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Abstract

Harboring apolipoprotein L1 (APOL1) variants coded by the G1 or G2 alleles of the APOLI gene increases the risk for col-
lapsing glomerulopathy, focal segmental glomerulosclerosis, albuminuria, chronic kidney disease, and accelerated kidney
function decline towards end-stage kidney disease. However, most subjects carrying APOLI1 variants do not develop the kidney
phenotype unless a second clinical condition adds to the genotype, indicating that modifying factors modulate the genotype—
phenotype correlation. Subjects with an APOL1 high-risk genotype are more likely to develop essential hypertension or obe-
sity, suggesting that carriers of APOLI1 risk variants experience more pronounced insulin resistance compared to noncarriers.
Likewise, arterionephrosclerosis (the pathological correlate of hypertension-associated nephropathy) and glomerulomegaly
take place among carriers of APOLI1 risk variants, and these pathological changes are also present in conditions associated
with insulin resistance, such as essential hypertension, aging, and diabetes. Insulin resistance may contribute to the clinical
features associated with the APOL1 high-risk genotype. Unlike carriers of wild-type APOLI, bearers of APOL1 variants show
impaired formation of lipid droplets, which may contribute to inducing insulin resistance. Nascent lipid droplets normally
detach from the endoplasmic reticulum into the cytoplasm, although the proteins that enable this process remain to be fully
defined. Wild-type APOL1 is located in the lipid droplet, whereas mutated APOL1 remains sited at the endoplasmic reticulum,
suggesting that normal APOL1 may participate in lipid droplet biogenesis. The defective formation of lipid droplets is associ-
ated with insulin resistance, which in turn may modulate the clinical phenotype present in carriers of APOL1 risk variants.
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STING Stimulator of interferon genes

T2D Type 2 diabetes
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Introduction

In 1997, human apolipoprotein L was identified as circu-
lating in plasma associated with high-density lipoproteins
(HDL) [25]. Subsequent research uncovered several highly
homologous apolipoprotein L proteins encoded by genes
clustered at the long arm of chromosome 22 (22q12.1-13.1).
Among them, human apolipoprotein L1 (APOL1) was first
reported in connection with the defense against trypanoso-
miasis. The GO allele of the APOLI gene encodes wild-type
APOLI, a protein that protects the host against infection
caused by Trypanosome brucei and Trypanosome evansi
[107]. Trypanosome brucei rhodesiense has evolved to inac-
tivate wild-type APOL1. In turn, some African populations
affected by endemic trypanosomiasis have developed vari-
ants of APOL1 (coded by the G1 and G2 alleles) that block
APOLI1 inactivation by Trypanosome brucei rhodesiense.
Heterozygous carriage of either G1 or G2 variants protects
the host against this parasite. Due to positive selection,
G1 or G2 alleles virtually only exist in some human Afri-
can groups and are absent in European or Asian popula-
tions [38, 102]. In addition to some Trypanosome species,
APOLI alleles G1 and G2 may participate in the defense
against other pathogens. In a meta-analysis of four prospec-
tive cohorts, including 2066 African Americans with human
immunodeficiency virus (HIV1) infection, carriage of two
APOLI1 variants (G1 or G2) was associated with a reduced
risk for opportunistic infections [3]. The beneficial impact
of APOL1 variants (G1 or G2) on the immune response to
some infections may become a disadvantage among kidney
allograft recipients. In a prospective observational cohort,
kidney allograft recipients carrying a single copy of either
G1 or G2 alleles experienced more acute cellular rejection
episodes and worse long-term graft survival compared to
GO0/GO recipients, independent of African ancestry [114].

@ Springer

In addition to the effects of APOL1 variants on the
immune system, biallelic carriage of these alleles predis-
poses to kidney disease and cardiovascular disease (CVD).
Homozygous or compound heterozygous subjects with two
copies of either G1 or G2 alleles (G1/G1, G1/G2, or G2/G2)
endure an increased risk for kidney diseases [104], such as
hypertension-attributed nephropathy [38], focal segmental
glomerulosclerosis (FSGS) [38], and collapsing glomeru-
lopathy associated with viral infections, including HIV-1
[57] and severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) (Fig. 1) [58]. The detrimental effect of
APOLI1 risk variants on cardiovascular risk has not been
universally found and might be partially mediated by kidney
disease [41, 47, 49]. In addition to the G1 and G2 alleles
present in some African populations, genetic variants of
APOLI that may have a deleterious effect on kidney func-
tion have been identified in European population groups.
In 1489 kidney transplantation patients and 2559 healthy
controls, the prevalence of a 55-base pair APOL1 deletion
was higher in the patients compared to the controls [46].

APOLLI expression is widespread in normal human tis-
sues. APOL1 mRNA has been detected predominantly in
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Fig.1 Clinical associations of APOLI1 variants (G1/G2). APOLI1
variants associate with enhanced immune response, kidney disorders,
and clinical manifestations of insulin resistance
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the placenta, lung, liver, spleen, and prostate. Lower expres-
sion is identified in the kidney, heart, and pancreas [26,
79, 86]. In human vascular tissue, APOL1 expression has
been detected in endothelial cells [68, 69, 79] and vascular
smooth muscle cells [68, 69]. In normal human kidneys,
APOLL has been localized to glomerular endothelial cells,
podocytes, and tubular cells [68, 69].

Approximately 12-13% of the African population har-
bors two APOL1 risk alleles, and about 40-47% carry
one APOLI risk variant. Bearing APOL1 variants G1 or
G2 increases the risk of some kidney disorders but is not
sufficient to cause the clinical phenotype associated with
APOL1 risk alleles. Most carriers of APOL1 variants do
not develop clinical disease unless an additional condi-
tion takes place, such as interferon upregulation due to
viral infection or systemic lupus erythematosus (SLE).
Therefore, genetic or environmental factors may interact
with APOLI1 risk alleles to elicit the clinical phenotype
[21, 83]. The presence of modifying genes has been inves-
tigated in genome-wide association studies [24, 62]. In
African American patients with nondiabetic end-stage
kidney disease (ESKD), single nucleotide polymorphisms
in NPHS?2 (podocin), serologically defined colon cancer
antigen 8 (SDCCAGS), and near bone morphogenetic pro-
tein 4 (BMP4) may interact with APOL1 risk alleles to
elevate the risk of nondiabetic ESKD [24]. However, no
single nucleotide polymorphism showed significant inter-
action with APOL1 risk variants capable of modifying
the rate of ESKD in two African American cohorts that
included a total of 2650 ESKD cases and 1656 controls,
either in individual genome-wide association studies or
in a meta-analysis, suggesting that gene interactions do
not contribute substantially to the clinical expression of
APOLI1 variants [62]. Similarly, nongenetic modifying
factors of the relationship between APOL1 and chronic
kidney disease (CKD) progression have not been found
in a cohort of 693 participants in the African American
Study of Kidney Disease and Hypertension (AASK) fol-
lowed for 7.8 years. Investigated variables included age,
gender, smoking status, education, income, obesity, sys-
tolic blood pressure, baseline glomerular filtration rate
(GFR), total cholesterol, HDL-c, hematocrit, serum uric
acid, serum phosphorus, calcium/phosphate product, net
endogenous acid production, urinary urea nitrogen, uri-
nary sodium, and potassium excretions, intact parathyroid
hormone, 25-hydroxy vitamin D, and fibroblast growth
factor 23. None of them modified the association between
APOL1 genotype and CKD progression (doubling of
serum creatinine or incident ESKD) [11].

Pathogenic mechanisms underlying the development
of kidney disease in carriers of the APOL1 high-risk
genotype are not fully understood. Carriers of APOL1

risk variants may experience a greater degree of insulin
resistance, which in turn may contribute to APOL1-asso-
ciated kidney disease. The differential intracellular loca-
tion of wild-type APOL1 (lipid droplet) versus APOL1
risk variants (endoplasmic reticulum) may contribute to
clarifying the cause of insulin resistance among individu-
als harboring APOLI risk variants.

Lipid droplets are lipid storage organelles derived
from the endoplasmic reticulum. Neutral lipids such as
triglycerides and cholesterol esters are initially deposited
and clustered within the endoplasmic reticulum. A nas-
cent lipid droplet subsequently detaches from the endo-
plasmic reticulum and enters the cytoplasm. The proteins
involved in the separation of the emergent lipid droplet
from the endoplasmic reticulum are not fully known.
Wild-type APOLL is located in the lipid droplet, whereas
mutated APOL1 remains positioned on the endoplasmic
reticulum, suggesting that normal APOL1 may partici-
pate in the detachment of the emergent lipid droplet from
the endoplasmic reticulum and may thus contribute to the
normal formation of the lipid droplet. Accordingly, lipid
droplet generation is impaired among carriers of APOL1
risk variants. The defective generation of lipid droplets
has been associated with insulin resistance [16]. Obser-
vational studies show that carriers of APOLI1 risk vari-
ants develop more frequently essential hypertension [81]
and obesity [82] compared to noncarriers, suggesting
that individuals with an APOL1 high-risk genotype may
endure more severe insulin resistance. Accordingly, clini-
cal and histopathological manifestations of insulin resist-
ance in the kidney are remarkably similar to the clinical
phenotype associated with APOL1 risk variants, namely
albuminuria, CKD, faster CKD progression, glomerulo-
megaly, FSGS, and arterionephrosclerosis [106]. In addi-
tion, plasma APOL1 levels are increased in patients with
more pronounced insulin resistance compared to those
who are more insulin-sensitive [19, 84].

In this review, we summarized information concerning
the effect of APOL1 risk variants on clinical diseases and
the potential impact of insulin resistance on the clinical
phenotype related to APOL1 risk variants.

Association between APOL1 genotype
and kidney disease

Clinical investigations reveal that subjects harboring two
copies of the APOLI1 risk variants (G1 or G2) experi-
ence a higher risk of FSGS, collapsing glomerulopathy,
albuminuria, CKD progression, and ESKD compared to
carriers of one or zero copies of these APOL1 variants.
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Association between APOL1 genotype and focal
segmental glomerulosclerosis

Case—control studies indicate that harboring two APOL1
risk variants increases the risk of FSGS compared to the
carriage of zero or one of these alleles [38, 57]. Fur-
thermore, APOL1-associated FSGS occurs earlier and
progresses to ESKD more rapidly compared to FSGS
in patients with no APOLI1 risk alleles [57]. Likewise,
the prevalence of FSGS in carriers of the APOLI high-
risk genotype (two-risk alleles) with HIV1 infection and

non-HIVAN pathology is higher compared to patients with
no APOLI1 risk variants (76% versus 12%) (Table 1) [30].

Association between APOL1 genotype
and collapsing glomerulopathy

In 1986, the first description of collapsing glomerulopathy
was reported in six African American patients who pre-
sented with nephrotic syndrome and rapid progression to
ESKD [109]. Collapsing glomerulopathy develops primar-
ily among patients with African ancestry in the setting of

Table 1 Studies that examined the relationship between apolipoprotein L1 genotype and focal segmental glomerulosclerosis/collapsing glomeru-

lopathy

Reference Type of study Number of subjects

Population group Main result

Association between APOL1 genotype and focal segmental glomerulosclerosis

Genovese et al. [38] Case—control 205 FSGS, 180 controls

Kopp et al. [57] Case—control 385 FSGS, 383 controls

AA subjects APOL1 high-risk genotype (2
risk variants) associates with an

increased risk of FSGS

FSGS occurs earlier and progresses
more rapidly to ESKD in carriers
of 2 APOL1 risk variants, com-
pared to noncarriers

AA/European American

Association between APOL1 genotype and collapsing glomerulopathy in patients with interferon upregulation

Markowitz et al. Case series

[73] and Nichols with APOL1 genotype

et al. [83]
Larsen et al. [64] Retrospective 26 SLE patients with collapsing
observational glomerulopathy
study
Abid et al. [1] Case report One patient with SAVI

11 interferon-treated patients, 7

AA subjects that required Seven interferon-treated patients
interferon therapy with collapsing glomerulopathy
carried APOL1 high-risk geno-
type (100%)

Carriage of APOLI risk variants
increases the risk of collapsing
glomerulopathy in patients with
SLE

14-month-old AA patient Case report of a patient with

APOLLI high-risk genotype (G1/

G2), SAVI, and collapsing glo-

merulopathy

AA patients with SLE

Association between APOL1 genotype and human immunodeficiency virus-associated nephropathy

Kopp et al. [57] Case—control

54 HIVAN patients, 237 controls

AA subjects APOLL1 high-risk genotype (two
risk variants) increases the risk
for HIVAN compared to APOL1

low-risk genotype

Association between APOL1 genotype and coronavirus-associated nephropathy

May et al. [75] Retrospective 107 COVAN patients

Kudose et al. [58] Retrospective 17 COVAN patients

Masset et al. [74] Case report

lupus nephritis

Patient with COVAN and active

AA/Hispanic APOLLI high-risk genotype is
present in 91.7% of patients with

COVAN

APOLL1 high-risk genotype is
present in 94% of patients with
COVAN

Case report of collapsing glo-
merulopathy in a female patient
heterozygous for APOLI risk
variants (G2/G0) with COVID-19
and active lupus nephritis

AA/Caucasian

AA subjects

Abbreviations: AA, African American; APOLI, apolipoprotein L1; CKD, chronic kidney disease; COVAN, coronavirus-associated nephropathy;
ESKD, end-stage kidney disease; FSGS, focal segmental glomerulosclerosis; HIVI, human immunodeficiency virus; HIVAN, HIV1-associated
nephropathy; SAVI, stimulator of interferon genes-associated vasculopathy with onset in infancy; SLE, systemic lupus erythematosus
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upregulated interferon secretion or exogenous interferon
therapy [83]. Glomerular ischemia may lead to collapsing
glomerulopathy in sickle cell disease, thrombotic micro-
angiopathy, and diabetes [94]. On light microscopy, kid-
ney biopsy specimens show a striking loss of patency in
glomerular capillary loops. Collapsed capillary loops are
wrapped by swollen and hypertrophic podocytes that con-
tain vacuoles and hyaline droplets. The number of epithe-
lial cells within the Bowman’s capsule is increased, which
may lead to pseudo-crescent formation. Tubulointerstitial
damage is prominent and includes tubular dilatation, the
formation of tubular microcysts, interstitial edema, and an
interstitial inflammatory infiltrate. Immunofluorescence
studies are typically negative or show nonspecific glomeru-
lar staining for IgM, C3, and Clq in collapsed segments and
mesangial areas. Electron microscopy reveals tubuloreticular
aggregates (called interferon footprints) in endothelial cells
(Table 2) [70, 96, 99, 112].

APOLI high-risk genotype (biallelic carriage of G1 or
G2 variants) associates with an increased risk of collaps-
ing glomerulopathy, particularly in the setting of interferon
upregulation. Elevated interferon production occurs in

Table 2 Histopathological characteristics of collapsing glomerulopathy

several acquired and inherited clinical conditions, includ-
ing viral infections (such as HIV1 and SARS-CoV-2), SLE,
hemophagocytic syndrome, stimulator of interferon genes
(STING)-associated vasculopathy with onset in infancy
(SAVI), and Aicardi-Goutieres syndrome. These conditions
and exogenous interferon therapy predispose to collaps-
ing glomerulopathy, particularly in patients harboring two
APOL1 risk alleles (Fig. 2) [1, 29, 83].

Pathogenic mechanisms underlying interferon-related col-
lapsing glomerulopathy in patients with APOLI high-risk
genotypes have not been defined, but interferon increases
markedly the expression of APOL1 in a variety of human
cells, including endothelial cells and podocytes [27].

APOL1 genotype and collapsing glomerulopathy
in the setting of exogenous interferon administration

In 2010, a series of eleven patients that developed collaps-
ing glomerulopathy during treatment with interferon-a,
interferon-p, or interferon-y for various disorders (malig-
nant melanoma, hepatitis C virus infection, multiple scle-
rosis, and idiopathic pulmonary fibrosis) was reported. Ten

o Light microscopy:
- Segmental to global severe glomerular collapse

- Swollen and hypertrophic podocytes that contain intracellular vacuoles

- Increased number of epithelial cells that may lead to glomerular pseudo-crescents

- Marked interstitial inflammation and acute tubular injury
- Tubular dilatation and tubular microcysts formation
- Interstitial fibrosis and tubular atrophy are not remarkable
e Immunofluorescence microscopy: negative or unspecific
e Electron microscopy:
- Retraction and wrinkling of the glomerular basement membrane
- Podocyte foot processes effacement
- Endothelial tubuloreticular aggregates (interferon footprints)
- No electron-dense deposits are identified
e Viral particles:

- In patients with HIV1, viral particles are identified in glomerular epithelial cells and tubular cells
- No direct kidney infection has been demonstrated so far in patients with SARS-CoV-2 infection

Fig.2 Patients with APOLI1 Viral infections

high-risk genotype may develop (HIV1, SARS-
collapsing glomerulopathy CoV-2)
during exogenous interferon

administration or endogenous

interferon upregulation \4

STING-associated Systemic Exogenous
vasculopathy with lupus interferon
onset in infancy erythematosus injection

| | v

Upregulated interferon production

|

Collapsing glomerulopathy
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of the eleven patients were African Americans. All of them
presented with proteinuria and kidney function decline. A
kidney biopsy revealed typical features of collapsing glo-
merulopathy. In addition, arteriosclerosis and arteriolo-
sclerosis with hyalinosis were identified in most biopsies
[73]. In 2015, the APOL1 genotype was analyzed in archi-
val renal biopsy tissue from eleven patients. Seven yielded
adequate samples and were genotyped. All of them carried
the APOL1 high-risk genotype, suggesting that this genetic
background may facilitate the development of interferon-
associated collapsing glomerulopathy [83].

APOL1 genotype and collapsing glomerulopathy
in the setting of viral infections

Collapsing glomerulopathy has been consistently reported
in association with HIV-1 and SARS-CoV-2 infections,
particularly in African American patients carrying APOL1
high-risk genotype.

APOL1 genotype and collapsing glomerulopathy in the
setting of HIV1 infection Kidney disease in the setting of
HIV-1 infection is predominantly related either to active,
untreated viral infection or to insulin resistance associated
with sustained interferon secretion and/or antiretroviral
therapy. The respective histological pictures are collapsing
glomerulopathy (HIV1-associated nephropathy (HIVAN))
and kidney manifestations of insulin resistance such as
FSGS (in the setting of insulin resistance-related glomeru-
lar hyperfiltration), diabetic kidney disease, or hyperten-
sion-attributed nephropathy (arterionephrosclerosis). An
association between the carriage of APOL1 risk variants
and worse renal outcomes in HIV-1 patients has been docu-
mented [7, 8, 30, 89, 111, 113].

Collapsing glomerulopathy was commonly identified
among African American patients with untreated active
HIV-1 infection and was termed HIVAN. The extensive use
of anti-retroviral therapy dramatically reduced HIVAN fre-
quency. In kidney biopsies from patients with HIVAN, HIV 1
DNA and mRNA have been identified within podocytes,
glomerular parietal epithelial cells, and tubular epithelial
cells, suggesting that the kidney epithelium constitutes a tar-
get for HIV-1 infection. In addition, circularized viral DNA
has been detected, denoting active replication of the virus
in renal epithelia [8].

An indirect indication that APOL1 variants G1 or G2 were
a risk factor for HIVAN was first provided by the simultane-
ous absence of HIVAN and these APOL1 variants in Ethio-
pian patients with HIV1 infection. In HIV-1-infected patients
of Ethiopian descent, the susceptibility to HIVAN is similar
to that of White subjects, which is strikingly less than that
reported for other African populations harboring APOL1 risk
variants [104]. In a subsequent case—control study, carriage of
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two APOLI risk alleles was associated with a greater risk of
developing HIVAN compared to patients with HIV-1 infection
homozygous for the GO allele [57].

APOL1 genotype and collapsing glomerulopathy in the setting
of SARS-CoV-2 infection (coronavirus disease 2019) Patients
with SARS-CoV-2 infection, the cause of coronavirus dis-
ease 2019 (COVID-19), have a number of risk factors for
developing kidney disease, including viral infection, cytokine
outbursts, kidney hemodynamic changes, and nephrotoxic
medications. Patients with COVID-19 may develop collapsing
glomerulopathy, which has been named coronavirus-19-asso-
ciated nephropathy (COVAN). Like HIVAN, COVAN targets
predominantly African Americans and has been attributed
to active viral infection and/or cytokine response to SARS-
CoV-2, with enhanced secretion of type I interferon among
other cytokines. COVAN’s clinical features are usually acute
kidney injury and proteinuria. The histological pattern cor-
responds to collapsing glomerulopathy with endothelial tubu-
loreticular aggregates (interferon footprints) [63, 88]. Unlike
HIVAN, SARS-CoV-2 viral particles or viral RNA have not
been conclusively identified in the glomerular or tubular
cells of patients with COVAN [9, 76]. Retrospective clinico-
pathological investigations, case reports, and a small series
of patients with COVAN indicate that biallelic carriage of
APOLL1 variants G1 or G2 is a risk factor for developing the
disease. Most patients (91%) with COVAN are African Ameri-
cans and carry an APOL1 high-risk genotype (91.7-94%), sug-
gesting that mutated APOL1 predisposes to COVAN [37, 55,
58, 63, 70, 75, 88, 96, 112]. Collapsing glomerulopathy has
been described in an APOL1 heterozygous (G2/G0) female
patient of African ancestry with active lupus nephritis and
COVID-19, suggesting that carrying one APOL1 risk allele
may predispose to COVAN when other causative factors are
present, such as SLE-associated interferon upregulation [74].

APOL1 genotype and collapsing glomerulopathy

in the setting of other conditions that feature excessive
interferon production (such as systemic lupus
erythematosus, macrophage activation syndrome,

and congenital disorders)

Patients with SLE experience persistent interferon secretion
[22, 42] and an increased expression of genes regulated by
interferon (interferon signature) that may participate in the
pathogenesis of the disease [72, 90]. The APOL1 high-risk
genotype increases the susceptibility to collapsing glomeru-
lopathy in the setting of SLE. In a retrospective study that
identified 26 cases of collapsing glomerulopathy among 546
renal biopsies from African Americans with SLE, carriage
of one or two APOL1 risk variants conferred higher odds of
developing SLE-associated collapsing glomerulopathy [64].



Pfliigers Archiv - European Journal of Physiology

Collapsing glomerulopathy is also the most frequent his-
tological pattern observed in African American patients with
kidney disease in the setting of the hemophagocytic syn-
drome (macrophage activation syndrome or hemophagocytic
lymphohistiocytosis). This disease is characterized by the
infiltration of the bone marrow and other organs by activated
macrophages that secrete massive amounts of interferon and
other cytokines. APOL1 has not been genotyped in African
American patients with this disease so far [103].

SAVI is a congenital disorder due to gain-of-function
mutations in the gene TMEM 173, which encodes STING.
Patients with SAVI endure constitutive activation of STING
that leads to endogenous, unregulated overproduction of
type I interferon. The disease is clinically characterized by
severe cutaneous vasculopathy and interstitial lung disease
that start during infancy [66]. Collapsing glomerulopathy
has been reported in an African American patient with SAVI
at the age of 14 months. APOL1 genotyping demonstrated
compound heterozygosity for the G1 and G2 variants [1].

Collapsing glomerulopathy has also been reported in
a 15-year-old female with Aicardi-Goutieres syndrome, a
monogenic type 1 interferonopathy that usually presents
with neurologic manifestations. The patient did not carry
the APOL1 G1 and G2 alleles [29].

Relationship between APOL1 genotype
and albuminuria

The APOL1 high-risk genotype is very consistently associ-
ated with albuminuria in cross-sectional and longitudinal
investigations, independent of confounding. A cross-sec-
tional association between carriage of two APOL1 risk vari-
ants (recessive inheritance) and urinary albumin excretion
has been identified in several trials, including the Dallas
Heart Study [36], the Atherosclerosis Risk in Communities
(ARIC) study [31], the Systolic Blood Pressure Interven-
tion Trial (SPRINT) [35, 61], the SPRINT-Memory and
Cognition in Decreased Hypertension (MIND) [34], the
AASK [12], the African American Diabetes Heart Study
(AA-DHS) [33], the Coronary Artery Risk Development in
Young Adults (CARDIA) study [44], and the Reasons for
Geographic and Racial Differences in Stroke (REGARDS)
study [43]. Carriers of the APOLI high-risk genotype are
more likely to have both albuminuria and higher urinary
albumin excretion rates compared to individuals with the
APOLI1 low-risk genotype (one or zero risk variants).
Similarly, among 90 African Americans with proteinu-
ria> 0.5 g/day in the Nephrotic Syndrome Study Network
(NEPTUNE), patients with the APOL1 high-risk geno-
type (two-risk alleles) show a 52% increase in the level of
proteinuria (urine protein-to-creatinine ratio) compared to
patients with the low-risk genotype. In addition, the APOL1
high-risk genotype is associated with a 69% reduction in

the probability of complete remission of the primary glo-
merulopathy, independent of the histopathologic diagnosis
(predominantly minimal change disease, FSGS, and mem-
branous nephropathy) [95]. Likewise, a cross-sectional asso-
ciation between the APOL1 high-risk genotype and protein-
uria has been observed at baseline in a prospective cohort
study that recruited 100 Ghanaian patients with SLE [5]. A
strong and independent longitudinal association of APOL1
risk genotype and albuminuria has been documented in the
CHS. African Americans with APOL1 high-risk genotype
(two allelic variants) had two-fold higher levels of urinary
albumin excretion rate compared to subjects with a low-risk
genotype over a follow-up period of 13 years [80].

Association between APOL1 genotype and kidney
function impairment

The APOL1 high-risk genotype is associated with ESKD,
CKD (estimated GFR of <60 ml/min/1.73 m?) and faster
progression of CKD to ESKD, in a variety of population
groups, including patients with diabetes.

Observational investigations reveal an independent asso-
ciation between the APOL1 high-risk genotype and ESKD
in different population groups (Table 3) [31, 38, 87, 104].
The first correlation between the APOL1 genotype and kid-
ney disease was documented in a case—control study that
compared the APOL1 genotype in 1,030 African Americans
with ESKD attributed to hypertension and 1,025 control sub-
jects. The presence of two APOLI1 risk alleles (recessive
model) versus zero risk alleles associated with a marked
increase in the rate of hypertension-attributed ESKD sug-
gests that the APOLI1 high-risk genotype contributes to
elevating the risk for ESKD [38]. An association between
APOLL high-risk genotype and incident ESKD, regardless
of diabetes status, has been observed in prospective cohorts
that recruited a variety of population groups, including
patients with diabetes, such as the ARIC study, the AASK,
and the Chronic Renal Insufficiency Cohort (CRIC). African
Americans with the APOL1 high-risk genotype experience a
higher risk of incident ESKD independently of other factors
compared with patients with zero/one risk alleles [31, 40,
87]. Accordingly, cross-sectional analyses show that car-
riage of the APOL1 high-risk genotype (two allelic vari-
ants) is associated with an earlier age at dialysis initiation
compared to patients with one to zero APOL1 risk variants
after adjustment for confounding [49, 52]. The higher risk
of ESKD associated with the APOL1 high-risk genotype has
been documented in patients with HIV1 infection or SLE as
well [5, 6, 30, 32].

Likewise, a consistent association between the APOL]1
high-risk genotype and CKD and accelerated kidney func-
tion decline towards ESKD has been documented in several
population groups by most observational studies. A few
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trials failed to find evidence of such a relationship, particu-
larly in patients with diabetes [23, 35, 80]. The reason for the
discrepancy is unclear, but the assessment of kidney func-
tion is usually performed with formulas to estimate GFR
that may differ among the studies. In patients with diabetes,
serum creatinine-based formulas, such as the Modification
of Diet in Renal Disease (MDRD), may underestimate the
rate of CKD, as insulin resistance-associated sarcopenia in
these patients lowers serum creatinine levels and tends to
spuriously elevate the serum creatinine-based GFR estimate.

Cross-sectional analyses from the Dallas Heart Study,
the Jackson Heart Study (JHS), the SPRINT, the SPRINT-
MIND, the Million Veteran Program (MVP), the AASK, and
the AA-DHS-MIND reveal a consistent association of the
APOL1 high-risk genotype (carriage of two risk alleles) and
prevalence of CKD (estimated GFR <60 ml/min/1.73 m?)
in comparison with APOL1 low-risk (harboring less than
two risk variants) in diverse population groups, such as the
general population, patients with hypertension, and patients
with diabetes (Table 4) [4, 12, 34, 36, 49, 61]. In the JHS, the
robust relationship between APOLI1 risk variants and CKD
remained after adjusting for diabetes status [49]. Further-
more, APOL1 risk variants predicted a greater rate of kidney
function decline in patients with CKD attributed to essential
hypertension across blood pressure targets [65]. Similarly,
among African Americans with proteinuria> 0.5 g/day, the
APOLL1 high-risk genotype (two risk alleles) is associated
with a lower estimated GFR [95]. A cross-sectional associa-
tion between the APOL1 high-risk genotype and accelerated
progression of kidney failure [32] and lower estimated GFR
[5] has also been reported in patients with SLE.

Longitudinal studies such as the ARIC, the MVP, the
AASK, and the CRIC reveal that carriage of two APOLI1
risk variants is an independent risk factor for the develop-
ment of incident CKD and faster kidney function decline,
compared to an APOL1 low-risk genotype (one or zero risk
alleles) in a variety of population groups, including patients
with diabetes (Table 5) [4, 31, 40, 87].

The ARIC study followed 3067 African Americans from
the general population free of CKD for a median observa-
tion period of 10.2 years. Carrying two APOLI1 risk alleles
was independently associated with an increased risk of inci-
dent CKD and faster progression to ESKD after account-
ing for confounding variables. In addition, the detrimental
effect of the APOL1 high-risk genotype on kidney function
was comparable among patients with and without diabe-
tes [31]. The relationship between the APOL1 high-risk
genotype and CKD in African Americans from the general
population was confirmed with a longer follow-up period
(22.6 years), although the rate of kidney function decline
was variable [40].

In the MVP, a retrospective cohort study from the Veteran
Affairs Health Care System, the APOL1 high-risk genotype

was strongly associated with incident renal disease among
30,903 African Americans with normal kidney function at
baseline over a mean follow-up period of 12.5 years [4].
Similar results were obtained in two multicenter prospective
cohorts, the AASK (nondiabetic patients with hypertension-
attributed CKD) and the CRIC (patients with CKD, 45.5%
with diabetes). Patients with the APOL1 high-risk geno-
type had a higher risk of renal outcomes over the follow-up
period (9 years in the AASK and 4.4 years in the CRIC).
Regardless of diabetes status, African Americans with
two high-risk variants in the APOL1 gene experience an
increased risk for CKD progression, even those with well-
controlled blood pressure [87].

A meta-analysis of ten cohort studies confirms the pro-
spective association between the APOL1 high-risk genotype
and the incidence and progression of CKD. Accordingly,
kidney function decline was steeper in patients with an
APOLL1 high-risk genotype compared to low-risk patients,
although the decrement in estimated GFR was variable
between trials [50].

Comparable findings have been observed in patients
with SLE or HIV-1 infection. Longitudinal trials in patients
with SLE show that APOL1’s high-risk genotype is associ-
ated with accelerated kidney function decline compared to
patients with one or no risk variants [5, 6]. Likewise, a lon-
gitudinal study shows that HIV-1 patients with two APOL1
risk variants have a faster decline in kidney function com-
pared with those with low-risk genotypes [30].

Kidney pathological phenotype associated
with APOL1 high-risk genotype

The carriage of the APOL1 high-risk genotype is associ-
ated with a pathological phenotype in the kidney. Autopsy
findings reveal that carriers of APOL1 risk variants exhibit
more severe pathologic changes associated with aging and
hypertension, such as arterionephrosclerosis, glomeru-
lomegaly, and nephron loss, compared to bearers of the
low-risk genotype [45, 47]. In an autopsy study that col-
lected kidney tissue from 159 African Americans and 135
Caucasians without kidney disease, arterionephrosclerosis
was absent or very mild before age 35 for both races. After
35 years of age, glomerulosclerosis and arteriosclerosis were
independently related to aging and hypertension. In addition,
APOL1’s high-risk genotype (two risk variants) magnified
these lesions [47]. Accordingly, histopathologic examination
of kidney specimens obtained at autopsy revealed a higher
percentage of sclerotic glomeruli in African American sub-
jects carrying two APOL1 risk alleles compared with Afri-
can American individuals harboring a low-risk genotype
[18]. Among African Americans with proteinuria, APOL]1
high-risk genotype (two-risk alleles) is associated with more
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severe interstitial fibrosis and tubular atrophy on kidney
biopsy samples compared to the low-risk genotype [95].

In vitro effects of wild-type and mutated APOL1
in the kidney

The function of wild-type APOL1 and the consequences of its
mutation in the human kidney are largely unknown (Table 6).
Kidney organoids derived from human induced pluripotent
stem cells [67] and human podocyte cell models that repli-
cate in vitro the function of mutated APOL1 [27] have been
developed to investigate the mechanisms underlying APOL1-
related kidney disease and assess potential therapies. In human
podocyte cell lines, APOL1 overexpression leads to podocyte

detachment. This effect is genotype-independent, such that
the proportion of detached podocytes increases to the same
degree in either G2/G2 or GO/GO podocytes following APOL1
upregulation [27]. Wild-type APOL1 contributes to stabiliz-
ing adherens junctions by binding to CD2AP, a constituent of
these cellular linkage sites. Consequently, silencing of wild-
type APOL1 causes instability of adherens junctions and thin-
ning of the actin cytoskeleton in human podocyte cell lines.
In contrast, G1 or G2 APOLI1 proteins fail to bind to CD2AP,
and podocytes expressing G1 or G2 APOL1 proteins show
disrupted adherens junctions and an attenuated actin cytoskel-
eton, similar to the silencing of GO APOLI protein (Fig. 3)
[60]. Likewise, the expression of a mutated APOL1 reduces
cellular adherence and actin filaments in podocyte cell lines

Table 6 Effects of apolipoprotein L1 (APOL1) on human podocyte cell lines

Effects of APOL1 on human podocytes

Wild type (GO) APOL1

Mutated (G1 or G2) APOL1

Binding to CD2AP, a protein associated with
adherens junctions

GO APOL1 binds to CD2AP

Mutated APOL1 does not bind to CD2AP

CD2AP level in podocyte cell lines
Adherens junctions

Effect of overexpression of APOL1 on podo-
cyte adhesion sites

Effect of overexpression of APOL1 on podo-
cyte detachment and loss
Interaction with the actin cytoskeleton

Actin cytoskeleton

Expression of nephrin and podocin

Normal
Normal, stable, and solid adherens junctions

GO APOL1 overexpression does not reduce
podocyte adhesion sites

GO APOL1 overexpression induces podocyte
detachment and loss

GO APOL1 interacts with the actin cytoskel-
eton

GO APOL1 podocytes show normal actin
cytoskeleton

GO podocyte cell lines show normal expres-
sion of nephrin and podocin

Adaptive CD2AP upregulation

Abnormal, unstable, and loose adherens junc-
tions

G2 APOL1 overexpression reduces podocyte
adhesion sites

G2 APOL1 overexpression induces podocyte
detachment and loss

Interaction with the actin cytoskeleton is
impaired for mutated APOL1 proteins

Mutated APOL1 podocytes show disorganized
and attenuated actin filaments

Mutated APOL1 podocytes show reduced
expression of nephrin and podocin

Fig. 3 Effect of APOLI on
cellular junctions and the actin
cytoskeleton. Wild-type APOL1
contributes to maintaining the
normality of adherens junctions
and the actin cytoskeleton,
while risk variants of APOL1
associate with loose adherens
junctions and reduced actin
cytoskeleton
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established from G1/G2, G1/G1, or G2/G2 patients suffer-
ing from FSGS or HIVAN [105]. Accordingly, human G2/
G2 podocytes exhibit adaptive upregulation of CD2AP and
attenuation of the actin cytoskeleton, compared with GO/GO
podocytes. After APOL1 overexpression, G2/G2 podocytes
exhibit fewer adhesion sites compared to GO/GO podocyte cell
lines [27]. Overexpression of either G1 or G2 APOLI pro-
tein reduces the expression of nephrin and podocin in human
podocyte cell lines whereas no change in these proteins follows
overexpression of wild-type APOL1 (GO) [110].

Association between APOL1 genotype
and cardiovascular disease

The carriage of two APOLI risk variants has been associ-
ated with increased risk for clinical events and pathologi-
cal features of vascular disease compared with the APOL1
low-risk genotype. However, this association has not been
universally observed, and it could be partly mediated by the
strong relationship between the APOL1 high-risk genotype
and impaired kidney function/albuminuria in some popula-
tion groups.

A cross-sectional association between the APOLI high-
risk genotype and prevalent CVD has been observed in par-
ticipants of the JHS (a population-based trial that recruited
subjects from the general population) and the Women"s
Health Initiative study (a randomized controlled trial that
followed 161,808 postmenopausal healthy women to analyze
the effect of postmenopausal hormone therapy). Subjects
with two copies of APOL1 risk alleles had an increased risk
for CVD independent of traditional CVD risk factors. Par-
ticipants in the Women’s Health Initiative study had normal
kidney function, suggesting that the increased cardiovascular
risk associated with the APOL1 high-risk genotype is not
mediated by kidney disease in this population [49]. Like-
wise, a cross-sectional association between the carriage of
one or more APOLI1 risk variants and prevalent atheroscle-
rotic CVD has been observed in patients with SLE after
adjustment for risk factors including ESKD [6]. However,
no cross-sectional association between APOL1 genetic vari-
ation and prevalent CVD has been identified in other studies
or a meta-analysis that included eight cohorts [41].

A longitudinal association between the APOL1 high-risk
genotype and incident CVD has been identified in the CHS,
the REGARDS study, and the M VP trial, particularly among
nondiabetic subjects and individuals with normal kidney
function [4, 43, 80].

The CHS recruited older subjects (> 65 years) from the
general population and found an association between the
APOLI high-risk genotype (two risk variants) and incident
myocardial infarction after adjustment for kidney function
(GFR estimation based on serum cystatin C) [80]. The

REGARDS study enrolled subjects from the general popu-
lation and found no difference in the risk of incident CVD
(stroke or coronary heart disease) related to the APOLI1
genotype in the whole study population. However, the
APOL1 high-risk genotype (two risk variants) was inde-
pendently associated with incident CVD in nondiabetic
subjects and participants with normal kidney function.
In nondiabetic individuals, this association is driven by
ischemic stroke events, particularly those related to small
vessel disease [43]. Likewise, the MVP study found a ret-
rospective association of the APOL1 high-risk genotype
with incident CVD in subjects with normal kidney func-
tion compared to those with no risk alleles [4]. Conversely,
the Multi-Ethnic Study of Atherosclerosis (MESA), the
SPRINT, and the AASK find no longitudinal associa-
tion between APOL1 genotype and incident CVD among
African Americans from the general population (MESA),
nondiabetic patients with hypertension (SPRINT), and
patients with CKD attributed to hypertension (AASK).
The small number of events in some studies may have lim-
ited the power to detect an association between the APOL1
risk variants and CVD [10, 12, 35]. In a meta-analysis that
included 21,305 African Americans from eight cohorts,
individuals carrying two APOL1 risk variants had a simi-
lar risk of incident CVD compared to subjects with zero or
one risk allele over a mean follow-up of 8.9 years in fully
adjusted analyses that accounted for kidney function [41].

Investigations that examine the influence of the APOL1
genotype on arterial calcification have yielded inconsistent
results [10, 13, 33, 44, 49]. In the JHS, APOL1 high-risk
status is associated with reduced coronary artery calcifica-
tion in African Americans compared to the general popu-
lation. Subjects with two APOL1 risk variants have lower
coronary artery calcification, which has been associated
with an increased risk of plaque instability and clinical
coronary events [49]. In the AA-DHS, the effect of the
APOL1 genotype on arterial calcification varies accord-
ing to the localization of the artery. While harboring one
APOL1 high-risk variant (dominant model) is associated
with lower carotid calcification, this APOL1 genotype has
no effect on aortic calcification and only a marginal effect
on coronary artery calcium content [33]. No association
between APOLI genetic variation and arterial calcification
has been found in the CARDIA study, the MESA study, or
the Predictors of Arrhythmic and Cardiovascular Risk in
the ESKD cohort study, such that APOL1 risk status is not
associated with coronary artery calcification in subjects
from the general population or patients with ESKD in these
trials [10, 13, 44].

Regarding cerebrovascular disease, the AA-DHS-MIND
finds less severe intracranial small vessel disease among
participants with APOLI risk variants (in additive genetic
models) [34].
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Autopsy findings show an association between the
APOL1 high-risk genotype and coronary artery atheroscle-
rosis. In an autopsy study that included 764 African Ameri-
cans from the CVPath Sudden Death Registry, carriers of
two APOLI risk alleles demonstrated larger necrotic cores
in coronary plaques compared with noncarriers, suggesting
that the APOL1 high-risk genotype predisposes to the devel-
opment of unstable coronary artery disease. Accordingly,
patients harboring two APOL1 risk alleles had an increased
risk of coronary thrombosis due to plaque rupture compared
to noncarriers [18]. Likewise, fibrous intima-media thick-
ness in kidney interlobular arteries was greater in carriers
of two APOL.1 risk variants compared to low-risk genotypes
in an autopsy study that included subjects from the general
population without kidney disease [47].

Relationship between insulin resistance
and APOL1

As mentioned, the genotype—phenotype correlation in bear-
ers of APOLI risk variants is not straightforward, as most
of them do not develop the clinical disease unless another
condition combines with the genetic background. Several
pieces of information suggest that insulin resistance may be
involved in the relationship between APOL1 genetic vari-
ation and the clinical phenotype of mutated APOL1. First,
essential hypertension [81] and obesity [82] occur more
frequently in subjects with an APOL1 high-risk genotype
compared to low-risk subjects, suggesting that carriers of
APOLI1 risk variants may experience more severe insulin
resistance than noncarriers. Second, the kidney phenotype
associated with mutated APOL1 and the kidney conse-
quences of insulin resistance are strikingly similar (albu-
minuria, CKD, faster CKD progression, glomerulomegaly,
FSGS, and arterionephrosclerosis) [106]. Third, patients
with increased plasma APOL1 levels show more pronounced
insulin resistance than those with lower circulating APOL1
[19, 84]. Fourth, wild-type APOLI1 is a component of the
lipid droplet, while APOLI1 risk variants stay sited on the
endoplasmic reticulum. Defective detachment of the lipid
droplet from the endoplasmic reticulum compromises the
biogenesis of these organelles and impairs normal triglyc-
eride accumulation, which has been associated with insulin
resistance [16]. Fifth, conditions associated with interferon
upregulation, such as SLE and viral infections, typically
feature worse kidney outcomes in patients with the APOL1
high-risk genotype. Interferon triggers APOL1 overexpres-
sion [83, 115] and promotes insulin resistance [56], which
may contribute to explaining the clinical manifestations
associated with the APOLI high-risk phenotype under
these conditions. Sixth, clinical disorders that feature insu-
lin resistance are usually associated with reduced protein
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synthesis and increased protein degradation to ensure energy
supply to tissues. APOL1 overexpression may contribute to
facilitating these processes by suppressing the kinase target
of rapamycin complex-1 (TORC1) and inducing phospho-
rylation of the eukaryotic initiation factor-2 on its o subunit
(elF2a) [20, 85, 108].

Carriers of APOL1 risk variants develop essential
hypertension and obesity more frequently
than noncarriers

Individuals harboring APOL1 risk alleles G1 or G2 develop
components of the metabolic syndrome (the clinical mani-
festation of insulin resistance), such as essential hyperten-
sion and obesity, more frequently than subjects without these
variants, implying that carriers of APOL1 risk variants can
be more insulin-resistant than noncarriers. A number of
studies, including the Dallas Heart Study, the AASK, the
CRIC, the SPRINT, the MESA, and the MVP, show very
consistently that subjects with the APOL1 high-risk geno-
type (carriage of two risk alleles) have a higher prevalence of
hypertension compared to individuals with one or zero risk
variants in varied African American population groups [4,
10, 35, 36, 87]. In addition, carriage of APOL1 risk alleles is
associated with higher blood pressure values and a younger
age at diagnosis of hypertension over a mean follow-up
period of 3.6 to 7.6 years among a total of 9203 African
Americans from Mount Sinai’s BioMe biobank (discovery
cohort) and three replication cohorts (Vanderbilt BioVU,
Northwestern NUgene, and BioMe replication). The age of
hypertension diagnosis was 2 to 5 years earlier in subjects
harboring two copies of G1 or G2 [81].

Similarly, harboring one or two risk variants in the
APOLI gene is independently and robustly associated with
a higher body mass index (BMI) and may partially explain
the increased rate of obesity among African Americans
compared to European Americans [35, 82]. In cross-sec-
tional analyses of 11,930 African American participants
in the Genetic Testing to Understand and Address Renal
Disease Disparities (GUARDD) study, the JHS, and the
BioMe Biobank, BioVU, NU-gene cohorts, carriage of one
or two APOL1 risk variants is independently associated
with obesity both in recessive and additive models. Indi-
viduals carrying one or two APOL1 risk variants are more
likely to be obese than wild-type homozygotes (G0/GO0). In
arecessive model, bearers of two APOL1 risk variants have
a 0.58 kg/m? higher BMI than subjects carrying one or zero
risk alleles. In an additive model, each risk variant increases
BMI by 0.36 kg/m? [82]. Likewise, the APOL1 high-risk
genotype is associated with greater BMI in the SPRINT,
such that participants with two APOLI risk alleles show a
higher BMI than subjects with one or two risk variants [35].
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The kidney phenotype associated with the APOL1
high-risk genotype shares similarities with clinical
complications of insulin resistance

Biallelic carriage of APOLI1 risk variants is associated with
kidney manifestations of insulin resistance, such as albu-
minuria, CKD, glomerulomegaly, FSGS (in the setting of
glomerular hyperfiltration), and arterionephrosclerosis (the
pathological correlate of hypertension-associated nephropa-
thy) [47, 106]. As mentioned, several studies, including the
Dallas Heart Study, the AASK, the CRIC, the SPRINT, the
MESA, and the MVP, show very consistently that carriers of
two copies of the APOLI risk variants have a higher preva-
lence of albuminuria and greater values of albuminuria when
compared to individuals with one or zero risk variants in
varied African American population groups [4, 10, 35, 36,
87]. In addition, carriers of two APOL]1 risk alleles have a
higher prevalence of CKD compared to noncarriers [4, 35,
36]. Furthermore, the carriage of two APOLI1 risk variants is
associated with greater nephron loss and increased glomeru-
lar volume associated with aging [45] and increases the risk
for arterionephrosclerosis [47] and FSGS [38, 57]. Likewise,
the APOL1 high-risk genotype (two risk variants) is associ-
ated with an increased risk of FSGS in African Americans
with HIV-1 infection (Fig. 4) [30].

Association between plasma level of APOL1
and insulin resistance

Cross-sectional and longitudinal studies reveal an independ-
ent association between the plasma level of APOL1 and
more severe insulin resistance and a consequently higher
risk for new-onset type 2 diabetes (T2D) [19, 84]. In a
cross-sectional study that recruited 126 nondiabetic vol-
unteers and 36 T2D patients, circulating levels of APOL1
were increased in participants with more pronounced insu-
lin resistance, independent of confounding variables. Sub-
jects with higher plasma APOLI had greater waist circum-
ference and BMI, higher serum insulin levels, and more

Fig.4 Carriers of APOL1 risk
variants manifest clinical fea-
tures of insulin resistance

- Albuminuria

- Chronic kidney disease

severe insulin resistance-associated dyslipidemia (higher
levels of triglycerides and lower HDL-c) compared with
participants with a lower APOL1 level. Accordingly, cir-
culating APOL1 demonstrates a positive correlation with
homeostasis model assessment-insulin resistance (HOMA-
IR) values, and participants with elevated plasma APOL1
levels show higher HOMA-IR and lower adiponectin levels.
Likewise, circulating APOL1 is increased in subjects with
the metabolic syndrome, regardless of diabetes or obesity
status [84]. Consistently, plasma APOLI levels are inde-
pendently associated with increased risk for incident T2D
in an ancillary analysis of the prospective observational trial
Innovation Thérapeutique-Diabete (IT-DIAB). In this study,
307 participants with glucose intolerance were followed
for a median period of 5 years to ascertain the association
between plasma APOL1 concentration and the incidence
of new-onset T2D. After adjustment for confounding vari-
ables, the plasma level of APOL1 was positively associated
with a higher risk for incident T2D [19].

Similarly, the plasma level of APOL1 correlates strongly
and independently with the plasma levels of glucose and
triglycerides among 137 participants in the HDL Athero-
sclerosis Treatment Study (patients with coronary artery
disease, reduced HDL-c, and hypertriglyceridemia), sug-
gesting that increased plasma APOL1 associates with more
pronounced insulin resistance. Patients with hyperglycemia
had mean APOL1 levels > 50% higher than normoglycemic
subjects (13.2 pug/ml versus 8.3 ug/ml). In contrast, circulat-
ing APOLI is not associated with the progression of coro-
nary artery disease in this population, suggesting that plasma
APOL1 may be a marker of vascular injury rather than a
causative factor [2].

Interferons promote insulin resistance and trigger
APOL1 overexpression

As mentioned, collapsing glomerulopathy develops predom-

inantly in subjects with the APOL1 high-risk genotype when
interferon levels are increased either through exogenous

Carriage of APOLI risk variants G1 and/or G2

l |

Kidney features of insulin resistance:

Clinical features of insulin resistance:
- Essential hypertension
- Increased body mass index

- Glomerulomegaly

- Nephron loss associated to aging

- Arterionephrosclerosis (hypertension-
associated nephropathy)

- Focal segmental glomerulosclerosis
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injection or endogenous upregulation. Interferons are mole-
cules that participate in the immune and metabolic responses
against infections or abnormal host DNA, promoting both
insulin resistance and the expression of genes involved in
the immune response (interferon signature) [90, 97]. Type
I interferons are produced by many cell types and include
interferon-a and interferon-f. The production of type I inter-
feron is activated by foreign (bacterial or viral) DNA or
aberrant self-DNA located in the cytosol. There are several
DNA sensors in human cells, including STING, that activate
interferon secretion in response to anomalous DNA (foreign
DNA or self-DNA abnormally located). Interferon synthesis
elicited by aberrant self-DNA can play a role in the patho-
genesis of autoimmune diseases such as SLE. Type II inter-
feron (interferon-y) is generated predominantly by immune
cells. Type III interferon comprises several interferon-A
(IFNL) isoforms that are primarily produced by epithelial
cells and some immune cells, such as macrophages and den-
dritic cells. Interferons promote insulin resistance and there-
fore both infections and SLE typically feature this metabolic
adaptation. In addition, interferon triggers marked APOLI
overexpression in human cells [21, 59, 83, 102, 115].

Interferons induce insulin resistance

Clinical studies indicate that interferon elicits insulin resist-
ance. Compared to placebo, interferon-o injection in healthy
subjects increases plasma glucose and plasma insulin lev-
els and induces insulin resistance, as evaluated by insulin
clamps and oral and intravenous glucose tolerance tests. In
addition, injection of interferon-o causes an acute rise in
circulating counterregulatory hormones such as glucagon,
cortisol, and growth hormone [56]. Similarly, recombinant
interferon-a therapy for two weeks worsens insulin resist-
ance (assessed by euglycemic hyperinsulinemic clamp) and
impairs oral glucose tolerance in patients with chronic active
hepatitis C, suggesting that long-term interferon administra-
tion may maintain an insulin-resistant status [48]. Further-
more, an interferon signature characterizes the whole blood
transcriptome profile of insulin-resistant subjects, highlight-
ing the association between interferon and insulin resistance.
The Cohort on Diabetes and Atherosclerosis Maastricht
(CODAM) study was a prospective observational trial that
investigated the whole blood transcriptome profile in partici-
pants with an elevated risk of T2D. Insulin resistance was
characterized by a unique whole blood transcriptome profile
typified by higher expression of interferon-stimulated genes
and lower expression of genes involved in remodeling of the
actin cytoskeleton [51]. Furthermore, in the Chennai Urban
Rural Epidemiology study, serum levels of interferon-y are
increased among Asian Indian patients with metabolic syn-
drome compared to subjects without clinical insulin resist-
ance. Additionally, circulating interferon-y shows a positive
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association with HOMA-IR values and a negative associa-
tion with serum adiponectin in this population [98].
Consistently, conditions associated with interferon
upregulation, such as infections and SLE, feature insulin
resistance. Activation of the immune system during micro-
bial invasion or autoimmune disorders requires a continu-
ous energy supply to immune cells to achieve an immune
response. This metabolic adjustment is implemented by
insulin resistance. Infections are associated with an incre-
ment in both fasting plasma insulin levels and HOMA-IR
values. In patients with diabetes, infection-associated insu-
lin resistance typically worsens glycemic control. Clinical
observational studies show that patients with HIV-1 infec-
tion [7] or COVID-19 [14] endure prolonged insulin resist-
ance and a subsequent increased risk for new-onset T2D. In
a prospective cohort study that followed 505 HIV-1 nondia-
betic patients aged > 50 years for 7.25 years, the prevalence
of either T2D or insulin resistance was very high (46%) at
the end of the study, and the incidence of T2D was higher
than in the general population (1.2/100 patient-years) [7].
Likewise, SARS-CoV-2 infection intensifies insulin resist-
ance and predisposes to new-onset T2D 6 months after the
acute infection. In a prospective study that followed 64
nondiabetic patients with COVID-19 for 6 months, insulin
resistance (assessed by HOMA for -cell function) was more
severe at follow-up compared with baseline values [14].
Similarly to infections, SLE is associated with enhanced
interferon secretion and insulin resistance. Compared to
healthy controls, insulin resistance and the prevalence of
metabolic syndrome, diabetes, and hypertension are higher
in patients with SLE (adults and children) compared to
healthy subjects [39, 77, 78, 92, 101]. Furthermore, the
fasting plasma level of glucagon and the glucagon response
to a meal tolerance test are increased in SLE patients com-
pared to healthy subjects [77]. In a retrospective longitudinal
cohort that enrolled 1498 patients with SLE, adherence to
antimalarials conferred protection against incident T2D over
a median follow-up of 4.62 years, suggesting that reduction
of interferon secretion (due to less active disease) improves
insulin resistance in patients with SLE [93]. Additionally,
patients with SLE experience elevated cardiovascular risk
that is unexplained by traditional risk factors and may be
attributed to insulin resistance. Among SLE patients, insulin
resistance associates with subclinical vascular injury, such as
increased arterial stiffness and carotid and coronary intima-
media thickness [39, 78]. Likewise, patients with other
conditions that feature increased interferon levels also expe-
rience vascular disease unexplained by conventional cardio-
vascular risk factors. Patients with HIV-1 infection endure
an increased risk of myocardial infarction and cerebrovas-
cular events that may be attributed to more severe insulin
resistance [7]. Gain of function mutations in STING are
associated with cutaneous vasculopathy [66]. Most patients
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with collapsing glomerulopathy following interferon therapy
show arteriosclerosis and arteriolosclerosis with hyalinosis
in kidney biopsy samples, suggesting that vascular damage
is associated with this condition [73].

Interferons elicit APOL1 Overexpression in human cells

In addition, to promote insulin resistance, interferons
markedly intensify APOL1 expression in diverse human
cell lines and human kidney organoids. Interferon-p
enhances APOL1 expression in human podocyte cell
lines, while interferon-y increases APOL1 expression in
endothelial cells, macrophages, podocytes, glomerular
parietal epithelial cells, and human embryonic kidney
(HEK) cell lines [21, 59, 83, 102, 115].

In human primary macrophages and monocyte-derived
macrophages isolated from healthy blood donors, interferon-y
triggers the expression of APOL1, although, in the basal state,
these cells do not express APOL1. In contrast to the potent
effect of interferon-vy, interferon-a prompts only slight APOL1
expression in these cells [102].

In human umbilical vein endothelial cells and
endothelial cells at other locations, interferons heighten
the expression of APOL1 mRNA and protein. Like in
human macrophages, interferon-y has the most potent
effect on boosting APOL1 overexpression, followed
by interferon-p and interferon-a. In endothelial cells,
interferon-y increased 200-fold the expression of APOL1
mRNA. In addition, interferons induce the appearance
of new APOLI1 transcripts that are undetectable under
resting conditions [83, 115].

Interferon-y induces APOL1 expression in human
glomerular parietal epithelial cells and HEK cell lines,
although in the basal state, these cells lack APOL1 [59].

APOLL1 is expressed in normal human podocytes,
but interferon-y magnifies the expression of the protein
and induces the appearance of new APOLI transcripts
in these cells [59, 83]. Likewise, interferon-f induces
APOL1 overexpression in human podocytes carrying
either wild type (GO/GO) or G1 variant (G1/G1) [21].

The upregulation of APOL1 induced by interferon has
been confirmed in human kidney organoids derived from
induced pluripotent stem cells homozygous for APOL1 GO
or G2 alleles (GO/GO or G2/G2). APOLI1 is highly upregu-
lated in response to interferon-y. Furthermore, interferon-y-
induced APOL1 overexpression is greater in APOL1 high-
risk genotype organoids (G2/G2) compared with wild-type
(G0/GO) kidney organoids [17].

The biological significance of the remarkable effect of
interferon augmenting APOL1 expression in human cells
remains to be fully understood, but it might suggest that
APOLI can mediate some effects of interferon.

In carriers of APOL1 risk variants, impaired lipid
droplet biogenesis may contribute to causing
insulin resistance

Wild-type and risk variants of the APOL1 protein show
different intracellular locations. In varied human cell lines,
including human podocytes, HEK-293 cells, human cervi-
cal carcinoma (HeLa) cells, and human liver (Huh7) cells,
wild-type APOL1 (GO) localizes predominantly to lipid
droplets, while the risk variants G1 and G2 localize pri-
marily to the endoplasmic reticulum. The formation of lipid
droplets involves the separation of the nascent lipid droplet
from the endoplasmic reticulum. Mutated APOL1 proteins
remain stationary on the endoplasmic reticulum while wild-
type APOL1 moves with the emergent lipid droplet into the
cytoplasm, suggesting that APOL1 may be implicated in
lipid droplet biogenesis by contributing to the detachment
of the lipid droplet from the endoplasmic reticulum. Sup-
porting this notion, human podocytes expressing APOL1
risk variants G1 or G2 exhibit a reduced number of lipid
droplets per cell and a diminished size of these intracellu-
lar organelles compared to podocytes expressing wild-type
APOLI1 [16]. These findings have been replicated in human
kidney organoids derived from induced pluripotent stem
cells that express wild-type APOL1 (G0/G0) or an APOL1
high-risk genotype (G2/G2). Human kidney organoids with
the APOL1 high-risk genotype exhibit fewer lipid droplets
compared to wild-type APOL1 organoids, highlighting the
functional importance of the intracellular position of the
APOL1 protein [17]. While wild-type APOLI1 allows the
adequate formation of lipid droplets, the presence of mutated
APOQOL1 leads to the abnormal generation of these organelles
(manifested as a reduction in their size and number). Defec-
tive lipid droplet formation hinders triglyceride deposition in
the normal storage site and has been consistently associated
with insulin resistance. Mutations in genes encoding several
lipid droplet-associated proteins cause severe insulin resist-
ance, including BSCL2 (seipin) [71], caveolin-1 (CAVI)
[53], and cell death-inducing DNA fragmentation factor-a-
like effector C (CIDEC) [91].

APOL1 reduces protein synthesis and activates
autophagy

Insulin resistance is a metabolic response to a variety of
clinical conditions (including infections) that, when driven
by glucagon, includes a catabolic state with protein synthe-
sis reduction. Protein synthesis may be attenuated by sup-
pression of TORC1 or phosphorylation of elF2a (Fig. 5).
TORCI and the eukaryotic initiation factor-2 participate in
the regulation of protein metabolism. Activation of TORC1
promotes protein synthesis. In contrast, inhibition of TORC1
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Fig.5 APOLI1 reduces protein synthesis by suppressing target of
rapamycin complex-1 (TORC1) and inducing phosphorylation of the
eukaryotic initiation factor-2 on its o subunit (eIF2a)

or phosphorylation of eIF2a by specific kinases, such as pro-
tein kinase R (PKR), suppresses protein synthesis [54, 100].
TORCI1 and elF2a cooperate to regulate protein synthesis
and degradation, such that TORCI inhibition leads to elF2a
phosphorylation and the consequent cessation of protein
translation, reduction of protein synthesis, and autophagy
initiation. During viral infections, the host experiences
global translational arrest that can be reversed by TORC1
activation, suggesting that TORC1 attenuation occurs during
viral infections and contributes to reducing protein synthesis
[100].

APOL1 may contribute to implementing protein syn-
thesis reduction and the initiation of catabolic pathways
(autophagy). Upregulation of APOL1 by interferon suggests
that this protein may be an effector of the metabolic effects
of interferon.

APOLI risk variants induce elF2a phosphorylation. In
HEK-293 cell lines, heterozygous overexpression of APOL1
risk variants (GO/G1 or G0/G2) induces eIlF2a phosphoryl-
ation compared with overexpression of wild type APOL1
(GO/GO). In turn, e[F2a phosphorylation reduces protein
synthesis [20, 85]. PKR mediates elF2a phosphoryla-
tion that follows overexpression of APOL1 risk variants.
In HEK293FT cells, overexpression of mutated APOL1
increases PKR phosphorylation markedly, unlike overex-
pression of wild-type APOL1. Accordingly, silencing of
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APOLI risk variants reduces PKR phosphorylation com-
pared to APOL1 wild-type. Furthermore, in glomeruli from
patients with FSGS that carry two APOL1 risk alleles, PKR
phosphorylation is increased [85].

Additionally, APOL1 overexpression may suppress
TORCI in human cell lines. APOLL is a lipid-binding pro-
tein with a high affinity for phosphatidic acid. Phosphatidic
acid activates TOR in HEK-293 cell lines [28]. It has been
proposed that overexpression of APOL1 may bind phos-
phatidic acid, thus reducing the amount of this compound
available to activate TORCI. In turn, TORCI1 inactivation
promotes elF2a phosphorylation and facilitates autophagy
initiation [60, 108, 115].

Overexpression of either wild-type or allelic variants of
APOLI reduces protein synthesis and induces autophagy
in human cell lines, such as colorectal adenocarcinoma
cells and hepatoma cells [15, 20, 85, 108]. This effect is
more intense in cell lines (HEK293FT) expressing APOL1
risk alleles compared with the GO variants [85]. Accord-
ingly, autophagic pathways are more active in carriers of
APOLL1 risk alleles compared to noncarriers [16, 95]. In
human podocytes and human kidney organoids derived from
induced pluripotent stem cells, the recruitment of APOL1 to
the lipid droplet is associated with a reduction in autophagy
compared to values corresponding to its placement in the
endoplasmic reticulum [17].

Summary

Human APOLL1 protein is widely expressed in human tis-
sues, circulates in plasma associated with HDL, and normally
facilitates immune defense against infections, particularly
trypanosomiasis. The GO allele of the APOLI gene codes the
wild-type protein, while the G1 and G2 alleles code APOL1
variants. Harboring mutated APOLI1 increases the risk of focal
segmental glomerulosclerosis, collapsing glomerulopathy,
albuminuria, chronic kidney disease, and accelerated progres-
sion to end-stage kidney disease. However, most carriers of
APOL1 variants do not develop kidney disease, suggesting
that additional factors are required for the clinical manifes-
tations to appear. Observational studies reveal a relationship
between insulin resistance and the clinical expression of the
APOL1 genotype. Bearers of APOL1 variants may be more
susceptible to developing insulin resistance due to the absence
of APOL1 at the lipid droplet, which leads to defective for-
mation of these organelles and consequent insulin resistance.
Accordingly, subjects with APOL1 high-risk genotype expe-
rience clinical features of insulin resistance, such as obesity,
essential hypertension, arterionephrosclerosis, focal segmental
glomerulosclerosis (in the setting of insulin resistance-associ-
ated glomerular hyperfiltration), and glomerulomegaly, more
frequently than individuals with low-risk genotypes, indicating
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that carriers of APOL1 variants may experience more severe
insulin resistance. In addition, subjects with increased plasma
APOL1 level show more pronounced insulin resistance and
higher incidence of type 2 diabetes than individuals with lower
circulating APOL1. Furthermore, APOL1 may be involved
in the implementation of protein synthesis reduction associ-
ated with insulin resistance by inhibiting the kinase target of
rapamycin complex-1 and promoting phosphorylation of the
a subunit of eukaryotic initiation factor-2, leading to global
translational cessation. Further human research may help to
establish the extent to which insulin resistance may modulate
the clinical phenotype associated with the carriage of APOL1
variants, its role in the pathogenic mechanisms underlying the
clinical manifestations of the APOL1 high-risk genotype, and
the molecular processes that may lead to this metabolic altera-
tion in carriers of mutated APOLI.

Author contribution MAA conceived and designed the review and
wrote the main manuscript. RFC and CFF contributed to the writ-
ing. MAA, MVA, and ECQ performed the literature search. EAR and
MVA contributed to the review and revision of intellectual content.
ECQ contributed to the review and revision of the manuscript. CFF
and RFC contributed to the figures and writing. All authors reviewed
the manuscript.

Data availability Not applicable.

Declarations
Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

References

1. Abid Q, Best Rocha A, Larsen CP, Schulert G, Marsh R, Yasin S
et al (2020) APOL1-associated collapsing focal segmental glo-
merulosclerosis in a patient with stimulator of interferon genes
(STING)-associated vasculopathy with onset in infancy (SAVI).
Am J Kidney Dis 75(2):287-290

2. Albert TS, Duchateau PN, Deeb SS, Pullinger CR, Cho MH,
Heilbron DC et al (2005) Apolipoprotein L-I is positively asso-
ciated with hyperglycemia and plasma triglycerides in CAD
patients with low HDL. J Lipid Res 46(3):469-474

3. An P, Sezgin E, Kirk GD, Duggal P, Binns-Roemer E, Nelson
G et al (2021) APOLI1 variant alleles associate with reduced
risk for opportunistic infections in HIV infection. Commun
Biol 4(1):284

4. Bick AG, Akwo E, Robinson-Cohen C, Lee K, Lynch J, Assimes
TL et al (2019) Association of APOL1 risk alleles with cardio-
vascular disease in blacks in the million veteran program. Circu-
lation 140(12):1031-1040

5. Blazer A, Dey ID, Nwaukoni J, Reynolds M, Ankrah F, Algasas
H et al (2021) Apolipoprotein L1 risk genotypes in Ghanaian
patients with systemic lupus erythematosus: a prospective cohort
study. Lupus Sci Med 8(1):1-10

6. Blazer A, Wang B, Simpson D, Kirchhoff T, Heffron S, Clancy
RM et al (2017) Apolipoprotein L1 risk variants associate with

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

prevalent atherosclerotic disease in African American systemic
lupus erythematosus patients. PLoS ONE 12(8):e0182483

. Bratt G, Bréannstrom J, Missalidis C, Nystrom T (2021) Develop-

ment of type 2 diabetes and insulin resistance in people with HIV
infection: prevalence, incidence and associated factors. PLoS
ONE 16(6):¢0254079

Bruggeman LA, Ross MD, Tanji N, Cara A, Dikman S, Gordon
RE et al (2000) Renal epithelium is a previously unrecognized
site of HIV-1 infection. ] Am Soc Nephrol 11(11):2079-2087
Calomeni E, Satoskar A, Ayoub I, Brodsky S, Rovin BH, Nad-
asdy T (2020) Multivesicular bodies mimicking SARS-CoV-2 in
patients without COVID-19. Kidney Int 98(1):233-234

Chen TK, Katz R, Estrella MM, Gutierrez OM, Kramer H, Post
WS et al (2017) Association between APOL1 genotypes and risk
of cardiovascular disease in MESA (Multi-Ethnic Study of Ath-
erosclerosis). ] Am Heart Assoc 6(12)

Chen TK, Choi MJ, Kao WH, Astor BC, Scialla JJ, Appel LJ et al
(2015) Examination of potential modifiers of the association of
APOL]1 alleles with CKD progression. Clin ] Am Soc Nephrol
10(12):2128-2135

Chen TK, Appel LJ, Grams ME, Tin A, Choi MJ, Lipkowitz
MS et al (2017) APOLI1 risk variants and cardiovascular dis-
ease: results from the AASK (African American Study of Kid-
ney Disease and Hypertension). Arterioscler Thromb Vasc Biol
37(9):1765-1769

Chen TK, Fitzpatrick J, Winkler CA, Binns-Roemer EA, Corona-
Villalobos CP, Jaar BG et al (2021) APOLI risk variants and
subclinical cardiovascular disease in incident hemodialysis
patients. Kidney Int Rep 6(2):333-341

Chen M, Zhu B, Chen D, Hu X, Xu X, Shen WJ et al (2021)
COVID-19 May Increase the Risk of Insulin Resistance in Adult
Patients Without Diabetes: A 6-Month Prospective Study. Endocr
Pract 27(8):834-841

Cheng D, Weckerle A, Yu'Y, Ma L, Zhu X, Murea M et al (2015)
Biogenesis and cytotoxicity of APOL1 renal risk variant proteins
in hepatocytes and hepatoma cells. J Lipid Res 56(8):1583-1593
Chun J, Zhang JY, Wilkins MS, Subramanian B, Riella C,
Magraner JM et al (2019) Recruitment of APOL1 kidney disease
risk variants to lipid droplets attenuates cell toxicity. Proc Natl
Acad Sci U S A 116(9):3712-3721

Chun J, Riella CV, Chung H, Shah SS, Wang M, Magraner M
et al (2022) DGAT? inhibition potentiates lipid droplet formation
to reduce cytotoxicity in APOL1 kidney risk variants. ] Am Soc
Nephrol 33(5):889-907

Cornelissen A, Fuller DT, Fernandez R, Zhao X, Kutys R,
Binns-Roemer E et al (2021) APOL1 Genetic variants are asso-
ciated with increased risk of coronary atherosclerotic plaque
rupture in the black population. Arterioscler Thromb Vasc Biol
41(7):2201-2214

Croyal M, Wargny M, Chemello K, Chevalier C, Blanchard V,
Bigot-Corbel E et al (2022) Plasma apolipoprotein concentra-
tions and incident diabetes in subjects with prediabetes. Cardio-
vasc Diabetol 21(1):21

Datta S, Kataria R, Zhang JY, Moore S, Petitpas K, Mohamed
A et al (2020) Kidney disease-associated APOL1 variants have
dose-dependent, dominant toxic gain-of-function. J Am Soc
Nephrol 31(9):2083-2096

Davis SE, Khatua AK, Popik W (2019) Nucleosomal dsDNA stimu-
lates APOL1 expression in human cultured podocytes by activating
the cGAS/IFI16-STING signaling pathway. Sci Rep 9(1):15485
Denny MF, Yalavarthi S, Zhao W, Thacker SG, Anderson M, Sandy AR
et al (2010) A distinct subset of proinflammatory neutrophils isolated
from patients with systemic lupus erythematosus induces vascular
damage and synthesizes type I IFNs. J Immunol 184(6):3284-3297
Dinh A, Copeland T, Freedman BI, McCulloch CE, Ku E (2021)
Intensive blood pressure control, APOL1 genotype, and kidney

@ Springer



Pfliigers Archiv - European Journal of Physiology

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

outcomes in individuals with type 2 diabetes: a post hoc analysis
of the Action to Control Cardiovascular Risk in Diabetes-Blood
Pressure (ACCORD-BP) Trial. Kidney Med 3(5):874-876
Divers J, Palmer ND, Lu L, Langefeld CD, Rocco MV, Hicks
PJ et al (2014) Gene-gene interactions in APOL1-associated
nephropathy. Nephrol Dial Transplant 29(3):587-594
Duchateau PN, Pullinger CR, Orellana RE, Kunitake ST, Naya-
Vigne J, O’Connor PM et al (1997) Apolipoprotein L, a new
human high density lipoprotein apolipoprotein expressed by the
pancreas. Identification, cloning, characterization, and plasma
distribution of apolipoprotein L. J Biol Chem 272(41):25576-82
Duchateau PN, Pullinger CR, Cho MH, Eng C, Kane JP (2001)
Apolipoprotein L gene family: tissue-specific expression, splic-
ing, promoter regions; discovery of a new gene. J Lipid Res
42(4):620-630

Ekulu PM, Adebayo OC, Decuypere JP, Bellucci L, Elmo-
nem MA, Nkoy AB et al (2021) Novel human podocyte cell
model carrying G2/G2 APOLI high-risk genotype. Cells
10(8):1914-1930

Fang Y, Vilella-Bach M, Bachmann R, Flanigan A, Chen J (2001)
Phosphatidic acid-mediated mitogenic activation of mTOR sign-
aling. Science 294(5548):1942-1945

Fenaroli P, Rossi GM, Angelotti ML, Antonelli G, Volpi S,
Grossi A et al (2021) Collapsing glomerulopathy as a complica-
tion of type i interferon-mediated glomerulopathy in a patient
with RNASEH2B-related Aicardi-Goutiéres Syndrome. Am J
Kidney Dis 78(5):750-754

Fine DM, Wasser WG, Estrella MM, Atta MG, Kuperman M,
Shemer R et al (2012) APOL1 risk variants predict histopathol-
ogy and progression to ESRD in HIV-related kidney disease. J
Am Soc Nephrol 23(2):343-350

Foster MC, Coresh J, Fornage M, Astor BC, Grams M, Franceschini N
et al (2013) APOL1 variants associate with increased risk of CKD
among African Americans. J Am Soc Nephrol 24(9):1484—1491
Freedman BI, Langefeld CD, Andringa KK, Croker JA, Williams
AH, Garner NE et al (2014) End-stage renal disease in Afri-
can Americans with lupus nephritis is associated with APOL1.
Arthritis Rheumatol 66(2):390-396

Freedman BI, Langefeld CD, Lu L, Palmer ND, Smith SC, Bag-
well BM et al (2015) APOL1 associations with nephropathy,
atherosclerosis, and all-cause mortality in African Americans
with type 2 diabetes. Kidney Int 87(1):176-181

Freedman BI, Gadegbeku CA, Bryan RN, Palmer ND, Hicks
PJ, Ma L et al (2016) APOL1 renal-risk variants associate with
reduced cerebral white matter lesion volume and increased gray
matter volume. Kidney Int 90(2):440-449

Freedman BI, Rocco MV, Bates JT, Chonchol M, Hawfield AT,
Lash JP et al (2017) APOLI1 renal-risk variants do not associate
with incident cardiovascular disease or mortality in the Systolic
Blood Pressure Intervention Trial. Kidney Int Rep 2(4):713-720
Friedman DJ, Kozlitina J, Genovese G, Jog P, Pollak MR (2011)
Population-based risk assessment of APOL1 on renal disease. J
Am Soc Nephrol 22(11):2098-2105

Gaillard F, Ismael S, Sannier A, Tarhini H, Volpe T, Greze C et al
(2020) Tubuloreticular inclusions in COVID-19-related collaps-
ing glomerulopathy. Kidney Int 98(1):241

Genovese G, Friedman DJ, Ross MD, Lecordier L, Uzureau P, Freed-
man Bl et al (2010) Association of trypanolytic ApoL.1 variants with
kidney disease in African Americans. Science 329(5993):841-845
Gheita TA, Raafat HA, Sayed S, El-Fishawy H, Nasrallah MM,
Abdel-Rasheed E (2013) Metabolic syndrome and insulin resist-
ance comorbidity in systemic lupus erythematosus. Effect on
carotid intima-media thickness. Z Rheumatol. 72(2):172-7
Grams ME, Rebholz CM, Chen Y, Rawlings AM, Estrella MM,
Selvin E et al (2016) Race, APOL1 risk, and eGFR decline in the
general population. ] Am Soc Nephrol 27(9):2842-2850

@ Springer

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Grams ME, Surapaneni A, Ballew SH, Appel LJ, Boerwinkle E,
Boulware LE et al (2019) APOLI1 kidney risk variants and car-
diovascular disease: an individual participant data meta-analysis.
J Am Soc Nephrol 30(10):2027-2036

Gustafsson JT, Herlitz Lindberg M, Gunnarsson I, Pettersson S,
Elvin K, Ohrvik J et al (2017) Excess atherosclerosis in systemic
lupus erythematosus,-a matter of renal involvement: case control
study of 281 SLE patients and 281 individually matched popula-
tion controls. PLoS ONE 12(4):e0174572

Gutiérrez OM, Irvin MR, Chaudhary NS, Cushman M, Zakai
NA, David VA et al (2018) APOL1 Nephropathy risk variants
and incident cardiovascular disease events in community-dwell-
ing black adults. Circ Genom Precis Med 11(6):e002098
Gutiérrez OM, Limou S, Lin F, Peralta CA, Kramer HJ, Carr
JJ et al (2018) APOL1 nephropathy risk variants do not associ-
ate with subclinical atherosclerosis or left ventricular mass in
middle-aged black adults. Kidney Int 93(3):727-732

Hoy WE, Hughson MD, Kopp JB, Mott SA, Bertram JF, Win-
kler CA (2015) APOL1 risk alleles are associated with exagger-
ated age-related changes in glomerular number and volume in
African-American Adults: An Autopsy Study. ] Am Soc Nephrol
26(12):3179-3189

Hubacek JA, Hruba P, Adamkova V, Pokorna E, Viklicky O
(2022) Apolipoprotein L1 variability is associated with increased
risk of renal failure in the Czech population. Gene 818:146248
Hughson MD, Hoy WE, Mott SA, Puelles VG, Bertram JF, Win-
kler CL et al (2016) APOL1 risk alleles are associated with more
severe arteriosclerosis in renal resistance vessels with aging and
hypertension. Kidney Int Rep 1(1):10-23

Imano E, Kanda T, Ishigami Y, Kubota M, Ikeda M, Matsuhisa
M et al (1998) Interferon induces insulin resistance in patients
with chronic active hepatitis C. J Hepatol 28(2):189-193

Ito K, Bick AG, Flannick J, Friedman DJ, Genovese G, Parfenov
MG et al (2014) Increased burden of cardiovascular disease in
carriers of APOLI genetic variants. Circ Res 114(5):845-850
Jagannathan R, Rajagopalan K, Hogan J, Hart A, Newell KA,
Pastan SO et al (2021) Association between APOL1 genotype
and kidney diseases and annual kidney function change: a sys-
tematic review and meta-analysis of the prospective studies. Int
J Nephrol Renovasc Dis 14:97-104

Kalafati M, Kutmon M, Evelo CT, van der Kallen CJH, Schalk-
wijk CG, Stehouwer CDA et al (2021) An interferon-related
signature characterizes the whole blood transcriptome profile
of insulin-resistant individuals-the CODAM study. Genes Nutr
16(1):22

Kanji Z, Powe CE, Wenger JB, Huang C, Ankers E, Sullivan
DA et al (2011) Genetic variation in APOL1 associates with
younger age at hemodialysis initiation. J] Am Soc Nephrol
22(11):2091-2097

Kim CA, Delépine M, Boutet E, El Mourabit H, Le Lay S, Meier
M et al (2008) Association of a homozygous nonsense caveolin-1
mutation with Berardinelli-Seip congenital lipodystrophy. J Clin
Endocrinol Metab 93(4):1129-1134

Kimball SR (1999) Eukaryotic initiation factor eIF2. Int J Bio-
chem Cell Biol 31(1):25-29

Kissling S, Rotman S, Gerber C, Halfon M, Lamoth F, Comte D
et al (2020) Collapsing glomerulopathy in a COVID-19 patient.
Kidney Int 98(1):228-231

Koivisto VA, Pelkonen R, Cantell K (1989) Effect of interferon on
glucose tolerance and insulin sensitivity. Diabetes 38(5):641-647
Kopp JB, Nelson GW, Sampath K, Johnson RC, Genovese G,
An P et al (2011) APOL1 genetic variants in focal segmental
glomerulosclerosis and HIV-associated nephropathy. ] Am Soc
Nephrol 22(11):2129-2137

Kudose S, Santoriello D, Bomback AS, Sekulic M, Batal I, Stokes
MB et al (2021) Longitudinal outcomes of COVID-19-associated



Pfliigers Archiv - European Journal of Physiology

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

collapsing glomerulopathy and other podocytopathies. ] Am Soc
Nephrol 32(11):2958-2969

Kumar V, Vashistha H, Lan X, Chandel N, Ayasolla K, Shoshtari
SSM et al (2018) Role of apolipoprotein 11 in human parietal
epithelial cell transition. Am J Pathol 188(11):2508-2528
Kumar V, Paliwal N, Ayasolla K, Vashistha H, Jha A, Chandel
N et al (2019) Disruption of APOL1-miR193a axis induces dis-
organization of podocyte actin cytoskeleton. Sci Rep 9(1):3582
Langefeld CD, Divers J, Pajewski NM, Hawfield AT, Rebous-
sin DM, Bild DE et al (2015) Apolipoprotein L1 gene variants
associate with prevalent kidney but not prevalent cardiovascular
disease in the Systolic Blood Pressure Intervention Trial. Kidney
Int 87(1):169-175

Langefeld CD, Comeau ME, Ng MCY, Guan M, Dimitrov L,
Mudgal P et al (2018) Genome-wide association studies sug-
gest that APOL1-environment interactions more likely trigger
kidney disease in African Americans with nondiabetic nephrop-
athy than strong APOL1-second gene interactions. Kidney Int
94(3):599-607

Larsen CP, Bourne TD, Wilson JD, Saqqa O, Sharshir MA
(2020) Collapsing glomerulopathy in a patient with COVID-19.
Kidney Int Rep 5(6):935-939

Larsen CP, Beggs ML, Saeed M, Walker PD (2013) Apolipoprotein L1
risk variants associate with systemic lupus erythematosus-associated
collapsing glomerulopathy. J Am Soc Nephrol 24(5):722-725
Lipkowitz MS, Freedman BI, Langefeld CD, Comeau ME,
Bowden DW, Kao WH et al (2013) Apolipoprotein L1 gene vari-
ants associate with hypertension-attributed nephropathy and the
rate of kidney function decline in African Americans. Kidney Int
83(1):114-120

Liu Y, Jesus AA, Marrero B, Yang D, Ramsey SE, Sanchez GAM
et al (2014) Activated STING in a vascular and pulmonary syn-
drome. N Engl J Med 371(6):507-518

Liu E, Radmanesh B, Chung BH, Donnan MD, Yi D, Dadi A et al
(2020) Profiling APOL1 nephropathy risk variants in genome-
edited kidney organoids with single-cell transcriptomics. Kid-
ney360 1(3):203-15

Ma L, Shelness GS, Snipes JA, Murea M, Antinozzi PA, Cheng
D et al (2015) Localization of APOLI protein and mRNA in the
human kidney: nondiseased tissue, primary cells, and immortal-
ized cell lines. J Am Soc Nephrol 26(2):339-348

Madhavan SM, O’Toole JF, Konieczkowski M, Ganesan S,
Bruggeman LA, Sedor JR (2011) APOLI1 localization in nor-
mal kidney and nondiabetic kidney disease. ] Am Soc Nephrol
22(11):2119-2128

Magoon S, Bichu P, Malhotra V, Alhashimi F, Hu Y, Khanna S
et al (2020) COVID-19-related glomerulopathy: a report of 2
cases of collapsing focal segmental glomerulosclerosis. Kidney
Med 2: © 2020 The Authors 488-92

Magré J, Delépine M, Khallouf E, Gedde-Dahl T, Van Mal-
dergem L, Sobel E et al (2001) Identification of the gene altered
in Berardinelli-Seip congenital lipodystrophy on chromosome
11q13. Nat Genet 28(4):365-370

Manivasagam S, Klein RS (2021) Type III interferons: emerging
roles in autoimmunity. Front Immunol 12:764062

Markowitz GS, Nasr SH, Stokes MB, D’Agati VD (2010) Treat-
ment with IFN-{alpha}, -{beta}, or -{gamma} is associated with
collapsing focal segmental glomerulosclerosis. Clin J] Am Soc
Nephrol 5(4):607-615

Masset C, Renaudin K, Kervella D, Chapelet A, Deltombe C,
Ville S (2022) Collapsing glomerulopathy in a patient with
APOL1 intermediate-risk genotype triggered by lupus nephri-
tis and SARS-CoV-2 infection: lessons for the clinical neph-
rologist. J Nephrol 35(1):347-350

May RM, Cassol C, Hannoudi A, Larsen CP, Lerma EV, Haun
RS et al (2021) A multi-center retrospective cohort study

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

defines the spectrum of kidney pathology in coronavirus 2019
disease (COVID-19). Kidney Int 100(6):1303-1315

Miller SE, Brealey JK (2020) Visualization of putative coro-
navirus in kidney. Kidney Int 98(1):231-232

Miyake CNH, Gualano B, Dantas WS, Pereira RT, Neves W,
Zambelli VO et al (2018) Increased insulin resistance and
glucagon levels in mild/inactive systemic lupus erythematosus
patients despite normal glucose tolerance. Arthritis Care Res
(Hoboken) 70(1):114-124

Mok CC, Poon WL, Lai JP, Wong CK, Chiu SM, Lun SW et al
(2010) Metabolic syndrome, endothelial injury, and subclinical
atherosclerosis in patients with systemic lupus erythematosus.
Scand J Rheumatol 39(1):42-49

Monajemi H, Fontijn RD, Pannekoek H, Horrevoets AJ (2002)
The apolipoprotein L gene cluster has emerged recently in evo-
lution and is expressed in human vascular tissue. Genomics
79(4):539-546

Mukamal KJ, Tremaglio J, Friedman DJ, Ix JH, Kuller LH,
Tracy RP et al (2016) APOL1 genotype, kidney and cardiovas-
cular disease, and death in older adults. Arterioscler Thromb
Vasc Biol 36(2):398-403

Nadkarni GN, Galarneau G, Ellis SB, Nadukuru R, Zhang J,
Scott SA et al (2017) Apolipoprotein L1 variants and blood
pressure traits in African Americans. J] Am Coll Cardiol
69(12):1564-1574

Nadkarni GN, Fei K, Galarneau G, Gao Y, Wilson JG, Cooper
R et al (2021) APOLI1 renal risk variants are associated with
obesity and body composition in African ancestry adults: An
observational genotype-phenotype association study. Medicine
(Baltimore) 100(45):e27785

Nichols B, Jog P, Lee JH, Blackler D, Wilmot M, D’Agati V
et al (2015) Innate immunity pathways regulate the nephropa-
thy gene Apolipoprotein L1. Kidney Int 87(2):332-342
Nishimura K, Murakami T, Sakurai T, Miyoshi M, Kurahashi
K, Kishi S et al (2019) Circulating Apolipoprotein L1 is asso-
ciated with insulin resistance-induced abnormal lipid metabo-
lism. Sci Rep 9(1):14869

Okamoto K, Rausch JW, Wakashin H, Fu Y, Chung JY, Dummer PD
et al (2018) APOL1 risk allele RNA contributes to renal toxicity by
activating protein kinase R. Commun Biol 1:188

Page NM, Butlin DJ, Lomthaisong K, Lowry PJ (2001) The
human apolipoprotein L gene cluster: identification, classifica-
tion, and sites of distribution. Genomics 74(1):71-78

Parsa A, Kao WH, Xie D, Astor BC, Li M, Hsu CY et al (2013)
APOLL1 risk variants, race, and progression of chronic kidney
disease. N Engl ] Med 369(23):2183-2196

Peleg Y, Kudose S, D’Agati V, Siddall E, Ahmad S, Nickolas T
et al (2020) Acute kidney injury due to collapsing glomerulopa-
thy following COVID-19 infection. Kidney Int Rep 5(6):940-945
Pullinger CR, Aouizerat BE, Gay C, Coggins T, Movsesyan I,
Davis H et al (2010) Metabolic abnormalities and coronary heart
disease risk in human immunodeficiency virus-infected adults.
Metab Syndr Relat Disord 8(3):279-286

Ronnblom L, Leonard D (2019) Interferon pathway in SLE:
one key to unlocking the mystery of the disease. Lupus Sci Med
6(1):¢000270

Rubio-Cabezas O, Puri V, Murano I, Saudek V, Semple RK, Dash
S et al (2009) Partial lipodystrophy and insulin resistant diabetes
in a patient with a homozygous nonsense mutation in CIDEC.
EMBO Mol Med 1(5):280-287

Sada KE, Yamasaki Y, Maruyama M, Sugiyama H, Yamamura
M, Maeshima Y et al (2006) Altered levels of adipocytokines in
association with insulin resistance in patients with systemic lupus
erythematosus. J Rheumatol 33(8):1545-1552

Salmasi S, Sayre EC, Antonio Avifia-Zubieta J, Esdaile JM, De
Vera MA (2021) Adherence to antimalarial therapy and risk of

@ Springer



Pfliigers Archiv - European Journal of Physiology

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

type 2 diabetes mellitus among patients with systemic lupus ery-
thematosus: a population-based study. Arthritis Care Res (Hobo-
ken) 73(5):702-706

Salvatore SP, Reddi AS, Chandran CB, Chevalier JM, Oke-
chukwu CN, Seshan SV (2014) Collapsing glomerulopathy
superimposed on diabetic nephropathy: insights into etiology of
an under-recognized, severe pattern of glomerular injury. Neph-
rol Dial Transplant 29(2):392-399

Sampson MG, Robertson CC, Martini S, Mariani LH, Lemley
KV, Gillies CE et al (2016) Integrative genomics identifies novel
associations with APOLI risk genotypes in black NEPTUNE
subjects. J Am Soc Nephrol 27(3):814-823

Sharma Y, Nasr SH, Larsen CP, Kemper A, Ormsby AH, Wil-
liamson SR (2020) COVID-19-associated collapsing focal seg-
mental glomerulosclerosis: a report of 2 cases. Kidney Med. 2:
© 2020 The Authors 493-7

Stanifer ML, Guo C, Doldan P, Boulant S (2020) Importance
of type I and III interferons at respiratory and intestinal barrier
surfaces. Front Immunol 11:608645

Surendar J, Mohan V, Rao MM, Babu S, Aravindhan V (2011)
Increased levels of both Thl and Th2 cytokines in subjects with
metabolic syndrome (CURES-103). Diabetes Technol Ther
13(4):477-482

Swanepoel CR, Atta MG, D’Agati VD, Estrella MM, Fogo AB, Nai-
cker S et al (2018) Kidney disease in the setting of HIV infection:
conclusions from a Kidney Disease: Improving Global Outcomes
(KDIGO) Controversies Conference. Kidney Int 93(3):545-559
Tall6czy Z, Jiang W, Virgin HWT, Leib DA, Scheuner D, Kauf-
man RJ et al (2002) Regulation of starvation- and virus-induced
autophagy by the eIF2alpha kinase signaling pathway. Proc Natl
Acad Sci U S A 99(1):190-5

Tarcin G, Karakag H, Sahin S, Turan H, Yildiz M, Ozer Y et al
(2022) Insulin resistance in children with juvenile systemic lupus
erythematosus and 1nvestigation of the possibly responsible fac-
tors. Clin Rheumatol 41(3):795-801

Taylor HE, Khatua AK, Popik W (2014) The innate immune
factor apolipoprotein L1 restricts HIV-1 infection. J Virol
88(1):592-603

Thaunat O, Delahousse M, Fakhouri F, Martinez F, Stephan
JL, Noél LH et al (2006) Nephrotic syndrome associated with
hemophagocytic syndrome. Kidney Int 69(10):1892-1898
Tzur S, Rosset S, Shemer R, Yudkovsky G, Selig S, Tarekegn A
et al (2010) Missense mutations in the APOL1 gene are highly
associated with end stage kidney disease risk previously attrib-
uted to the MYHO gene. Hum Genet 128(3):345-350

Uzureau S, Lecordier L, Uzureau P, Hennig D, Graversen JH,
Homblé F et al (2020) APOL1 C-terminal variants may trigger

@ Springer

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

kidney disease through interference with APOL3 control of
Actomyosin. Cell Rep 30(11):3821-36.e13

Valdez Imbert R, Hti Lar Seng NS, Stokes MB, Jim B (2022)
Obesity-related glomerulopathy in the presence of APOL1 risk
alleles. BMJ Case Rep 15(8):1-4

Vanhollebeke B, Truc P, Poelvoorde P, Pays A, Joshi PP, Katti
R et al (2006) Human Trypanosoma evansi infection linked to a
lack of apolipoprotein L-I. N Engl ] Med 355(26):2752-2756
Wan G, Zhaorigetu S, Liu Z, Kaini R, Jiang Z, Hu CA (2008)
Apolipoprotein L1, a novel Bcl-2 homology domain 3-only lipid-
binding protein, induces autophagic cell death. J Biol Chem
283(31):21540-21549

Weiss MA, Daquioag E, Margolin EG, Pollak VE (1986)
Nephrotic syndrome, progressive irreversible renal failure, and
glomerular “collapse”: a new clinicopathologic entity? Am J
Kidney Dis 7(1):20-28

Wen H, Kumar V, Lan X, Shoshtari SSM, Eng JM, Zhou X et al
(2018) APOLI1 risk variants cause podocytes injury through
enhancing endoplasmic reticulum stress. Biosci Rep 38(4):1-14
Winston J, Klotman PE (1998) HIV-associated nephropathy. Mt
Sinai J Med 65(1):27-32

Wu H, Larsen CP, Hernandez-Arroyo CF, Mohamed MMB, Caza
T, Sharshir M et al (2020) AKI and collapsing glomerulopathy
associated with COVID-19 and APOL 1 high-risk genotype. J
Am Soc Nephrol 31(8):1688-1695

Wyatt CM, Morgello S, Katz-Malamed R, Wei C, Klotman ME,
Klotman PE et al (2009) The spectrum of kidney disease in
patients with AIDS in the era of antiretroviral therapy. Kidney
Int 75(4):428-434

Zhang Z, Sun Z, Fu J, Lin Q, Banu K, Chauhan K et al (2021)
Recipient APOLI risk alleles associate with death-censored
renal allograft survival and rejection episodes. J Clin Invest
131(22):1-13

Zhaorigetu S, Wan G, Kaini R, Jiang Z, Hu CA (2008) ApoL1, a
BH3-only lipid-binding protein, induces autophagic cell death.
Autophagy 4(8):1079-1082

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

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	The metabolic effects of APOL1 in humans
	Abstract
	Introduction
	Association between APOL1 genotype and kidney disease
	Association between APOL1 genotype and focal segmental glomerulosclerosis
	Association between APOL1 genotype and collapsing glomerulopathy
	APOL1 genotype and collapsing glomerulopathy in the setting of exogenous interferon administration
	APOL1 genotype and collapsing glomerulopathy in the setting of viral infections
	APOL1 genotype and collapsing glomerulopathy in the setting of other conditions that feature excessive interferon production (such as systemic lupus erythematosus, macrophage activation syndrome, and congenital disorders)

	Relationship between APOL1 genotype and albuminuria
	Association between APOL1 genotype and kidney function impairment
	Kidney pathological phenotype associated with APOL1 high-risk genotype
	In vitro effects of wild-type and mutated APOL1 in the kidney

	Association between APOL1 genotype and cardiovascular disease
	Relationship between insulin resistance and APOL1
	Carriers of APOL1 risk variants develop essential hypertension and obesity more frequently than noncarriers
	The kidney phenotype associated with the APOL1 high-risk genotype shares similarities with clinical complications of insulin resistance
	Association between plasma level of APOL1 and insulin resistance
	Interferons promote insulin resistance and trigger APOL1 overexpression
	Interferons induce insulin resistance
	Interferons elicit APOL1 Overexpression in human cells

	In carriers of APOL1 risk variants, impaired lipid droplet biogenesis may contribute to causing insulin resistance
	APOL1 reduces protein synthesis and activates autophagy

	Summary
	References


