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/Abstract \

The underlying evolutionary genetics of African Americans in North America increases their risk for chronic
kidney disease and accounts, in part, for the significant health disparity observed. In this paper we suggest that a
gene-environment mismatch is responsible for the high frequency of chronic kidney disease among many
African Americans and that this mismatch is augmented by gene-gene interactions that enhance the pathology
proliferates in a specific environmental setting of high infectious disease (specifically trypanosomiasis) and then
loses its evolutionary advantage when the population is abruptly transferred to a new environment (North
America) lacking these specific selective constraints. The inordinately high frequencies of chronic kidney diseases
in this evolutionarily new environment are a direct result of a mismatch between the group’s background
genetics, adaptations to their environments of origin, and the recent migratory transition to the Americas with
new selective constraints coupled with the interactions of the original genetic adaptations with other nearby

Qenetic and non-genetic traits. /
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From historic demographic perspectives, the high level of kidney disease in African Americans is also a
consequence of the robust interregional African-African genetic admixtures associated with ancestral
relocations to the Americas and the resulting mating patterns that (intentionally) merged geographical
groups of Africans who had been previously separated. Consequently, the potential developed for the
compound double heterozygotes for the APOL1 genetic variants G1 and G2 with an increased risk for CKD
has become elevated among the transatlantic African Diaspora populations.

Keywords

African Americans; G1/G2 compound double heterozygote; Selection dynamics; Microevolutionary shifts.
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Lay Summary
Centuries of unique interregional African-African genetic admixtures in the Americas have set the stage

for the increased contact between Africans with ancestries from different regions of the continent and
the increased incidence of producing compound heterozygote’s for APOL1. This phenotype is associated
with damage to the kidney.

Introduction

Chronic kidney disease (CKD) is a global health problem [1]. CKD mortality almost doubled between
1990 and 2010, and by the end of 2013, over three million people were undergoing renal replacement
therapy (RRT) worldwide, two and a half million were on hemodialysis or peritoneal dialysis, and close to
700,000 had received a kidney transplant. These numbers are predicted to continue to rise as the
worldwide prevalence of CKD increases at a rate of 6% per year. Chronic kidney disease (CKD) is a
national public health problem [2] that afflicts a broad cross-section of individuals in our society that has
become recognized globally as an important cause of premature morbidity and mortality. However, it is
particularly endemic among persons of historically recent African descent. In the United States, African
Americans (AAs) are only 13% of the US population but are 32% of the CKD-dialysis population [3,6]. An
earlier onset of hemodialysis initiation for CKD is correlated with genetic variation in the APOL1 gene
[62].

Methods

To test our hypothesis that APOL1 allelic status is associated with CKD susceptibility, contributes to the
current health disparity in kidney disease, and that the population frequency of the compound double
heterozygote G1/G2 has been enhanced by recent microevolutionary events among Africans of the
transatlantic Diaspora (i.e., Legacy African Americans), we consulted the existing scientific and historic
literatures and, on the basis of these data, developed a model of the interactions of evolutionarily-
important circumstances within their historical contexts and contemporary health disparities in a
vulnerable, case-appropriate population. Data was solicited from the following sources:

e PubMed (https://pubmed.ncbi.nlm.nih.gov/),
e CDC Africa (http://africacdc.home; http://www.cdc.gov)
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e WHO fact sheet on human African trypanosomiasis (https://www.who.int),

e Trypansomes Database (http://www.tanpaku.org),

e Trypanosome_brucei- Ensembl Genome 53 (https://protists.ensembl.org),

e Empires of West Africa Database (https://www.worldhistory.org),

e  African History Sourcebook (https://sourcebook.forham.edu/Africa/africabook.asp),

e USRDS data (http://www.usrds.org, https://www.niddk.nih.gov),

e CKD-CDC

o (https://nccd.cdc.gov)(https://bmcnephrol.biomedcentral.com,https://www.kidney.org,
e https://www.frenova.com), and the

e Trans-Atlantic Slave Trade Database (https://www.slavevoyages.org/voyage/database).

No date limits were imposed upon the search for clinical and parasitological data; however, for the
purpose of this study, our historical data was restricted to 1500 to 1900 CE. Our effort was to be
comprehensive and inclusive, but temporally more recent references were given preference in our
model construction and analysis. Our analysis did not include data from the Intra-American Slave Trade
Database as these were not available at the time of our analyses.

Results

Of the numerous genes that have been associated with increased risk for chronic kidney disease, the
APOL1 gene is among the most significant. The APOL1 gene codes for a high-density lipoprotein which
binds to apolipoprotein A-l. Apolipoprotein A-l is an abundant plasma protein and is the major
apoprotein of HDL. It forms most of the cholesteryl esters in plasma and promotes efflux of cholesterol
from cells. This apolipoprotein L family member plays a role in lipid exchange and transport throughout
the body, as well reversing the pattern of cholesterol transport from peripheral cells to the liver [4]. G1
and G2 are genetic variations in the APOL1 gene with GO being the wild-type variant [5]. G1 is the major
APOL1 risk allele for hypertension induced CKD in Central Africa, [56] a major site of source populations
for Africans of the Atlantic Diaspora to the Americas. The APOL1 gene is a member of a family of six
genes (APOL1, APOL2, APOL3, APOL4, APOL5 and APOL6), that are all located in close proximity on
chromosome 22.

Twenty-four different transcript variants encoding different isoforms have been found for this gene as of
May 2023, representing coding sequence variants, synonymous variants, and missense variants (see 4).
The APOL1 kidney risk variants are in the terminal exon of APOL1 within the SRA-binding domain on
chromosome 22. (Table 1) summarizes the annotations for a few of the more common variants,
indicating the linked mutational changes and associated phenotypes.
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CODON CHANGE AMINO ACID CODON ASSOCIATED PHENOTYPE
CHANGE NUMBER

GAG->AAG Glu-Lys 150 Elevated triglycerides

ATG->ATA Met-lle 228 Elevated triglycerides
Resistance to

AGC->GGC Ser-Gly 342 Trypanosoma brucei
rhodesiense

GTG->GAG Val-Glu 353 Nephrotic syndrome;
possible steroid
resistance

ATT->ATG Ile-Met 384 Resistance to

Trypanosoma brucei
rhodesiense

Data available through HGMD database

Table 1: Summary of specific major phenotypic effects in commonly encountered mutational changes in APOL1.
Data accessed from [44-47]. Explanatory Box 1 provides more detail on the APOL1 variants associated with
Trypanosoma brucei spp.

While an array of predisposing socioeconomic, political, genetic, and environmental conditions can
initiate chronic kidney disease, APOL1-associated kidney disease is thought to account for a substantial
proportion of CKD in AAs [7]. Population-based studies showed that APOL1 high-risk variant alleles were
associated with an increased risk of CKD, [7] a 5.7-fold (95% ClI 3.6-8.9) greater odds of incident
albuminuria, [9] lower age of dialysis initiation, greater risk of incident hypertension, diabetes, but not
acute kidney injury (AKI), hospitalizations, and mortality compared to European Americans [12]. The
African American (AA) population has a total lifetime risk of ~0.8% (1 in 125) to develop focal segmental
glomerulosclerosis (FSGS). A particular type of kidney lesion called focal segmental glomerulosclerosis
(FSGS) causes a disease in which scar tissue develops on the glomeruli, The glomeruli are the small parts
of the kidneys that filter waste from the blood. The G1 and G2 alleles of APOL1 increase this risk of
scarification. The aggregate frequency of either of these two alleles in AAs is about 35% (1 in 3
individuals). For those persons with zero risk alleles, the risk of developing FSGS is 0.2%,; for persons with
1 risk allele, it is 0.3%; and for persons with 2 risk alleles, it is 4.25% [13]. While it was known that the
APOL1 genetic variants exert a protective action against African sleep sickness, the unexpected finding
was that these, APOL1 variants also cause kidney disease [14]. It is not yet known if the risk for kidney
disease is greater in the compound double heterozygote (Gi/G2) than in individuals with either the
G1/G1 or G2/G2 phenotypes.

Genetics and epidemiology of APOL1 risk alleles in african americans and correlation with
CKD

In genomics, a genome-wide association study (GWAS), us frequently used to link a set of genetic
variants in different individuals with a disease condition. GWAS has revealed that a substantial fraction
of the previously unexplained disparity in the incidence of end-stage renal disease between African
Americans and European Americans can be explained by differences in the frequencies of the 2 alleles
APOL1, G1 and G2. The APOL1 G1 allele consists of 2 missense mutational variants in very high linkage
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disequilibrium (APOL1 p. S342G, rs73885319[A;G]; APOL1 p.I1384M, rs60910145[G:T]) or (rs71785313(-
;TTATAA), rs71785313(D;l)), and the G2 allele is a 2—amino acid deletion (APOL1 p.deIlN388/Y389,
rs60910145)

Although the effects of APOL1 risk variants on kidney disease in continental Africans is understudied
(60), in admixed South Africans, it has been reported that, the frequency of the risk alleles of G1:
rs73885319, G2: rs60910145 and G1:rs71785313 were respectively, 3.6%, 3.4%, and 5.8%, resulting in a
1.01% frequency of the APOL1 two-risk allele phenotypes (G1:G1 or G1:G2 or G2:G2). The presence of
the two-risk alleles increased serum creatinine in South Africans with a corresponding reduction in eGFR
(either MDRD or CKD-EPI based) [66]. In the United States, 30%-35% of AAs carry at least one APOL1
risk allele [61]. Between 13-14% of African Americans carry two APOL1 risk alleles, accounting for the
high CKD burden in this population [32]. The compound double heterozygote genotype with alleles
G1/G2 of the APOL1 gene, together increases the risk for kidney disease about 6-fold. The combination
is considered pathogenic and of potential clinical significance both to the individual as well as for kidney
transplantation considerations. 12-13% of African Americans carry the compound double heterozygote
G1/G2 (31). Case control studies among African Americans with non-diabetic kidney disease showed
that those individuals with two APOL1 high risk variants (G1/G1, G2/G2), or compound heterozygotes
(G1/G2), are at a 10.5-fold (95% Confidence Intervals (Cl) 6.0-18.4) greater risk of biopsy-proven focal
segmental glomerulosclerosis (FSGS)-associated ESRD, 7.3-fold greater risk of hypertensive ESRD (95% Cl
5.6-9.5), and 29-fold greater risk of HIV associated nephropathy (HIVAN) ESRD when compared to
African Americans with only one or no copies of the APOL1 alleles. The risk of development of chronic
kidney disease (CKD) is already 3-5 fold higher in the African American population. This increased risk is
partly attributed to these two African ancestral genetic variants in the C-terminal domain of the APOL1
gene on chromosome 22 [33] and having the double heterozygote phenotype only amplifies this risk.
African Americans carrying two APOLI1 risk alleles have increased risk of myocardial infarction (odds
ratio of 1.8) and mortality and having two APOL1 risk alleles increases the risk for peripheral vascular
disease (determined non-invasively by ankle-brachial index) [34]. These compound double
heterozygotes are at a 1.5- to 2.5-fold increased risk of chronic kidney disease [5]. Their chronic kidney
disease risk appears to be triggered by either hypertension, type 2 diabetes, or HIV.

Background on the Parasite

Trypanosomes are unicellular parasites that live in the blood plasma, the lymph and other tissues of
vertebrate hosts including humans. These flagellate protozoans can cause a variety of diseases including
fatal sleeping sickness. The trypanosomes cause serious economic losses and impose a severe public
health burden. In West and Central Africa, the T. b. ambience parasite typically causes a chronic disease
profile, while the zoonotic T. b. Rhodesians sub-species, located in Eastern and Southern Africa sylvatic
reserves, results in a more rapidly progressing, acute infection. T. b. gambiense accounts for over 95% of
infections [15]. In humans and other primates [16], APOL1 variants evolved as an innate resistance
factor against trypanosomes and, possibly, other pathogens in Africa.
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Figure 1: Depicts the relationship between the parasite, wild and domesticated ungulate species, and the
evolutionary pressure on the APOL1 variants G1 and G2.

Geographical distributions of
Trypanosoma brucei gambiensis

(in red) and Trypanosoma brucei
rhodesiense (in blue) in continental
Africa. These two subspecies cause
Human African Trypanosomiasis (HAT),
also known as sleeping sickness.

Data from (43)
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Figure 2: Shows the current geographical ranges for Trypanosoma brucei gambiense and Trypanosoma brucei
rhodesiense.
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EXPLANATORY BOX 1:
HUMAN AFRICAN TRYPANOSOMIASIS

Kscanning electron microscope gmd blood slide images of an
African trypanosome , the parasite which causes sleeping
_ssickness (75), (76). ;

The protozoan flagellate responsible for human African trypanosomiasis illustrated above produces
sleeping sickness in 36 countries on the African continent and is a major serious disease. 65 million
people are at risk. The parasite, pictured to the left, is transmitted by the tsetse fly (Glossina spp.)
(depicted below) and is endemic in most of Africa south of the Sahara Desert. In West and Central Africa,
Trypanosoma brucei gambienese accounts for 98% of the infections and is considered a chronic infection.
In East and South Africa, Trypanosoma brucei rhodesiense accounts for the remaining 2% of the human

African trypanosomiasis infections, has a zoonotic focus, and is responsible for an acute infection in

humans. The two subspecies of T. brucei are morphologically indistinguishable. No vaccine exists for
human African trypanosomiasis and 25,000 new cases occur per year in Africa. The untreated disease can
be fatal. The protozoan produces fever, severe headaches, irritability, extreme fatigue, swollen lymph
nodes, and aching muscles and joints. In the second stage of the disease, central nervous system
involvement is pronounced and concomitant neurological problems develop in infected individuals. The
protozoan can be transmitted from a single bite of the tsetse fly. Human African trypanosomiasis
transmission is complex; it requires mammalian and invertebrate hosts and involves domestic and wild
reservoirs, hence the varying selective pressures evident in T. brucei gambienese versus T. brucei
rhodesiense. The former is better integrated into human-domesticated animal networks and exerts a
stronger selective pressure on at risk humans. The latter maintains a sylvatic reservoir and primarily
affects those humans who venture into the forests of East and South Africa, usually as hunters.
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References Consulted: [75-78].

Mechanisms of Apoll-mediated pathogen lysis

In Africa, trypanosomes are protozoan parasites that affect both humans and animals primarily living in
economically poor rural areas. The diseases they cause are a major constraint on health and agricultural
development. The APOL1 G1 (NM_001136540: c.1024A>G, p.Ser342Gly and NM_001136540:¢.1152T>G,
p.lle384Met) and G2 (NM_001136540:¢c.1160_1165delATAATT) risk alleles render their carriers a natural
resistance to infection by most African trypanosomes species because of a lytic protein component of
APOL1. However, human-infective trypanosomes, T. b. Rhodesians found in more forested areas of East
and South Africa, and T. b. Gambians in more populated, humid agricultural regions of West and Central
Africa, have evolved separate mechanisms to respond to the gene’s lytic protein and cause disease in
humans. Presumably, G1 originally protected against T.b.gambiense until the parasite evolved
mechanisms to thwart the lytic protein of this APOL1 variant. T.b. rhodesiense, which maintains a
sylvatic reservoir, remains susceptible to the lytic protein of APOL1 G2 [19-20]. Since the less common
G2 variant can kill the T. b. Rhodesians parasites that are mostly found in East (21)(16) and South Africa,
this suggests that the selective pressures observed in West and Central Africa for the T.b.gambiense
subspecies of the flagella may not currently hold for the subspecies more common in East and South
Africa. Geospatial oscillations in adaptation remind us of the evolutionary arms race influencing
trypanosomiasis intensity and distribution relative to the APOL 1 alleles and that African sleeping
sickness has been a positive selective agent for APOL1, albeit in different contexts within continental
Africa.
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How do the APOL1 alleles reduce the viability of the Trypanosoma flagella? In the human with either
the G1 or G2 allele, the APOL1 gene product circulates in a specialized high-density lipoprotein (HDL),
along with the haptoglobin-related protein, which acts as a receptor for entry into the trypanosome.
The APOL1 trypanolytic activity is determined by 3 protein domains encoded by the terminal APOL1
exon: a pore-forming domain, a pH-sensitive membrane-addressing domain, and the serum resistance-
associated protein (SRA)-interacting domain. The flagella are inactivated by APOL1 protein expression.
These genetic variants acts by stopping the reproduction and spread of the parasite in the body. In this
way, these genetic variants help their carriers avoid getting chronic trypanosomiasis. The APOL1-HDL
particle also circulates connected to the IgM molecule [22], and these antibodies may serve as a back-up
immunological anti-Trypanosoma response [23].

The protein expressed by these APOL1 genetic variants occurs in organs such as liver, pancreas, and
kidney, as well as various types of cells, such as mononuclear phagocytes, placental cells, neurons in the
prefrontal cortex and endothelial cells. In the kidney, APOL1 genetic variants were found to be
expressed in endothelial cells, on the epithelium of the proximal convoluted tubule, podocytes, renal
arteries, and renal arterioles. This finding may explain the pattern of clinical disease (e.g.,
glomerulosclerosis plus a component of vascular involvement and interstitial fibrosis) that we see within
the compound double heterozygote G1/G2. APOL1-genetic variant associated pathologies have been
observed in biopsies that, in addition to vascular and interstitial fibrosis, patients with the HRG have
significantly more tubular atrophy [24].As discussed in the text, the double heterozygote G1/G2 is rarely
encountered in continental Africa and its presence in the Americas seems facilitated gene flow between
African Americans with lineages that represent the broad and diverse geographical catchment areas of
the enslaved. In autosomal recessive inheritance, a genetic condition occurs when the child inherits one
mutated copy of a gene from each parent. In this case, the child inherited APOL1 G1 from her father
with a lineage history in Central and West Africa (with a high proportion of ancestry from Congo/Angola)
while the second APOL1 G2 came from her mother with a lineage history in East and South Africa (with a
high proportion of ancestry from the Great Lakes region and from Madagascar). Of the parents, only the
father expressed the disease condition and was likely homozygous G1/G1. The mother was G2/G0 and
asymptomatic. Usually in a double heterozygote, neither parent has the associated disease condition. In
this case, both parents are considered carriers because they carry one copy of the mutated APOL1 gene
which can be passed on to their offspring.
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EXPLANATORY BOX 2:
CASE REPORT OF AN AFRICAN AMERICAN G1/G2 COMPOUND DOUBLE HETEROZYGOTE AND

ITS GENETIC CONTEXT
The double heterozygote G1/G2 is rarely encountered in continental Africa and its presence in the Americas seems
facilitated gene flow between African Americans with lineages that represent the broad and diverse geographical
catchment areas of the enslaved. In autosomal recessive inheritance, a genetic condition occurs when the child
inherits one mutated copy of a gene from each parent. In this case study of a female 27-year-old African American,
the patient inherited the APOL1 G1 variant of the risk allele from her father with a lineage history in Central and
West Africa (with a high proportion of ancestry from Congo/Angola) while the second genetic risk allele APOL1 G2
came from her mother with a lineage history in East and South Africa (with a high proportion of ancestry from the
Great Lakes region and from Madagascar). Of the parents, only the father expressed the disease condition and was
likely homozygous G1/G1.

The mother was G2/GO and clinically asymptomatic. Usually in a double heterozygote, neither parent has the
associated disease condition, chronic kidney disease. In this patient, both her parents are considered carriers
because they carried one copy of a mutated risk allele for the APOL1 gene which was transmitted as a double
heterozygote to the patient.

Diagnostic Findings

Exon

Classification  Gene . DNA Change Protein Change Zygosity Inheritance OMIM  Associated Disease
intron

c{NUAG,
R Alole 80374
mn 15210 ..

¢.1164_1160del pM | Tyr360del | Helerozygous

Data source: [79].

How does this case study fit within the expanding number of APOL1 alleles currently discovered? The table below
adapted from [80] shows the most encountered APOL1 alleles identified in African Americans and their annotation
status as of May 2023.

Most variants are benign. Most studies to date have focused on general variants with a frequency of at least 5%
(0.05). All the APOL1 variants below have a frequency of at least 5%.
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AFRICAN AMERICAN
e ALLELE FREQUENCY* Clinical Significance

15136176 0.951104 Benign

rs136175 0.944273 Benign

52239785 Benign

rs60910145 Benign, Risk factor

N == =mmm|ZIZ | ||mn

olzlzlzl=|=|=]|<|=]|=|=|=]|=

rs73885319 0222749 Uncertain significance, risk

factor

rsl6996616 0087718

rs116136671

Z|Z|Z|O|O|O|w|w
winlwl ziIZIZ|IO0 O

Data source: [80].

Migration-influenced changes in admixture patterns

From 700 CE-1900 CE, the Millennia of Enslavement, Africans were enslaved opportunistically from
diverse parts of the African continent over extended time periodsin a frenzy of competitive European
and Arab demands for African labor in their colonies. From 1500 CE to 1900 C.E., the enslavement of
12.5 million Africans that were transported to the Americas, but many more were captured in Africa,
disrupting historic empires and kingdoms and complex ecologically reinforced gene-environment
interactions. The consequences of these disruptions still reverberate among descendant communities,
including in their disproportionate burden in certain health disparities and continuous political
instabilities.

Numerous African empires and kingdoms were actively engaged in the warfare and social disruptions
that led to the kidnapping, transport, sale, and transfer of Africans to the Americas. The trauma of this
process was amplified by its multi-century duration and broad geospatial scope. For the first time,
Africans who had not been in recent contact with each other, were brought together under the
conditions of captivity. Over 16generations, reproductive unions occurred between individuals with
ancestries from previously geographically distinct regions of continental Africa. These multi-generational
interregional African-African admixture events altered previously existing directional selective pressures
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in specific indigenous groups, undermining local adaptations and creating new genomic combinations
among the emerging African Americans. We know that there were different proportions of Africans
from specific areas brought into North America (Table 2) and these proportional variations may have
been reflected in the regional predominance of particular African affinities during the initial centuries of

African residence in the Americas. Overtime and with extensive interregional African-African admixture,
specific African continental genetic markers would have been diluted and homogenized. The subsequent
migrations of African Americans within the Americas, e.g., The Great Migrationfrom approximately 1910
CE — 1970 CE [37] relocated six million African Americans from the American South to Northern,
Midwestern, and Western US states, further diluting and homogenizing original genetic African

distinctions.
Geographical Region of| Major African | Percentage | Percentage | Percentage of Average Regional Totals of
Africa Export Sites for | of Enslaved | of Enslaved Enslaved Imported Enslaved Africans
Kidnapped Africans Africans Africans into North America
Africans imported to | Imported to | Imported to
Chesapeake | Carolina Mississippi
Bay Coast Delta
Associated | Associated Associated current US States: LA, MS, AL, AK
current US | current US
States: MD, | States: NC,
VA, DC, DE SC, GA
WEST Senegambia 15% 23% 29% 22%
Upper Guinea 11% 18% 6% 12%
Gold Coast 16% 9% 2% 9%
Bight of Benin | Negligible 3% 25% 9%
Bight of Bonny 38% Negligible 8% 15%
CENTRAL Loango Coast 16% 40% 28% 15%
SOUTH EAST Mozambique 4% Negligible 2% 2%
TOTALS 100% 100% 100%

Table 2: African Export Sites for North American Atlantic Diaspora populations. Intra African variability in forced

migrations of enslaved Africans to North America.
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While the significance of interregional African-African admixture has been largely ignored in the
scientific literature, it remains the most important component of the genetic make-up of Africans of the
trans-Atlantic Diaspora. Continental Africa retains tremendous human genetic variability due to the long
residence of humans on the continent, its pronounced ecological diversity, and the accelerated rate of
evolution in this most tropical of continents (see 25). Additionally, Africa has a complex population
history, large population base, and dramatic variation in climate, diet, and exposure to infectious
diseases, which result in high levels of genetic and phenotypic variation in African populations [74].
During the transatlantic trade in enslaved Africans, vulnerable individuals were drawn from a large cross
section of African populations (as reflected in Table 2) and thus the potential for interregional African-
African admixture in their descendant generations remained notable and with potentially important
evolutionary repercussions.

Considering African and African American mating patterns in the Americas during the nearly 300 years
of American Slavery, these were characterized by the regular practice of intentional breeding and forced
reproduction of enslaved Africans by the European and European-American owners of these individuals.
The intention of this coercion was to increase the psychological subjugation and disorientation of the
enslaved community by deliberately mixing Africans from different regions and ethnic groups to
suppress the tendency to effectively rebel, destroy the opportunities for enslaved Africans to unify
around families, promote detribalization, and to enhance the profits of slave owners by increasing the
pool of enslaved individuals for labor without incurring the cost of the purchase of new forced
immigrants. The emphasis on mandatory reproduction to increase the numbers of enslaved individuals
was particularly important after 1807 when the transatlantic trade in enslaved Africans was stifled by
the British and the domestic trade in enslaved persons became increasingly significant. In the
19thcentury during the last century of enslavement and just after emancipation, African American
marriages were often not legally recognized, but were common [26]. The Civil Rights Act of 1866 defined
the rights of freed people to own, sell, or lease personal and real property; enter contracts; and to be
entitled to basic human rights. With the passage of the Thirteenth Amendment to the Constitution of
the United States on December 6, 1865, African Americans could also marry freely.
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EXPLANATORY BOX 3:
AFRICAN EMPIRES, KINGDOMS, AND REGIONS PRIMARILY CONTRIBUTING TO THE TRANSATLANTIC AFRICAN
DIASPORA

The African diaspora is the worldwide collection of communities descended from native Africans or people from
Africa, predominantly in the Americas. Historian Glen Chambers [81] writes that the creation of the modern
African Diaspora in the Americas is largely the result of a tumultuous period in world history in which Africans
were scattered abroad by the pressures of plantation slavery and the ideologies associated with white
supremacy. The formation of African American societies and cultures in the Americas that trace their beginnings
to this unfortunate period in world history represent a socio-historical phenomenon in which enslaved Africans
and their descendants persevered to create a vibrant cultural legacy owing much to both Africa and the
Americas. While Africa was not unique to the trading of its own people, the magnitude of enslaved Africans
export to the Americas rose to levels not experienced anywhere else in the world [82]. Between 1500 and 1900,
an estimated 12.5 million enslaved Africans were exported from Africa to the Americas, a figure that excludes
kidnappees and prisoners of war who died either during capture, the long trek to the coast, mortality in the
slave holding units, or during the arduous journey across the Atlantic Ocean (e.g., the Middle Passage). What
African empires, kingdoms, and regions contributed to this important forced migration? We know that the
beginning of the Atlantic trade in enslaved Africans uprooted previously established societal structures
throughout Africa. We also know that the Atlantic trade cannot be easily considered separate from either the
transSaharan trade or the Indian Ocean trade in enslaved Africans. QuadGrid Data Lab (Bethesda, MD) has
developed a set of maps and algorithms to reconstruct the migration patterns of kidnapped Africans from 650-
1900, their travel routes within the continent to reach the coasts and their embarkment onto slave ships bound
for the Americas and elsewhere. The map below depicts the regions from which at least 80% of the enslaved
came from in Africa, from 1500-1900, based on Murdock’s 1959 map of African ethnic groups. The table below
lists the major African empires and kingdoms that contributed to the transatlantic trade. Additional African
empires and kingdoms contributed to the trans-Saharan and Indian Ocean trades in enslaved Africans.

Estimated Exports of Major African empires and kingdoms that
Enslaved Africans contributed enslaved Africans to the
AT : transatlantic trade by region

A

WEST: DAHOMEY, ASANTE, BENIN, OYO,
KAABU, BAMANA, BONOMAN

CENTRAL: LOANGO

EAST: ZANJ, JARIN, KAFFA

SOUTH: MERINA, MTHETHWA

Modified from Obikili 2015, based on
Murdock’s ethnographic range map of
continental Africans, 1959.

Data derived from QuadGrid 2022, AEK Database
(unpublished).

Data based on: [81] and [82]. Data based on: [83].
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As a byproduct of the trade in enslaved Africans, individuals from diverse ecological settings in Africa
were brought together in the Americas. At this time, Africans from West and Central Africa, including
carriers of the G1 variant of the APOL1 allele, encountered Africans from Southern and East Africa,
including carriers of the G2 variant of the APOL1 allele. The demand for labor on behalf of the colonial
European and Euro-American powers was so great in the Americas, that no region in which enslaved
persons were kept experienced over population. African-African admixtures among Africans was the
norm and sex-biased admixture between European males and African women was tolerated. Numerous
studies have estimated the rate of European admixture in African Americans to be between 10-20% with
important regional variation [27]. Genome-wide ancestry estimates of African Americans show average
proportions of 73.2% African, 24.0% European, and 0.8% Native American ancestry [28]. Less well
documented are the predominant interregional (i.e., intra-African) African-African admixtures that
occurred in the Americas, that brought diverse carriers of distinct genetic adaptations and with
divergent prior evolutionary histories (with Trypanosoma subspecies and other pathogens) together
under the disruptive conditions of color-based enslavement, institutionalized racial discrimination, and
segregation. In the Americas, the detribalization of Africans overtime facilitated by the gradual
diminution of cultural continuity likely permitted the intermarriages of West and Central Africans with
East and South Africans, increasing the probability of generating the complex double heterozygote
G1/G2 in their offspring. The high level of kidney disease in African Americans reflects an assortment of
accumulated socioeconomic and legal-political disadvantages but is also a consequence of the robust
interregional African-African genetic admixtures initiated at least 16 generations ago. Today, the
admixtures in African Americans reflect ancestries from many different African populations, but because
of the limitations in current genomic reference sample databases for continental Africa, our annotation
of the distinctions of these African ancestries are restricted. The African origins of the APOL1 genetic
variants and their connection with CKD still generate many unanswered questions.

The African origins of the APOL1 genetic variants and their connection with CKD

While there remains a paucity of genomic studies in Africa, there are some studies that seem to
reinforce our working hypothesis. In the Democratic Republic of the Congo, children with APOL1 risk
alleles demonstrate early kidney damage [64], and this region of Central West Africa was a major
ancestral geographical source for AAs. Additional studies confirming the African origins for these APOL1
variants comes from a second study of children in the Democratic Republic of the Congo [71] where
clinical and genetic factors were associated with kidney complications in pediatric patients with sickle
cell anemia. Additional studies demonstrating the CKD-associated APOL1 variants as being of African
origin come from Cameroon [70] and South Africa [72].

Proposed mechanisms of APOL1 interactions in CKD

How do the protein products of the APOL1 genetic variants interact with the kidney? We know that the
APOL1 C-terminal variants G1 and G2 are linked to CKD epidemiologically. Expression of these variants
result in the impairment of the blood filtration activity of the kidney, possibly through disturbed
endothelial function (36). A characteristic of the disease associated with having both G1 and G2 APOL1-
genetic variants is the strong association of glomerular pathology with the type | IFN inflammatory
response, such as occurs with viral infection. APOL 1 G1- or G2-mediated inhibition of APOL 3 best
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explains the resulting chronic kidney disease. Thus, kidney disease is not only genetically linked to APOL
1 G1 and G2, but also to natural APOL3 knockout (13). In vitro, APOL3 knockout increases endothelial
permeability, reduces wound repair and limits tubule formation [36], and these mechanisms may also
be replicated in vivo. Indeed, presence of the double complex heterozygote G1/G2 results in an
increased odds of early kidney disease, and infection in carrier the Democratic Republic of the Congo
[39].

As previously mentioned, the APOL3 gene is located on chromosome 22 and the encoded protein is
found in the cytoplasm, where it seems to affect the movement of lipids, allows the binding of lipids to
organelles, and possibly be involved in inflammatory processes and cell death mechanisms. Other
mechanisms which have been proposed are that these variants may create pores in the kidney cell
membrane or cause mitochondrial damage [52-53], perhaps through lipid dysregulation [58-59].

There have also been studies in continental Africa and in the Americas that have looked at the APOL1-
CKD association in sickle cell trait. APOL1 has been associated with sickle cell nephropathy. This
illustrates the interaction of two genetic disorders more commonly seen in peoples of African descent
further interacting to increase the risk for kidney disease, This interaction places African Americans with
sickle cell disease at an even higher risk for CKD [54]. APOL1 genetic variants may have a significant role
in kidney transplantation. APOL1 may not just increase the risk for transplant graft failure in the
recipient of an APOL1 high risk variant kidney but may increase the risk of End Stage Renal Disease
(ESRD) in the living donor. There are studies that suggest that kidney donors with high-risk variants may
have a higher risk for kidney failure after donation (69). Population studies have also shown that AA who
donate kidneys may have a much higher risk for the future development of ESRD and it makes sense to
postulate that this may be explained, in part, by APOL1 genetic variants [55].

Discussion

A previously discussed, the human APOL family is a cluster of six genes that have evolved rapidly under
positive selection in primates. This means that these genes are under adaptive selection and must have
some beneficial effects. However, aside from the founding member APOL1the functions of the
intracellular APOL family members are not fully understood (40). APOL1 and chronic kidney disease
interactions appear to be mediated through APOL3 resulting in the disruption of the vasculature of the
intact kidney. It is interesting how the APOL1 alleles G1 and G2 maintain anti-trypanosomal lysis abilities
and have undergone positive selection in Trypanosoma-infested environments. The distribution of these
APOL1 genetic variants closely follows the geospatial distribution and population’s historic exposure to
specific subspecies of the Trypanosomal parasite. As such, these human genetic traits, and the
protozoan flagella to which they respond can be thought of as being in a reciprocal coevolutionary
entanglement where the frequency of one influence the viability of the other.

In West and Central Africa where T.b.gambiense predominates, G1 no longer appears to confer the
definitive selective advantage it may have had 16generations ago. The parasite has evolved, facilitated,
in part, by regular contact with humans via their agricultural practices. T.b.rhodesiensis, found in East
and South Africa, retains its vulnerability to the lytic capabilities of G2. In North America however, these
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two subspecies of Trypanosoma are not found. In their absence, the same adaptive human genetic traits
that evolved under positive selective pressures have become maladaptive and contribute to a higher
incidence of chronic kidney disease in a vulnerable population. This is a cogent example of a gene-
environment mismatch and a counterproductive interaction of evolution and health disparities: a
previously adaptive genetic trait in a new environment initiates an unusual (and unexpected) pattern of
maladaptation.

The forced transport of Africans from diverse geographical regions and ecological zones of continental
Africa to the Americas and mandated African-African admixtures set the stage for the greatly enhanced
gene flow between Africans from different, and previously non-interactive areas of Africa. A pattern of
regional adaptations that was in existence for generations was disrupted by their enslavement and
transatlantic transport and new patterns of gene flow in the Americas ushered in the increased potential
to produce the double complex heterozygote G1/G2. This elevated presence of two risk factors in kidney
disease contribute to the current health disparity in end stage renal disease. While G1/G1 homozygotes
and G2/G2 homozygotes suffer an increased risk for kidney disease, the presence of complex
heterozygotes amplifies the CKD risk. G1 and G2 retain lytic abilities even in the absence of
Trypanosomes or other lysable units. G1/G2 disrupts other systems, including APOL3. APOL3 is a potent
effector protein capable of a detergent-like action, extracting lipids from membranes of bacteria in the
cytosol, killing cytosol-invasive bacteria (such as Listeria monocytogenes, Shigella flex Neri, Burkholder a
pseudo mallei, B. thalialandensis, Francis Ella tularensis and Rickettsia spp. Reducing podocyte
dysfunction could involve knocking out APOL3, but because of APOL3’s antibiotic properties, this
intervention would presumably increase phenotypic susceptibility to these cytosol-invasive bacteria.

Recently, the New York Times published an article [50] on the health disparities surrounding chronic
kidney disease and its prevalence in African Americans. As biotech companies begin conducting research
on the APOL1 gene's contribution to CKD, the article raised concerns about a subsequent disregard for
the impact of economic and social barriers in affecting the health of Legacy African Americans. Research
on both the environmental and genetic causes of CKD is imperative. A related article [51] illustrates
another way in which the APOL1 genetic variants affect Legacy African Americans. Because of the well-
known prevalence of CKD in this population, kidneys from deceased African American donors are
automatically considered a higher risk for transplant. However, not every African American has the
APOL1 alleles which increase their risk of developing CKD. With widespread genetic screening and
further research on the effect of the APOL1 gene on CKD, transplant organs would be considered for
one's genome rather than their skin color.

Building upon the interactive model provided in this paper, future research should be aimed at further
clarification of the gene-gene and gene-environment interactions in APOL1 and CKD. Preemptive clinical
testing of APOL1 status [57] would be particularly helpful for the African-descended community to
identify the presence of risk alleles, intercept then development of environmental triggers for CKD, and
reduce CKD mortality. APOL1 variants are found throughout the Atlantic African Diaspora as well as
among Africans living in Europe [73]. We need an improved characterization of various APOL1 genetic
variants and phenotypes particularly among these African-descended peoples, and a deeper
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understanding of the networks mediating of APOL1-associated pathways resulting in cellular injury and
dysfunction in the kidney (and other) cells. Finally, we must develop novel interventions therapies based
upon the theoretical premises of evolutionary medicine. The interactions discussed in this paper can
provide a foundation for CRISPR Cas9 and other genetic engineering interventions that reduce the
pathology to the kidney vasculature associated with the G1/G2 double heterozygote without
diminishing the adaptive lytic capabilities of these proteins. Our goal in this paper has been to explore
the gene-gene and gene-environment interactions in APOL1 and chronic kidney disease and to
demonstrate in this case study how human microevolution, when historically contextualized, can impact
current health disparities.
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