoker A, et al.
Integrated detection and population-genetic analysis of SNPs and copy
number variation. Nat Genet. 2008;40(10):1166-74. https.//doi.org/10.1038/
ng.238.

The Vertebrate Resequencing Group - Wellcome Sanger Institute. Sanger
Imputation Server. 2018. https.//imputation.sanger.ac.uk/.

Min Kang H. EPACTS (Efficient and Parallelizable Association Container
Toolbox) 2014. https://genome.sph.umich.edu/wiki/EPACTS.

Adeyemo AA, Tekola-Ayele F, Doumatey AP, Bentley AR, Chen G, Huang H,
et al. Evaluation of genome wide association study associated type 2
diabetes susceptibility loci in Sub Saharan Africans. Front Genet. 2015;6.
https://doi.org/10.3389/fgene.2015.00335.


https://doi.org/10.4149/endo_2010_01_25
https://doi.org/10.4149/endo_2010_01_25
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1016/S0140-6736(17)32129-3
https://doi.org/10.1186/s12916-016-0709-0
https://www.cdc.gov/nchs/data/hus/hus16.pdf
https://www.cdc.gov/nchs/data/hus/hus16.pdf
https://doi.org/10.1016/j.metabol.2012.02.005
https://doi.org/10.1016/j.metabol.2012.02.005
https://doi.org/10.1038/ijo.2014.25
https://doi.org/10.1038/ijo.2014.25
https://doi.org/10.1089/jir.2006.26.887
https://doi.org/10.1089/jir.2006.26.887
https://doi.org/10.1038/oby.2008.657
https://doi.org/10.1038/oby.2008.657
https://doi.org/10.1016/j.numecd.2006.04.006
https://doi.org/10.1007/s001250050804
https://doi.org/10.1111/j.1365-2265.2007.02768.x
https://doi.org/10.1111/j.1365-2265.2007.02768.x
https://doi.org/10.1371/journal.pone.0018182
https://doi.org/10.1371/journal.pone.0018182
https://doi.org/10.1093/hmg/dds282
https://doi.org/10.1371/journal.pone.0024052
https://doi.org/10.1371/journal.pone.0024052
https://doi.org/10.1038/ng.2274
https://doi.org/10.1172/jci.insight.93306
https://doi.org/10.1371/journal.pone.0189886
https://doi.org/10.1038/ncomms10494
https://doi.org/10.1038/ncomms10494
https://doi.org/10.1038/s41576-018-0083-1
https://doi.org/10.1038/s41576-018-0083-1
https://doi.org/10.2337/diabetes.53.3.838
https://doi.org/10.1038/s41467-019-10967-7
https://doi.org/10.1038/s41467-019-10967-7
https://doi.org/10.1093/aje/kwf113
https://doi.org/10.1164/ajrccm/151.3_Pt_1.682
https://doi.org/10.1164/ajrccm/151.3_Pt_1.682
https://doi.org/10.1161/01.CIR.96.4.1102
https://doi.org/10.1001/archinte.162.22.2565
https://doi.org/10.1038/ng.238
https://doi.org/10.1038/ng.238
https://imputation.sanger.ac.uk/
https://genome.sph.umich.edu/wiki/EPACTS
https://doi.org/10.3389/fgene.2015.00335

Meeks et al. Genome Medicine

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2021) 13:156

Declerck PJ, Alessi MC, Verstreken M, Kruithof EK, Juhan-Vague |, Collen D.
Measurement of plasminogen activator inhibitor 1 in biologic fluids with a
murine monoclonal antibody-based enzyme-linked immunosorbent assay.
Blood. 1988;71:220-5.

Jiang L, Zheng Z, Qi T, Kemper KE, Wray NR, Visscher PM, et al. A resource-
efficient tool for mixed model association analysis of large-scale data. Nat
Genet. 2019;51:1749-55.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al.
PLINK: a tool set for whole-genome association and population-based
linkage analyses. Am J Hum Genet. 2007;81(3):559-75. https://doi.org/10.1
086/519795.

Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace
G, et al. Bayesian test for colocalisation between pairs of genetic association
studies using summary statistics. Plos Genet. 2014;10(5):e1004383. https://
doi.org/10.1371/journal.pgen.1004383.

Guo H, Fortune MD, Burren OS, Schofield E, Todd JA, Wallace C. Integration
of disease association and eQTL data using a Bayesian colocalisation
approach highlights six candidate causal genes in immune-mediated
diseases. Human molecular genetics. 2015;24(12):3305-13. https.//doi.org/1
0.1093/hmg/ddv077.

The GTEx Consortium. The GTEx Consortium atlas of genetic regulatory
effects across human tissues. Science. 2020;369(6509):1318-30. https://doi.
0rg/10.1126/science.aaz1776.

Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of
genomewide association scans. Bioinformatics. 2010,26:2190-1.

Phan L, Jin Y, Zhang H, Qiang W, Shekhtman E, Shao D, et al. ALFA: Allele
Frequency Aggregator. National Center for Biotechnology Information, U.S.
National Library of Medicine. 2020. www.ncbi.nlm.nih.gov/snp/docs/gsr/a
Ifa/.

StataCorp. 2017. Stata Statistical Software: Release 15. StataCorp LLC. 2017.
https.//www.stata.com/.

Krdmer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches in
ingenuity pathway analysis. Bioinformatics. 2013;30(4):523-30. https://doi.
0rg/10.1093/bioinformatics/btt703.

Ramos E, Chen G, Shriner D, Doumatey A, Gerry NP, Herbert A, et al.
Replication of genome-wide association studies (GWAS) loci for fasting
plasma glucose in African-Americans. Diabetologia. 2011;54(4):783-8.
https://doi.org/10.1007/500125-010-2002-7.

Buniello A, MacArthur JAL, Cerezo M, Harris LW, Hayhurst J, Malangone C,
et al. The NHGRI-EBI GWAS Catalog of published genome-wide association
studies, targeted arrays and summary statistics 2019. Nucleic Acids Res.
2019;47:D1005-12.

Shriner D. Overview of admixture mapping. Curr Protoc Hum Genet. 2017;
94(1):1.23.21-21.23.28. https://doi.org/10.1002/cphg.44.

Voruganti VS, Goring HH, Diego VP, Cai G, Mehta NR, Haack K; et al.
Genome-wide scan for serum ghrelin detects linkage on chromosome 1p36
in Hispanic children: results from the Viva La Familia study. Pediatr Res.
2007;62(4):445-50. https://doi.org/10.1203/PDR.0b013e31813cbf02.

Freeman MS, Mansfield MW, Barrett JH, Grant PJ. Heritability of features of
the insulin resistance syndrome in a community-based study of healthy
families. Diabet Med. 2002;19(12):994-9. https.//doi.org/10.1046/}.1464-54
91.2002.00843.x.

Menzaghi C, Coco A, Salvemini L, Thompson R, De Cosmo S, Doria A, et al.
Heritability of serum resistin and its genetic correlation with insulin
resistance-related features in nondiabetic Caucasians. J Clin Endocrinol
Metab. 2006;91(7):2792-5. https.//doi.org/10.1210/jc.2005-2715.

Hivert M-F, Manning AK, McAteer JB, Dupuis J, Fox CS, Cupples LA, et al.
Association of variants in RETN with plasma resistin levels and diabetes-
related traits in the framingham offspring study. Diabetes. 2009;58(3):750-6.
https://doi.org/10.2337/db08-1339.

Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, et al.
LocusZoom: regional visualization of genome-wide association scan results.
Bioinformatics. 2010;26(18):2336-7. https.//doi.org/10.1093/bioinformatics/
btg419.

Huang J, Sabater-Lleal M, Asselbergs FW, Tregouet D, Shin SY, Ding J, et al.
Genome-wide association study for circulating levels of PAI-1 provides
novel insights into its regulation. Blood. 2012;120(24):4873-81. https.//doi.
0rg/10.1182/blood-2012-06-436188.

Huang J, Huffman JE, Yamakuchi M, Trompet S, Asselbergs FW, Sabater-Lleal
M, et al. Genome-wide association study for circulating tissue plasminogen
activator levels and functional follow-up implicates endothelial STXBP5 and

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 20 of 21

STX2. Arterioscler Thromb Vasc Biol. 2014;34(5):1093-101. https://doi.org/1
0.1161/ATVBAHA.113.302088.

Chung CM, Lin TH, Chen JW, Leu HB, Yin WH, Ho HY, et al. Common
quantitative trait locus downstream of RETN gene identified by genome-
wide association study is associated with risk of type 2 diabetes mellitus in
Han Chinese: a Mendelian randomization effect. Diab Metab Res Rev. 2014;
30:232-40.

Kawamura R, Tabara Y, Tsukada A, Igase M, Ohashi J, Yamada R, et al.
Genome-wide association study of plasma resistin levels identified
151423096 and rs10401670 as possible functional variants in the Japanese
population. Physiol Genomics. 2016;48(11):874-81. https://doi.org/10.1152/
physiolgenomics.00040.2016.

Qi Q, Menzaghi C, Smith S, Liang L, de Rekeneire N, Garcia ME, et al.
Genome-wide association analysis identifies TYW3/CRYZ and NDST4 loci
associated with circulating resistin levels. Hum Mol Genet. 2012,21:4774-80.
Feitosa MF, Kraja AT, Chasman DI, Sung YJ, Winkler TW, Ntalla |, et al. Novel
genetic associations for blood pressure identified via gene-alcohol
interaction in up to 570K individuals across multiple ancestries. PLoS One.
2018;13(6):e0198166. https://doi.org/10.1371/journal.pone.0198166.

Ehret GB, Ferreira T, Chasman DI, Jackson AU, Schmidt EM, Johnson T, et al.
The genetics of blood pressure regulation and its target organs from
association studies in 342,415 individuals. Nat Genet. 2016;48(10):1171-84.
https://doi.org/10.1038/ng.3667.

Kanai M, Akiyama M, Takahashi A, Matoba N, Momozawa Y, lkeda M, et al.
Genetic analysis of quantitative traits in the Japanese population links cell
types to complex human diseases. Nat Genet. 2018;50(3):390-400. https://
doi.org/10.1038/541588-018-0047-6.

Kato N, Takeuchi F, Tabara Y, Kelly TN, Go MJ, Sim X, et al. Meta-analysis of
genome-wide association studies identifies common variants associated
with blood pressure variation in east Asians. Nat Genet. 2011;43:531-8.
Kichaev G, Bhatia G, Loh PR, Gazal S, Burch K, Freund MK, et al. Leveraging
polygenic functional enrichment to improve GWAS power. Am J Hum
Genet. 2019;104:65-75.

German CA, Sinsheimer JS, Klimentidis YC, Zhou H, Zhou JJ. Ordered
multinomial regression for genetic association analysis of ordinal
phenotypes at Biobank scale. Genet Epidemiol. 2020;44:248-60.

Ward LD, Kellis M. HaploReg: a resource for exploring chromatin states,
conservation, and regulatory motif alterations within sets of genetically
linked variants. Nucleic Acids Res. 2012;40(D1):D930-4. https://doi.org/10.1
093/nar/gkr917.

Kheradpour P, Kellis M. Systematic discovery and characterization of
regulatory motifs in ENCODE TF binding experiments. Nucleic acids Res.
2014;42(5):2976-87. https://doi.org/10.1093/nar/gkt1249.

Desjardins CA, Naya FJ. The function of the MEF2 family of transcription
factors in cardiac development, cardiogenomics, and direct reprogramming.
J Cardiovasc Dev Dis. 2016;3:26.

Evangelou E, Warren HR, Mosen-Ansorena D, Mifsud B, Pazoki R, Gao H,

et al. Genetic analysis of over 1 million people identifies 535 new loci
associated with blood pressure traits. Nat Genet. 2018,50(10):1412-25.
https://doi.org/10.1038/541588-018-0205-x.

Ahola-Olli AV, Wurtz P, Havulinna AS, Aalto K, Pitkanen N, Lehtimaki T, et al.
Genome-wide association study identifies 27 loci influencing concentrations
of circulating cytokines and growth factors. Am J Hum Genet. 2017;100(1):
40-50. https://doi.org/10.1016/j.ajhg.2016.11.007.

Xu'Y, Ma M, Ippolito GC, Schroeder HW, Carroll MC, Volanakis JE. Complement
activation in factor D-deficient mice. Proceedings of the National Academy of
Sciences. 2001;98(25):14577-82. https://doi.org/10.1073/pnas.261428398.

Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA, Kasowski M, et al.
Annotation of functional variation in personal genomes using RegulomeDB.
Genome research. 2012;22(9):1790-7. https.//doi.org/10.1101/gr.137323.112.
Zheng H, Fu J, Xue P, Zhao R, Dong J, Liu D, et al. CNC-bZIP protein Nrf1-
dependent regulation of glucose-stimulated insulin secretion. Antioxidants
& Redox Signaling. 2015,22(10):819-31. https://doi.org/10.1089/ars.2014.6017.
Wood AR, Jonsson A, Jackson AU, Wang N, van Leewen N, Palmer ND, et al.
A genome-wide association study of IVGTT-based measures of first-phase
insulin secretion refines the underlying physiology of type 2 diabetes
variants. Diabetes. 2017,66(8):2296-309. https://doi.org/10.2337/db16-1452.
Zhao W, Rasheed A, Tikkanen E, Lee JJ, Butterworth AS, Howson JMM, et al.
Identification of new susceptibility loci for type 2 diabetes and shared
etiological pathways with coronary heart disease. Nat Genet. 2017;49(10):
1450-7. https//doi.org/10.1038/ng.3943.


https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1093/hmg/ddv077
https://doi.org/10.1093/hmg/ddv077
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
https://www.ncbi.nlm.nih.gov/snp/docs/gsr/alfa/
https://www.ncbi.nlm.nih.gov/snp/docs/gsr/alfa/
https://www.stata.com/
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1007/s00125-010-2002-7
https://doi.org/10.1002/cphg.44
https://doi.org/10.1203/PDR.0b013e31813cbf02
https://doi.org/10.1046/j.1464-5491.2002.00843.x
https://doi.org/10.1046/j.1464-5491.2002.00843.x
https://doi.org/10.1210/jc.2005-2715
https://doi.org/10.2337/db08-1339
https://doi.org/10.1093/bioinformatics/btq419
https://doi.org/10.1093/bioinformatics/btq419
https://doi.org/10.1182/blood-2012-06-436188
https://doi.org/10.1182/blood-2012-06-436188
https://doi.org/10.1161/ATVBAHA.113.302088
https://doi.org/10.1161/ATVBAHA.113.302088
https://doi.org/10.1152/physiolgenomics.00040.2016
https://doi.org/10.1152/physiolgenomics.00040.2016
https://doi.org/10.1371/journal.pone.0198166
https://doi.org/10.1038/ng.3667
https://doi.org/10.1038/s41588-018-0047-6
https://doi.org/10.1038/s41588-018-0047-6
https://doi.org/10.1093/nar/gkr917
https://doi.org/10.1093/nar/gkr917
https://doi.org/10.1093/nar/gkt1249
https://doi.org/10.1038/s41588-018-0205-x
https://doi.org/10.1016/j.ajhg.2016.11.007
https://doi.org/10.1073/pnas.261428398
https://doi.org/10.1101/gr.137323.112
https://doi.org/10.1089/ars.2014.6017
https://doi.org/10.2337/db16-1452
https://doi.org/10.1038/ng.3943

Meeks et al. Genome Medicine

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1.

92.

93.

94.

95.

96.

97.

98.

99.

101.

(2021) 13:156

Bonas-Guarch S, Guindo-Martinez M, Miguel-Escalada |, Grarup N, Sebastian
D, Rodriguez-Fos E, et al. Re-analysis of public genetic data reveals a rare X-
chromosomal variant associated with type 2 diabetes. Nat Commun. 2018,9:
321.

Voight BF, Scott LJ, Steinthorsdottir V, Morris AP, Dina C, Welch RP, et al.
Twelve type 2 diabetes susceptibility loci identified through large-scale
association analysis. Nat Genet. 2010;42(7):579-89. https://doi.org/10.1038/
ng.609.

Xue A, Wu'Y, Zhu Z, Zhang F, Kemper KE, Zheng Z, et al. Genome-wide
association analyses identify 143 risk variants and putative regulatory
mechanisms for type 2 diabetes. Nat Commun. 2018;9:2941.

Szwergold BS. Fructosamine-6-phosphates are deglycated by
phosphorylation to fructosamine-3,6-bisphosphates catalyzed by
fructosamine-3-kinase (FN3K) and/or fructosamine-3-kinase-related-protein
(FN3KRP). Med Hypotheses. 2007;68:37-45.

Pullen TJ, Sylow L, Sun G, Halestrap AP, Richter EA, Rutter GA.
Overexpression of monocarboxylate transporter-1 (SLC16A1) in mouse
pancreatic 3-cells leads to relative hyperinsulinism during exercise. Diabetes.
2012;61(7):1719-25. https;//doi.org/10.2337/db11-1531.

Yu J, Loh K Song Z-Y, Yang H-Q, Zhang Y, Lin S. Update on glycerol-3-
phosphate acyltransferases: the roles in the development of insulin
resistance. Nutr Diab. 2018;8:34.

Zhu L, SuT, Xu M, Xu Y, Li M, Wang T, et al. Eosinophil inversely associates
with type 2 diabetes and insulin resistance in Chinese adults. PloS One.
2013;8:€67613.

Liu LY, Schaub MA, Sirota M, Butte AJ. Sex differences in disease risk from
reported genome-wide association study findings. Hum Genet. 2012;131(3):
353-64. https;//doi.org/10.1007/500439-011-1081-y.

Zeng Y, Nie C, Min J, Chen H, Liu X, Ye R, et al. Sex differences in genetic
associations with longevity. JAMA Netw Open. 2018;1(4):e181670. https://
doi.org/10.1001/jamanetworkopen.2018.1670.

Randall JC, Winkler TW, Kutalik Z, Berndt SI, Jackson AU, Monda KL, et al.
Sex-stratified genome-wide association studies including 270,000 individuals
show sexual dimorphism in genetic loci for anthropometric traits. PLoS
Genet. 2013;9(6):21003500. https://doi.org/10.1371/journal.pgen.1003500.
Taylor KC, Carty CL, Dumitrescu L, Buzkova P, Cole SA, Hindorff L, et al.
Investigation of gene-by-sex interactions for lipid traits in diverse
populations from the population architecture using genomics and
epidemiology study. BMC Genet. 2013;14(1):33. https://doi.org/10.1186/14
71-2156-14-33.

Parsa A, Kanetsky PA, Xiao R, Gupta J, Mitra N, Limou S, et al. Genome-wide
association of CKD progression: the chronic renal insufficiency cohort study.
J Am Soc Nephro. 2017;28:923-34.

Hellwege JN, Velez Edwards DR, Giri A, Qiu C, Park J, Torstenson ES, et al.
Mapping eGFR loci to the renal transcriptome and phenome in the VA
Million Veteran Program. Nat Commun. 2019;10(1):3842. https://doi.org/10.1
038/541467-019-11704-w.

Hindorff LA, Bonham VL, Brody LC, Ginoza ME, Hutter CM, Manolio TA, et al.
Prioritizing diversity in human genomics research. Nat Rev Genet. 2018;19:
175.

Popejoy AB, Fullerton SM. Genomics is failing on diversity. Nat News. 2016;
538(7624):161-4. https://doi.org/10.1038/538161a.

Bentley AR, Sung YJ, Brown MR, Winkler TW, Kraja AT, Ntalla |, et al. Multi-
ancestry genome-wide gene-smoking interaction study of 387,272
individuals identifies new loci associated with serum lipids. Nat Genet. 2019;
51(4):636-48. https://doi.org/10.1038/541588-019-0378-y.

Sung YJ, Winkler TW, de Las FL, Bentley AR, Brown MR, Kraja AT, et al. A
large-scale multi-ancestry genome-wide study accounting for smoking
behavior identifies multiple significant loci for blood pressure. Am J Hum
Genet. 2018;102(3):375-400. https://doi.org/10.1016/j.ajhg.2018.01.015.

de Las Fuentes L, Sung YJ, Noordam R, Winkler T, Feitosa MF, Schwander K,
et al. Gene-educational attainment interactions in a multi-ancestry genome-
wide meta-analysis identify novel blood pressure loci. Mol Psychiatry. 2020;
262111-25.

. Nath AP, Ritchie SC, Grinberg NF, Tang HH, Huang QQ, Teo SM, et al.

Multivariate genome-wide association analysis of a cytokine network reveals
variants with widespread immune, haematological and cardiometabolic
pleiotropy. Am J Hum Genet. 2019;105(6):1076-90.

Cabou C, Burcelin R. GLP-1, the gut-brain, and brain-periphery axes. Rev
Diabet Stud. 2011;8(3):418-31. https://doi.org/10.1900/RDS.2011.8418.

102

104.

106.

Page 21 of 21

. Hognogi LDM, Simiti LV. The cardiovascular impact of visfatin - an
inflammation predictor biomarker in metabolic syndrome. Clujul Med. 2016;
89:322-6.

. Kim YH, Pyo S. Interleukin-10 suppresses adipogenesis via Wnt5a signaling

pathway in 3T3-L1 preadipocytes. Biochem Biophys Res Commun. 2019;509:

877-85.

Aaron R. Folsom, Gerardo Heiss, Thomas H. Mosley Jr, Josef Coresh, Christie

M. Ballantyne, Eric Boerwinkle, David Couper, Scott Solomon, Stearns S.

Atherosclerosis Risk in Communities (ARIC) cohort. dbGaP: phs000280.v2.p1,

phs000090.v2.p1. https//www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.

cgi?study_id=phs000280.v2.p1 (2013).

. Redline S. Cleveland Family Study (CFS). dbGaP: phs000284.v1.p1. https.//

www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000284.

v1.pl (2011).

Adolfo Correa, Anugu P, Ken Butler, Michael Griswold, Hao Mei, Yuan-I Min,

Solomon K. Musani, Arita Norwood, Mario Sims, James G Wilson, Ervin Fox.

Jackson Heart Study (JHS) cohort. dbGaP: phs000286.v4.p1, phs000499.v2.p1.

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=

phs000286.v4.p1 (2013).

. Richard Kronmal, Robyn McClelland, Steven Shea, Wendy Post, Kiang Liu,
Aaron Folsom, Karol Watson, Gregory Burke, Russell Tracy, Matthew J.
Budoff, et al. Multi-Ethnic Study of Atherosclerosis (MESA) cohort. dbGaP:
phs000209.v13.p1, phs000420.v6.p3. https://www.ncbinlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=phs000209.v13.p3 (2014).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1038/ng.609
https://doi.org/10.1038/ng.609
https://doi.org/10.2337/db11-1531
https://doi.org/10.1007/s00439-011-1081-y
https://doi.org/10.1001/jamanetworkopen.2018.1670
https://doi.org/10.1001/jamanetworkopen.2018.1670
https://doi.org/10.1371/journal.pgen.1003500
https://doi.org/10.1186/1471-2156-14-33
https://doi.org/10.1186/1471-2156-14-33
https://doi.org/10.1038/s41467-019-11704-w
https://doi.org/10.1038/s41467-019-11704-w
https://doi.org/10.1038/538161a
https://doi.org/10.1038/s41588-019-0378-y
https://doi.org/10.1016/j.ajhg.2018.01.015
https://doi.org/10.1900/RDS.2011.8.418
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000280.v2.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000280.v2.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000284.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000284.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000284.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000286.v4.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000286.v4.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000209.v13.p3
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000209.v13.p3

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Data and participants
	Discovery cohort
	Replication cohorts
	Genotyping and quality control
	Phenotyping

	Statistical analyses
	Discovery
	Replication


	Results
	Characteristics of the study populations
	Heritability of the obesity and diabetes-related cytokines and hormones in African ancestry individuals
	Genetic loci associated with obesity and diabetes-related cytokines and hormones
	Evidence for colocalization of GWAS findings and eQTL data
	The effect of sex, BMI status, and T2D status on GWAS findings for the obesity-related cytokines and hormones
	The effect of sex
	The effect of BMI status
	The effect of T2D status

	Phenotypic and genetic correlation among obesity and diabetes-related cytokines and hormones

	Discussion
	Conclusions
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

