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Abstract

Populations of Black African (BA) ancestry are disproportionately affected by cardiometabolic diseases, possibly due to dysregulation
of the complement system. This study aimed to determine relationships between fasting complement markers and cardiometabolic
risk in BA and White European (WE) men, and whether postprandial complement response differs by ethnicity. Eighty-eight BA and
97 WE men [age ¼ 44.4 (42.0–47.6) yr, body mass index (BMI) ¼ 29.2 ±4.5 kg·m�2] were assessed for fasting plasma complement
markers and cardiometabolic risk factors. A second cohort (n ¼ 20 men, 10 BA) [age ¼ 31.0 ± 1.1 yr, BMI ¼ 27.1 (26.0–28.6) kg·m�2]
men underwent a moderate-to-high-fat feeding protocol to measure postprandial plasma complement, serum insulin, plasma glucose,
triacylglycerol (TAG), and nonesterified fatty acids. C4 and Factor D were lower, and iC3b was higher in BA compared with WE men.
C3 and C4 were strongly associated with all adiposity markers in both ethnicities, but the WE cohort showed stronger associations
between C3 and subcutaneous adipose tissue, C5 and WC, and iC3b and visceral adipose tissue compared with BA. C3 was associ-
ated with all cardiometabolic risk factors in both ethnicities. Associations between C5 and cholesterol, C4 and TAG, and terminal com-
plement complex and (both total and LDL)-cholesterol were only observed in the WE cohort. There was a trend toward ethnic
differences in postprandial Factor D (P ¼ 0.097) and iC3b (P ¼ 0.085). The weaker associations between the complement system
markers with adiposity and lipid profiles in BA compared with WE men suggest ethnic differences in the determinants of complement
production and activation, whereby adipose tissue may play a less important role in BA men.

NEW & NOTEWORTHY The present study found that markers of the complement system were less strongly associated with adi-
posity and lipid profiles in Black African men compared with White European men, suggesting ethnic differences in the determi-
nants of complement production and activation. In Black African men, adipose tissue may play a less important role in
complement production and activation and also in the link with traditional cardiometabolic risk factors.

complement system; ethnicity; lipid metabolism

INTRODUCTION

Populations of Black African (BA) ancestry experience
greater cardiometabolic disease burden compared withWhite
European (WE) populations, largely driven by higher rates of
stroke and type 2 diabetes (T2D) (1, 2). BA populations present
with a unique cardiometabolic risk profile; including higher
levels of glycated hemoglobin (HbA1c) and insulin resistance
(3–5), but paradoxically, lower waist circumference (WC), vis-
ceral adipose tissue (VAT) and a less atherogenic fasting lipid
profile, comprising lower fasting triacylglycerol (TAG) and
low-density lipoprotein (LDL)-cholesterol (6), compared with

WE populations. Several theories attempt to explain the bio-
logical basis of the high cardiometabolic disease burden in BA
(7), and one largely unexplored area is the potentially greater
dysregulation of the complement system in BA compared
withWE populations (7, 8).

The complement system, first identified as part of the
innate immune system (9), comprises a complex network of
over 50 plasma and membrane-bound proteins with wide-
ranging biological roles in immune, inflammatory, andmet-
abolic functions (10). Dysregulation of the complement sys-
tem has been associated with T2D (11–13) and an increased
risk of cardiovascular disease (14, 15). Although the liver
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accounts for the majority of complement protein production,
adipose tissue also expresses a number of complement com-
ponents and regulators (16, 17), suggesting that a greater
degree of adiposity (i.e., obesity) may promote complement
dysregulation. Indeed, both total and regional adiposity have
been associated with elevated levels of C3 (13, 16, 18), C4 (16,
19), and C3a (20), which is a marker of C3 activation. Studies
in mice suggest that excessive complement activation drives
chronic low-grade inflammation, mediated by the production
of C3a and C5a (anaphylatoxins) (21, 22). In humans, elevated
plasma C3 and C4 concentrations have been associated with
increased insulin resistance (12, 23), and increased plasma C3
has been associated with a more adverse lipoprotein pheno-
type (15, 24), including higher fasting and postprandial TAG
concentrations (19, 25). These findings lend support to a role
for complement dysregulation in promoting cardiometa-
bolic risk. However, research to date has primarily been
conducted in cohorts of WE ancestry, and there is a paucity
of data relating complement to cardiometabolic risk factors
in BA populations.

We have previously explored the relationship between
fasting complement markers and glycemic risk profile [BMI,
waist circumference, HomeostasisModel Assessment insulin
resistance (HOMA-IR), and HbA1c] inWE and BAmen (8). In
the present study, we have expanded these analyses to inves-
tigate more detailed adiposity markers (subcutaneous and
visceral adipose tissue) as well as fasting and postprandial
lipids (triglycerides and LDL-, HDL-, and total-cholesterol) to
more broadly look at cardiometabolic disease risk, particu-
larly considering postprandial responses to a moderate-
to-high-fat feeding protocol, which has previously been
reported to activate the complement system (26, 27). Thus,
the aim of the present study was 1) to determine the rela-
tionship between fasting complement markers and cardio-
metabolic disease risk factors in WE and BA populations,
and 2) to determine whether the postprandial complement
response differs by ethnicity and whether this finding may
advance understanding regarding the greater risk of cardi-
ometabolic disease in a BA population.

METHODS

Study Overview and Design

Our investigation consists of two analyses: study 1 and
study 2. In study 1, we assessed complement system markers
and cardiometabolic risk factors in a cohort of WE and BA
men. Data and sample collection were conducted between
April 2013 and December 2019. The study was approved by the
London Bridge National Research Ethics Committee (referen-
ces: 15/LO/1121 and 12/LO/1859). In study 2, we assessed com-
plement systemmarkers in response to amoderate-to-high fat
feeding protocol in overweightWE and BAmen. Data and sam-
ple collection were conducted between December 2021 and
January 2023. This study was approved by the King’s College
London research ethics committee (HR/DP-21/22-23409). All
participants providedwritten informed consent.

Participants

Participants for study 1 were recruited from the South
London Diabetes and Ethnicity Phenotyping (SOUL-DEEP)

study (28), which was designed to assess ethnic differences
in the pathogenesis of type 2 diabetes (T2D) by recruiting
people across a spectrum of glucose tolerance. Eligible par-
ticipants were men of WE or BA ethnicity, aged 18–65 yr,
with normal or impaired glucose tolerance or T2D diagnosis,
and a body mass index (BMI) of 20–40 kg·m�2. Participants
were excluded if they exhibited serum alanine transferase>
150 IU·L�1 or serum creatinine > 150 lmol·L�1, tested posi-
tive for anti-insulin, anti-GAD or anti-IA2 auto-antibodies, or
had sickle cell disease.

Participants for study 2 were recruited from advertise-
ments placed in a local newspaper (London Metro), social
media (Facebook and Instagram), local boroughs of London
(Lambeth, Croydon, Southwark, and Lewisham), King’s College
London campuses and study volunteering pages, study recruit-
ment websites (Gumtree and Call For Participants), and local
community and church groups. Additional participants were
recruited via word of mouth. Eligible participants weremen of
WE or BA ethnicity, aged 25–40 yr, at risk of cardiometabolic
disease based on the presence of overweight/obesity (BMI >
25 kg·m�2), and without impaired glucose tolerance or T2D
(HbA1c < 42 mmol·mol�1) or dyslipidemia (fasting TAG <
3mmol·L�1 and LDL-cholesterol< 5mmol·L�1).

Procedures

Study 1.
All participants attended an assessment visit at King’s College
Hospital (London, UK) that included a health questionnaire,
anthropometric measurements [height, body weight, waist cir-
cumference, body fat percentage measured by bioelectrical
impedance (Tanita, MC780)], blood pressure assessment, a
fasting venous blood sample to assess full blood count, renal
and liver function, HbA1c, plasma glucose, serum insulin,
plasma lipid profile [triacylglycerol (TAG), low-density lipopro-
tein (LDL)-cholesterol and high-density lipoprotein (HDL)-
cholesterol], sickle cell trait and autoantibodies. Blood
samples were collected in ethylenediaminetetraacetic acid
(EDTA) vacutainers (Beckton Dickinson, UK), immediately
centrifuged at 3000 rpm for 15 min at 4�C, plasma sepa-
rated and stored at �70�C until assay for the determina-
tion of complement markers [C3, C4, C5, Factor D, iC3b,
and terminal complement complex (TCC)].

A subset of participants (WE: n¼ 54, BA: n¼ 51) attended the
Clinical Imaging Department at Guy’s Hospital (London, UK)
for the determination of visceral adipose tissue (VAT) and sub-
cutaneous adipose tissue (SAT) area, as described previously
(29). Briefly, following an overnight fast, participants underwent
a magnetic resonance imaging (MRI) scan on a 1.5 T Siemens
Aera, scanning between the neck and the knee in the supine
position. Gradient-echo images were acquired [repetition time:
6.77 ms; echo times: 4.77 ms (in-phase) and 2.39 ms (out-of-
phase); flip angle: 10�; slice thickness: 3mm], and water and fat
images were produced as part of the Dixon sequence. MRI data
were analyzed using HOROS V 1.1.7 (www.horosproject.org;
accessed 21/10/2017) by a single analyst whowas blinded to clin-
ical data. Areas of VAT and SATwere determined from a single
fat-onlyMRI image at the L4-5 anatomical position.

Study 2.
All participants attended an experimental study visit at the
Metabolic Research Unit (King’s College London, UK) to
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undergo a moderate-to-high-fat feeding protocol to measure
the postprandial response of plasma complement markers
(C3, Factor D, Ba, iC3b, and TCC), serum insulin, plasma glu-
cose, plasma TAG, and plasma nonesterified fatty acid
(NEFA). Fasting concentrations of serum insulin and plasma
glucose were consequently used in the Homeostasis Model
Assessment 2 of insulin resistance (HOMA2-IR) to estimate
insulin sensitivity (30). Participants were asked to avoid
alcohol and strenuous exercise for the 48 h preceding their
visit and were provided with a standardizedmeal on the eve-
ning before the meal test to be consumed before 10:00 PM
(700 kcal: 45% carbohydrate, 33% fat, and 22% protein).
Participants attended the research facility following an over-
night fast (>10 h), and an antegrade cannula was inserted
into an antecubital vein of the forearm. Moderate-to-high fat
mixed meals were given at 0 and 300 min, containing 832
kcal, 52 g fat, and 70 g carbohydrate (meal 1; Supplemental
Table S1) and 652 kcal, 33 g fat, and 70 g carbohydrate (meal 2;
Supplemental Table S1), respectively. Blood samples were
taken at �20, 0, 15, 30, 60, 90, 120, 180, 240, 300, 330, 360,
390, 420, and 480 min. Whole blood was dispensed into
serum-separating (Becton Dickinson, UK), EDTA, and fluoride
oxalate (Teklab Ltd., UK) tubes. The EDTA andfluoride oxalate
tubes were centrifuged at 3000 rpm for 15min at 4�C to obtain
plasma. Serum tubes were left to stand at room temperature to
clot for 15–20 min before centrifugation. The serum and
plasma were then dispensed into aliquots and immediately
frozen at�70�C until assay.

Laboratory Analyses

Plasma glucose concentrations were determined using
an automated glucose analyzer (study 1; Yellow Spring
Instruments, Ohio) or by automated enzymatic colorimetric
assays (study 2; iLAB 650, Instrumentation Laboratories,
Holliston). Serum insulin concentrations were determined by
immunoassay utilizing chemiluminescent technology on an
ADVIA Chemistry Analyzer (Siemens Healthcare Diagnostics,
Camberley, UK).

Plasma lipids (TAG, LDL-, and HDL-cholesterol) and HbA1c
were measured in the central clinical pathology laboratory at
King’s College London, UK (study 1) or Affinity Biomarker
Laboratories, London, UK (study 2). In study 2, TAG andNEFA
concentrations were determined by automated enzymatic col-
orimetric assays (iLAB 650, Instrumentation Laboratories,
Holliston).

Plasma C3 and C4 were determined in the clinical chemis-
try laboratory (Addenbrookes Hospital, Cambridge, UK) with
laser nephelometry (Beckman Coulter, Brea) (study 1). Plasma
C3, C5, Factor D, Ba, iC3b, and TCC were determined at the
Dementia Research Institute Cardiff, UK, using established
in-house enzyme-linked immunosorbent assays (study 2), as
previously decribed (8). Absorbance wasmeasured at 492 nm,
or 450 nm for Factor D, and sample analyses were repeated if
the coefficient of variation between duplicate samples was
>15%. Concentrations were determined in GraphPad Prism,
as previously described (8).

Statistical Analysis

The dataset for study 1 is from secondary outcomes of the
SOUL-DEEP study (28). The primary outcome, upon which

the sample size of the study was calculated, was insulin
secretory function. Thus, the present manuscript reports
exploratory analyses of the secondary outcomes of SOUL-
DEEP, i.e., complement markers and cardiometabolic dis-
ease risk. Our sample size was predetermined, and there was
no separate sample size calculation performed for these sec-
ondary outcomes of interest. For study 2, there were no exist-
ing data upon which to power the study; our study was
intended to be exploratory/hypothesis generating, due to the
novelty of the work. Our sample size was based on feasibility
and intended to generate a dataset to inform future-powered
investigations. Participant characteristics and fasting out-
comes were analyzed using independent samples t tests;
non-normally distributed data were log transformed or ana-
lyzed using Mann–Whitney U test where a normal distribu-
tion could not be obtained. Postprandial data were analyzed
using repeated measures analysis of variance (ANOVA) with
time and ethnicity as factors; pairwise analyses were con-
ducted to examine ethnic differences at specific timepoints
(Bonferroni adjusted statistics reported) where postprandial
data were missing and timepoints were interpolated/extrapo-
lated (<1% of outcome variables). The strength of relationships
between fasting complement markers and cardiometabolic
risk factors was estimated using Pearson’s correlations. Ethnic
differences in the strength of relationships were determined
by fitting a linear regression model with an interaction term
for ethnicity. Normally distributed data are presented as
means ± SD (study 1), means ± SE (study 2), geometric mean
(95% CI) for log transformed data; or median (IQR) for non-
parametric data.

RESULTS

Study 1

Participant characteristics and fasting complement
markers.
A total of 185 men (97 WE and 88 BA) participated in study 1.
Clinical characteristics, adiposity measures, and fasting
complement marker concentrations are presented in Table 1
and have been reported previously (8). The BA men were
younger and exhibited lower waist circumference, fasting
TAG, total- and LDL-cholesterol, and VAT, but higher HbA1c
and systolic/diastolic blood pressure, compared with WE.
There were no ethnic differences in body weight, BMI, fast-
ing glucose, fasting insulin, HOMA2-IR, HDL-cholesterol,
body fat percentage, fat mass, or SAT. BA men exhibited
higher C4 and iC3b, but lower Factor D, compared with WE
men. There were no ethnic differences in C3, C5, or TCC.

Associations between fasting complement and
adiposity markers.
The associations between fasting complement markers and
adiposity measures are presented for each ethnicity in
Table 2. C3 concentration was positively associated with all
measures of adiposity (BMI, waist circumference, VAT and
SAT) in both ethnic groups, although the association with
SAT was weaker in BAmen. C4 concentration was positively
associated with waist circumference, SAT and VAT in both
ethnic groups, but the association with BMI was observed
only in the WE men. For both C5 and iC3b concentrations,
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associations with adiposity were observed in only the WE
men, whereas associations between TCC and adiposity meas-
ures were observed only in the BAmen. Factor Dwas not asso-
ciated with anymeasure of adiposity in either ethnic group.

Associations between fasting complement and
metabolic risk factors.
There were ethnic differences in the associations between
complement markers and metabolic risk factors (Table 3). In
both ethnic groups, C3 concentration was positively associ-
ated with HbA1c, HOMA-IR, and TAG, and inversely associ-
ated with HDL-cholesterol. C3 concentration was positively
associated with total cholesterol concentration inWE, but not
BAmen. Conversely, there was a trend for a positive associa-
tion between C3 and LDL-cholesterol in BA (P ¼ 0.093), but
not WEmen. C4 concentration was positively associated with
HbA1c in both ethnic groups, but the associations with
HOMA2-IR and TAGwere observed only inWE. C5 concentra-
tion was positively associated with HbA1c in both ethnic
groups, but the association with HOMA2-IR was present only
in the WE men. There were no associations between C5 and
TAG or HDL-cholesterol in either ethnic group. In both ethnic

groups, Factor D was inversely associated with HbA1c, but
there were no associations with HOMA2-IR, fasting TAG,
total-cholesterol, or LDL-cholesterol, and the association with
HDL-cholesterol was present only inWE. For iC3b concentra-
tion, positive associations were observed with total- and LDL-
cholesterol inWEmen. In both ethnic groups, TCC was inver-
sely associated with HbA1c, whereas the associations with
total- and LDL-cholesterol were found only in WE men, and
the association with TAGwas found only in BAmen.

Study 2

Participant characteristics and fasting complement
markers.
A total of 20 men (10 WE and 10 BA) participated in study 2.
Participant characteristics and fasting complement marker
concentrations are presented in Table 1. The BA men were
younger thanWEmen, and they exhibited lower fasting TAG,
total-, and LDL-cholesterol. There were no ethnic differences
in body weight, BMI, waist circumference, fat mass, systolic
or diastolic blood pressure, HbA1c, fasting plasma glucose,
fasting serum insulin, HOMA2-IR, fasting plasma NEFA, or
HDL-cholesterol. In addition, there were no ethnic differences

Table 1. Clinical characteristics, total and regional adiposity, and fasting complement markers of WE and BA men in
Study 1 and Study 2

Study 1 Study 2

WE (n 5 97) BA (n 5 88) P1 WE (n 5 10) BA (n 5 10) P2

Clinical characteristics
Age, yr 48.1 (44.7–51.7) 41.3 (38.3–44.5) 0.018 33.3 ± 1.7 28.8 ± 1.2 0.045
Weight, kg 91.9 (88.2–95.7) 88.2 (85.0–91.5) 0.316 89.7 ± 3.9 89.3 ± 3.2 0.946
BMI, kg·m�2 29.3 ± 5.2 29.1 ± 4.0 0.793 26.8 (25.8–31.0) 27.5 (26.0–28.6) 0.999
Waist circumference, cm 104 ± 15 97 ± 12 0.003 94 ± 3 91 ± 3 0.506
Systolic blood pressure, mmHg 126 ± 12 130 ± 13 0.042 129 ± 3 124 ± 3 0.299
Diastolic blood pressure, mmHg 76 ± 10 79 ± 11 0.037 77 ± 3 72 ± 3 0.167
HbA1c, mmol·mol�1 40 (39–42) 42 (40–43) 0.017 32 ± 1 34 ± 2 0.487
Fasting glucose, mmol·L�1 5.7 (5.5–5.9) 5.6 (5.4–5.8) 0.403 5.7 ± 0.2 5.8 ± 0.2 0.671
Fasting insulin, pmol·L�1a 69 (58–82) 63 (56–70) 0.362 39.5 (29.2–53.5) 49.3 (41.2–59.0) 0.172
HOMA2-IRa 1.5 (1.3–1.8) 1.3 (1.1–1.5) 0.238 0.8 (0.6–1.0) 1.0 (0.8–1.1) 0.180
Fasting TAG, mmol·L�1 1.3 (1.2–1.4) 0.9 (0.8–1.0) <0.001 0.9 (0.8–1.1) 0.7 (0.5–0.8) 0.017
Fasting NEFA, mmol·L�1 0.3 ± 0.1 0.6 ± 0.1 0.252
Total cholesterol, mmol·L�1 4.8 ± 0.9 4.3 ± 0.9 <0.001 5.1 ± 0.3 4.4 ± 0.6 0.049
HDL-cholesterol, mmol·L�1 1.2 (1.1–1.3) 1.2 (1.1–1.3) 0.572 1.3 (1.2–1.5) 1.4 (1.2–1.7) 0.429
LDL-cholesterol, mmol·L�1 2.9 ± 0.8 2.6 ± 0.7 0.011 3.5 ± 0.2 2.6 ± 0.2 0.010

Total and regional adiposity
Body fat, %b 22.2 ± 6.8 21.8 ± 6.6 0.814 22.2 ± 2.7 21.1 ± 2.0 0.738
Fat mass, kgb 20.8 ± 9.9 20.3 ± 9.6 0.839 18.4 (12.8–26.6) 17.7 (13.2–23.9) 0.770
VAT, cm2c# 121 (98–148) 77 (63–94) 0.009
SAT, cm2c# 239 (209–275) 236 (205–272) 0.885

Fasting complement markers
C3, lg·mL�1 1120 ± 200 1160 ± 190 0.268 2000 ± 120 1140 ± 110 0.754
C4, lg·mL�1 229.0 ± 57.0 257.0 ± 74.0 0.005
C5d, lg·mL�1 85.3 (79.3–91.8) 82.3 (77.6–87.4) 0.473
Factor Dd, lg·mL�1 2.0 ± 1.1 1.6 ± 0.9 0.031 2.3 (1.8–3.6) 1.4 (1.1–2.2) 0.062
iC3bd, lg·mL�1 2.2 (1.8–2.7) 4.5 (3.6–5.7) <0.001 2.7 ± 0.2 3.9 ± 0.8 0.127
TCCd, lg·mL�1 12.3 (11.1–13.6) 14.0 (12.6–15.5) 0.109 12.5 ± 1.6 13.3 ± 2.1 0.774
BA, lg·mL�1 1.6 ± 0.2 1.8 ± 0.3 0.499

Study 1: Data were analyzed using independent samples t test and are presented as means ± SD or geometric mean (95% CI) for log
transformed data. P values in bold represent statistical significance of P < 0.05. aWE: n ¼ 54, BA: n ¼ 51; bWE: n ¼ 35, BA: n ¼ 32; cWE:
n ¼ 54, BA: n ¼ 51; dWE: n ¼ 81, BA: n ¼ 85. BA, Black African ancestry; BMI, body mass index; HbA1c, glycated hemoglobin; HDL, high-
density lipoprotein; HOMA2-IR, homeostatic model assessment 2-insulin resistance; LDL, low-density lipoprotein; SAT, subcutaneous
adipose tissue; TAG, triacylglycerol; TCC, terminal complement complex; VAT, visceral adipose tissue; WE, White European ancestry.
Study 2: Data analyzed using independent samples t test and are presented as means ± SE, geometric mean (95% CI) for log transformed
data, or median (IQR) for data analyzed with Mann–Whitney U test (marked by #). aWE: n ¼ 9, BA: n ¼ 10; bWE: n ¼ 80, BA: n ¼ 85. BA,
Black African ancestry; BMI, body mass index; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HOMA2-IR, homeostasis
model assessment 2-insulin resistance; LDL, low-density lipoprotein; NEFA, nonesterified fatty acid; TAG, triacylglycerol; TCC, terminal
complement complex; WE, White European ancestry.
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in fasting C3, Ba, iC3b, or TCC concentrations, but there was a
trend for lower Factor D in BA compared withWE.

Postprandial hormones and metabolites.
The postprandial plasma glucose, serum insulin, plasma TAG,
and NEFA responses of the BA and WE men are shown in
Supplemental Fig. S1. There was a trend toward a main effect
of ethnicity on plasma TAG response (P ¼ 0.071), whereby the
BA men exhibited a lower plasma TAG response to the meal
at �20, �10, 15, 30, 60, and 360 min (Supplemental Fig. S1C).
There was no main effect of ethnicity on postprandial plasma
glucose, serum insulin, or plasma NEFA response. However,
NEFA response differed between ethnicities over time, with BA
exhibiting lower NEFA concentrations after themeal 2 (time�
ethnicity interaction; P¼ 0.056) (Supplemental Fig. S1D).

Postprandial complement markers.
The postprandial plasma C3, Factor D, Ba, iC3b, and TCC
response of the BA and WE men are shown in Fig. 1. There
was a trend toward lower Factor D in BA compared with the
WE men (ethnicity main effect; P ¼ 0.097), which trends

toward a difference over time (time � ethnicity; P ¼ 0.073).
In this regard, Factor D was lower at �20, 15, and 390min in
BA than WE (Fig. 1B). There was also a trend toward higher
iC3b in BA compared with WE (ethnicity main effect; P ¼
0.085), with BA exhibiting higher iC3b concentrations at 120
and 240 min (Fig. 1D). There were no ethnic differences in
postprandial C3, Ba, or TCC response.

DISCUSSION

This study is the first, to our knowledge, to examine ethnic
differences in markers of the complement system, and the

Table 2. Associations between fasting complement
markers and adiposity in WE and BA men

WE (n 5 97) BA (n 5 88) Interaction
Pr P r P

C3 (WE: n ¼ 97,
BA: n ¼ 88)
BMI 0.625 <0.001 0.571 <0.001 0.698
Waist circumference 0.660 <0.001 0.585 <0.001 0.878
VAT#a 0.688 <0.001 0.531 <0.001 0.279
SAT#a 0.675 <0.001 0.421 0.002 0.047

C4 (WE: n ¼ 97,
BA: n ¼ 88)
BMI 0.303 <0.001 0.195 0.068 0.896
Waist circumference 0.382 <0.001 0.234 0.029 0.904
VAT#a 0.423 0.002 0.310 0.032 0.956
SAT#a 0.399 0.005 0.315 0.029 0.942

C5# (WE: n ¼ 81,
BA: n ¼ 85)
BMI 0.210 0.060 �0.006 0.955 0.176
Waist circumference 0.285 0.010 0.009 0.935 0.073
VAT#a 0.274 0.062 0.098 0.513 0.324
SAT#a 0.303 0.038 0.019 0.900 0.112

Factor D (WE: n ¼ 81,
BA: n ¼ 85)
BMI 0.075 0.506 0.011 0.917
Waist circumference 0.126 0.270 0.013 0.909
VAT#a 0.040 0.787 0.022 0.885
SAT#a 0.019 0.897 0.185 0.214

iC3b# (WE: n ¼ 81,
BA: n ¼ 85)
BMI 0.138 0.219 �0.028 0.800
Waist circumference 0.197 0.081 �0.068 0.537 0.112
VAT#a 0.354 0.015 �0.109 0.468 0.026
SAT#a 0.214 0.148 �0.102 0.496

TCC# (WE: n ¼ 81,
BA: n ¼ 85)
BMI �0.089 0.435 �0.057 0.607
Waist circumference �0.064 0.577 �0.205 0.061 0.269
VAT#a �0.098 0.517 �0.346 0.017 0.156
SAT#a �0.050 0.741 �0.232 0.117

Correlation coefficients determined using Pearson’s correlations and dif-
ferences in the strengths of associations assessed by fitting a linear regres-
sion with an ethnicity interaction term. P values in bold represent statistical
significance of P < 0.05. #Non-normally distributed data were log trans-
formed before analysis. aWE: n ¼ 54, BA: n ¼ 51. BA, Black African ancestry;
BMI, body mass index; SAT, subcutaneous adipose tissue; TCC, terminal
complement complex; VAT, visceral adipose tissue; WE, White European.

Table 3. Associations between fasting complement
markers and metabolic risk factors in WE and BA men

WE (n 5 97) BA (n 5 88) Interaction
(P)r P r P

C3 (WE: n ¼ 97,
BA: n ¼ 88)
HbA1c# 0.350 <0.001 0.516 <0.001 0.073
HOMA2-IR#a 0.630 <0.001 0.561 <0.001 0.233
Fasting TAG# 0.570 <0.001 0.380 <0.001 0.215
Total cholesterol 0.218 0.035 0.156 0.147 0.790
HDL-cholesterol# �0.344 <0.001 �0.244 0.036 0.615
LDL-cholesterol 0.148 0.155 0.180 0.093 0.805

C4 (WE: n ¼ 97,
BA: n ¼ 88)
HbA1c# 0.240 0.018 0.462 <0.001 0.248
HOMA2-IR#a 0.339 0.011 0.200 0.156 0.163
Fasting TAG# 0.397 <0.001 0.075 0.485 0.008
Total cholesterol 0.177 0.088 0.165 0.125 0.745
HDL-cholesterol# �0.153 0.140 0.073 0.501
LDL-cholesterol 0.098 0.346 0.131 0.224

C5# (WE: n ¼ 81,
BA: n ¼ 85)
HbA1c# 0.372 <0.001 0.219 0.044 0.507
HOMA2-IR#a 0.351 0.010 0.125 0.383 0.253
Fasting TAG# 0.143 0.202 �0.002 0.985
Total cholesterol �0.330 0.003 �0.036 0.742 0.098
HDL-cholesterol# �0.160 0.155 0.077 0.486
LDL-cholesterol 0.195 0.081 0.139 0.204 0.090

Factor D (WE: n ¼
81, BA: n ¼ 85)
HbA1c# �0.220 0.048 �0.240 0.027 0.550
HOMA2-IR#a 0.041 0.771 0.112 0.436
Fasting TAG# 0.051 0.654 �0.094 0.391
Total cholesterol 0.097 0.391 0.064 0.563
HDL-cholesterol# �0.221 0.047 �0.048 0.662 0.461
LDL-cholesterol 0.062 0.538 0.230 0.034 0.934

iC3b# (WE: n ¼ 81,
BA: n ¼ 85)
HbA1c# �0.173 0.124 -0.108 0.326
HOMA2-IR#a 0.130 0.352 0.149 0.297
Fasting TAG# 0.141 0.210 0.174 0.112
Total cholesterol 0.238 0.033 0.156 0.155 0.535
HDL-cholesterol# 0.005 0.964 �0.076 0.490
LDL-cholesterol 0.251 0.024 0.156 0.153 0.405

TCC# (WE: n ¼ 81,
BA: n ¼ 85)
HbA1c# �0.395 <0.001 �0.396 <0.001 0.783
HOMA2-IR#a �0.244 0.081 �0.245 0.084 0.757
Fasting TAG# �0.041 0.720 �0.240 0.027 0.228
Total cholesterol 0.388 <0.001 0.070 0.527 0.029
HDL-cholesterol# �0.037 0.746 0.183 0.093 0.160
LDL-cholesterol 0.476 <0.001 0.115 0.293 0.006

Correlation coefficients determined using Pearson’s correlations. P values in
bold represent statistical significance of P < 0.05. #Non-normally distributed
data were log transformed before analysis. aWE: n ¼ 54, BA: n ¼ 51. BA, Black
African ancestry; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein;
HOMA2-IR, homeostatic model assessment 2-insulin resistance; LDL, low-density
lipoprotein; TCC, terminal complement complex; WE, White European ancestry.
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relative associations with cardiometabolic risk factors, under
fasting conditions and postprandially in response to a mod-
erate-to-high-fat feeding protocol betweenWE and BAmen.
Our primary findings include the stronger association
between C3 and SAT, C5 and WC, and iC3b and VAT in the
WE compared with the BA cohort (study 1). Similarly, the WE
cohort exhibited stronger associations between complement
parameters and lipid proteins, including the C5 and TCC
associations with LDL- and total-cholesterol, and C4 with
TAG that were not present in the BA population. Moreover,
C3 and C4 were more strongly associated with HbA1c in the
BA than WE men, despite similar or weaker associations
with HOMA2-IR, suggesting an important role of comple-
ment dysregulation in hyperglycemia in BA, independent of
insulin sensitivity. Finally, there was a trend toward ethnic
differences in the postprandial complement response, with

the BAmen exhibiting lower Factor D and higher iC3b com-
pared with theWEmen (study 2).

Adipose tissue expresses a number of complement com-
ponents and regulators (17), and thus obesity has been
hypothesized to drive the overproduction of complement
proteins (10, 17). In our WE cohort, the central comple-
ment components C3, C4, and C5 were positively associ-
ated with BMI, WC, VAT, and SAT. These findings are
consistent with previous studies that reported positive
associations between C3 and BMI/adipose tissue mass (16)
and higher C4 in obese compared with lean participants
(31). However, in the BA men, the relationship between C3
and SAT was weaker compared with WE, and C5 was not
associated with any of the adiposity markers. Similarly,
iC3b, a marker of classical, lectin, and alternative pathway
activation, was positively associated with VAT in the WE

Figure 1. Postprandial concentrations of complement markers in WE and BAmen (study 2). Postprandial C3 (A), Factor D (B), Ba (C), iC3b (D), and TCC (E)
concentrations in WE and BA men following consecutive moderate-to-high fat mixed meal ingestion.Meal 1 andmeal 2 contained approximately 52 g
and 33 g fat, respectively, as well as 70 g carbohydrate. Factor D and TCC –WE: n ¼ 9, BA: n ¼ 10; C3 –WE: n ¼ 9, BA: n ¼ 10; Ba and iC3b –WE: n ¼
10, BA: n ¼ 9. Data are means ± SE and were compared using repeated measures ANOVA with pairwise analyses; �P < 0.05 for effect of ethnicity.
ANOVA, analysis of variance; AU, arbitrary units; BA, Black African ancestry; TCC, terminal complement complex; WE, White European ancestry.
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men. However, no association existed with TCC, a marker
of terminal pathway activation, and adiposity markers,
which aligns with previous work that reported greater
early complement activation with obesity, without greater
terminal pathway activation (32). Conversely, although
the BA men exhibited greater fasting and postprandial
iC3b than WE men, there was no association between this
complement marker and adiposity. Interestingly, there
was an inverse association between TCC and VAT in BA,
and hence, the mechanism for this relationship warrants
further investigation. Collectively, these findings suggest
that factors other than obesity/adipose tissue account for
the greater complement activation pathway flux in BA
men.

Complement dysregulation is suggested to drive meta-
bolic dysfunction (10, 17). In the WE cohort, we observed a
positive association between the complement compo-
nents C3 and C4 and the metabolic markers HbA1c,
HOMA-IR, fasting TAG, and total-cholesterol. These find-
ings are consistent with previous reports of positive asso-
ciations between complement markers and HbA1c and
insulin resistance (10, 17), fasting and postprandial TAG
(25, 33), a more adverse lipid profile (15, 24), and inci-
dence of the metabolic syndrome (34). Interestingly, in
the BA men, C3 and C4 were more strongly associated
with HbA1c than in the WE men, despite similar (C3) or
weaker (C4) associations with HOMA2-IR. These findings
indicate that complement dysregulation may be a more
important determinant of hyperglycemia in BA, inde-
pendent of insulin sensitivity. However, the accuracy of
HOMA2-IR in a BA population has been questioned (35),
and thus more precise measures of insulin sensitivity
would be required to confirm this hypothesis. Also note-
worthy was the observation that the relationships between
complement components and lipid markers were weaker or
nonsignificant in BA compared with WE, which is consistent
with previous data demonstrating that glycemic markers
such asHbA1c andHOMA-IR do not have strong associations
with lipidmarkers in BA, compared withWE. Despite signifi-
cantly lower postprandial TAG in BA, there were no ethnic
differences in postprandial C3. Interestingly, BA populations
are characterized by higher HbA1c (4), lower total- and LDL-
cholesterol (6), and lower fasting and postprandial TAG (6,
36, 37) compared with WE, manifesting as higher rates of
T2D and lower rates of coronary heart disease (38, 39).
However, it is unknown whether the dysregulation in com-
plement causes higher HbA1c, with a lesser influence on fast-
ing lipid profile, or whether a higher HbA1c is driving
complement dysregulation (40), independent of an effect on
lipid profile in the BA population.

Themoderate-to-high-fat meal challenge decreased Factor
D and increased TCC and iC3b in both ethnicities. We
observed a trend toward lower postprandial Factor D and
higher postprandial iC3b in the BA compared with WE men.
These trends, however, appear to be largely driven by fasting
concentrations of Factor D and iC3b, as Factor D was higher
and iC3b lower inWEmen at baseline, resulting in higher and
lower postprandial concentrations, respectively. Adjusting for
baseline removes the trends toward an interaction, and it is
likely that the high-fat meal challenge was not sufficient
to stimulate a robust postprandial complement response,

therefore, further research is required to determine whether
ethnic differences occur in the postprandial period after a suf-
ficiently stimulatorymeal challenge. We also observed a trend
toward a postprandial increase in C3 in both the ethnic groups
(P ¼ 0.057). Previous data have shown that C3 is increased in
response to a high-fat meal in both healthy individuals and
those with cardiometabolic disease (26, 41). Although specula-
tive, it is likely that a more substantial postprandial increase
in C3 would have been observed in the present study if we
had used a high-fat meal alone, as the presence of carbohy-
drate has previously been shown to prevent the postprandial
increase in C3 (42). Although adipose tissue is an important
contributor, the liver is responsible for the bulk of comple-
ment production, which may be stimulated by proinflamma-
tory cytokines (43). However, despite the similar or higher
fasting complement concentrations reported in this study, BA
typically present with a more anti-inflammatory profile than
WE (44, 45). Thus, further research is required to understand
the role hepatic and adipose tissue play in (fasting and post-
prandial) complement production in a BA population.

This study has several strengths. Our ethnic groups were
well matched for BMI and body fat. In addition, VAT and SAT
were determined using gold standard MRI methodology,
although a single L4-5 image was used in the analysis, this
technique correlates strongly with VAT and SAT determined
by multislice methods (46). This study also has limitations
worth noting. Due to incomplete datasets, correlational analy-
ses between complement markers and HOMA2-IR, VAT, and
SAT, as well as ethnic comparisons of postprandial comple-
ment concentrations, were limited to population subsets. We
also did not adjust for confounders within our analysis, and,
as the BA population was younger, with lower waist circumfer-
ence and higher blood pressure and HbA1c, these factors may
have confounded the results. Therefore, the observed associa-
tions may be secondary to other factors, and further research
is required to unravel these contributions. Due to the explora-
tory nature of the present analysis, there was no power calcu-
lation underpinning the study, and therefore it increases the
likelihood of type 2 error. It would also be helpful to measure
inflammatorymarkers, such as CRP and TNF-a, to further elu-
cidate the link between the postprandial inflammatory
response and complement activation. Furthermore, our data
are limited to groups of WE and BA men; future work is
required to identify ethnic differences between WE and BA
women. Finally, the cross-sectional nature of this analysis lim-
its themechanistic implications of the findings—further longi-
tudinal studies are required to elucidate the importance of the
complement system in cardiometabolic disease pathophysiol-
ogy in this population.

In conclusion, markers of the complement system were
less strongly associated with adiposity and lipid profiles
but more strongly associated with HbA1c in BA compared
with WE men. These findings suggest ethnic differences
in the determinants of complement production and acti-
vation, whereby adipose tissue plays a less important role
in BA and also the link with traditional cardiometabolic
risk factors. Another possibility is that the greater com-
plement dysregulation in BA could promote higher
HbA1c, aligning with the higher risk of T2D in BA than
WE, but further work is required to confirm the direction
of this relationship.
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