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Abstract

Background: Previous studies suggest that afamin is associated with steatotic
liver diseases (SLD). However, the exact role of afamin in SLD development
and fibrogenesis remains unclear. Potential modifying effects of sex and glucose
tolerance status have also not been examined. Therefore, we investigated the
associations of afamin with steatotic liver diseases and fibrosis defined by non-
invasive tests and assessed for possible effect modifications.

Methods: This study included 3080 participants from the population-based
KORA F4/FF4 cohort. Cross-sectional and prospective associations (follow-up
time 6.5years) between afamin and NAFLD liver fat score (NAFLD LFS),
hepatic steatosis index, fatty liver index and the fibrosis-4 index were assessed
using multiple linear regression models. Models were adjusted for age, sex, body
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mass index, smoking status, alcohol consumption, physical activity, metabolic
parameters, medication and subclinical inflammation.

Results: In the cross-sectional analysis, afamin concentrations were positively
associated with NAFLD LFS ($=.32; 95% CI .27-.37), hepatic steatosis index
(#=.33; 95% CI .26-.39) and fatty liver index (f=1.78; 95% CI 1.47-2.08) (all
p <.001), but not with fibrosis-4 index. In the prospective analysis, higher afamin
levels were associated with a higher increase only in NAFLD LFS (p<.001).
Cross-sectional and prospective associations between afamin and NAFLD
LFS were more pronounced in men than in women (Pj,eraction <-001 and .022;
respectively). Cross-sectional associations between afamin and NAFLD LFS were
also stronger in individuals with prediabetes or diabetes compared to those with
normal glucose tolerance (P eraction < -001).

Conclusion: Higher afamin concentrations are positively associated with NAFLD

KEYWORDS

1 | INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly known as non-alcoholic fatty liver
disease (NAFLD), is the most common liver disease
worldwide and it affects more than a quarter of the global
population."? An almost complete overlap between
NAFLD and MASLD was found using a NAFLD data-
base and data from the National Health and Nutrition
Examination Survey, suggesting that NAFLD and MASLD
terminologies can be used interchangeably.” Metabolic
dysfunction-associated steatohepatitis (MASH), formerly
known as non-alcoholic steatohepatitis (NASH), rep-
resents the more severe form of MASLD and is associated
with an increased risk of liver fibrosis and cirrhosis.**

Dysregulation of hepatokines such as fetuin-A, fetu-
in-B, fibroblast growth factor 21, selenoprotein P or follista-
tin has been observed in people with MASLD.*’” However,
there are inconsistent or limited data on the associations
between some of these hepatokines and MASLD.*® None of
these hepatokines are currently used as a reliable MASLD
marker in clinical practice. Thus, there is an unmet clini-
cal need for the identification of new hepatokines that are
dysregulated in humans with MASLD and could serve as
potential biomarkers for prevalent and incident MASLD.
Afamin, discovered as the fourth member of the human
albumin gene family with potential vitamin E-binding
and -transporting properties, could represent a promising
candidate. This human plasma glycoprotein is mainly ex-
pressed in the liver and secreted into the circulation'® but
it can also be found in extravascular fluids."*

LFS with potential effect modification by sex and glucose tolerance status.

afamin, fatty liver indices, fibrosis, MASLD, SLD

Human population-based studies reported positive
associations between afamin concentrations and insu-
lin resistance (IR) as well as prevalence and incidence of
both type 2 diabetes (T2D) and the metabolic syndrome
(MetS).">"* These data are strengthened by an animal
study showing that transgenic mice overexpressing the
human afamin gene have higher body weight and higher
circulating lipid and glucose concentrations.**

Recently, afamin has already been suggested as a po-
tential marker for MASLD.**'> However, the current stud-
ies are either based on relatively small sample sizes or do
not include older adults. Moreover, MASLD has only been
diagnosed using abdominal ultrasound examination in
these available studies, although ultrasound-based liver
fat quantification provides rather semi-quantitative esti-
mates.'® Furthermore, MASLD is more prevalent in men
than in women'”*® and there is an increased MASLD prev-
alence in people with T2D'**’ and potential modifying ef-
fects of sex and glucose tolerance status have also not been
examined in the context of afamin and MASLD. Finally,
despite the increased risk for developing liver fibrosis in
individuals with MASLD,? no previous studies examined
the relevance of afamin for fibrogenesis. Therefore, the
knowledge on afamin’s role in MASLD and liver fibrosis
is currently not well understood. Further data from large-
scale prospective studies considering sex and glucose toler-
ance status as possible effect modifiers in older individuals
and using other MASLD screening tools are required.

We hypothesised that higher plasma afamin concentra-
tions are associated with fatty liver and fibrosis indices and
that sex and glucose tolerance status act as effect modifiers.
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In detail, this study aimed (i) to assess the cross-sectional
associations between plasma afamin and NAFLD liver fat
score (NAFLD LFS), hepatic steatosis index (HSI), fatty
liver index (FLI) and fibrosis-4 (FIB-4) index, (ii) to inves-
tigate if higher afamin levels are associated with higher in-
creases in these indices during 6.5years of follow-up and
(iii) to study possible modifying effects of sex and glucose
tolerance status on these associations in individuals from
the population-based KORA F4/FF4 cohort.

2 | METHODS

2.1 | Study population and study design

The investigations of this study are based on data from the
Cooperative Health Research in the Region of Augsburg
(KORA) F4 (2006-2008) and KORA FF4 (2013-2014) cohort
study. Both studies represent follow-up examinations of the

Wi LEYJsLf14

population-based KORA S4 study (1999-2001) and were
conducted in the city of Augsburg (Germany) and two
surrounding countries. The design of both KORA surveys has
been described in detail before.”** All investigations were
performed in accordance with the Declaration of Helsinki,
including written informed consent from all participants.
The study was approved by the ethics committee of the
Bavarian Chamber of Physicians (Munich, Germany).

The selection of the study population is illustrated in
Figure 1, Figures S1 and S2. Briefly, the KORA F4 study
included 3080 participants aged 31-82years. The exclu-
sion of participants (i) with non-fasting blood samples, (ii)
with alcohol intake (>30g/day for men and >20g/day for
women), (iii) with an existing pregnancy, (iv) with hepati-
tis B virus or hepatitis C virus infections, (v) with missing
data for NAFLD LFS, HSI, FLI or FIB-4 index, or (vi) with
missing afamin concentrations resulted in sample sizes of
2349 or 2370 individuals for the cross-sectional analysis
of NAFLD LFS or HSI, respectively. After consideration

Without fasting insulin
Alcohol intake

KORA F4 (2006-2008)
Aged 31-82 years
n=3080

Without fasting glucose
Alcohol intake

(>30 g/day for men and >20g/day for women)

(>30 g/day for men and >20g/day for women)

Pregnant
HBV/HCYV infection

Pregnant
HBV/HCV infection

n=729

NAFLD liver fat score
n=2351

No available afamin
measurement
n=2

Cross-sectional design
n=2349

Missing follow-up
n=936

Prospective design
n=1413

n=708

Hepatic steatosis index
n=2372

No available afamin
measurement
n=2

Cross-sectional design
=2370

Missing follow-up
n=942

Prospective design
n=1428

FIGURE 1 Flow chart of the inclusion process of the study participants for the cross-sectional and prospective analyses of NAFLD liver

fat score and hepatic steatosis index. Descriptions of the study design and populations for the analyses of FLI and FIB-4 index are shown

in Figures S1 and S2, respectively. HBV, hepatitis B virus; HCV, hepatitis C virus; KORA, Cooperative Health Research in the Region of

Augsburg; NAFLD, non-alcoholic fatty liver disease.
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of all the above-mentioned exclusion criteria except alco-
hol intake, a total of 2999 or 3016 individuals remained
for the cross-sectional analysis of FLI or FIB-4 index, re-
spectively. Of those, participants with non-participation
in KORA FF4 were further excluded, leaving 1413, 1428,
2092 or 2111 individuals for the prospective analysis of
NAFLD LFS, HSI, FLI or FIB-4 index, respectively.

2.2 | Assessment of fatty liver and
fibrosis indices

To assess the risk of SLD, the indices NAFLD LFS, HSI and
FLI were assessed as non-invasive tools. NAFLD LFS was
determined using an equation that includes the presence of
the MetS, T2D, fasting serum insulin, fasting serum aspar-
tate transaminase (AST) and the AST/alanine transaminase
(ALT) ratio. A score greater than —.64 predicted NAFLD
with a sensitivity of 86% and a specificity of 71%.>

The HSI was calculated as described” based on the
ALT-to-AST ratio, body mass index (BMI), sex and diabe-
tes status. Values >36 detected NAFLD with a specificity
of 92.4%, and values <30 ruled out NAFLD with a sensi-
tivity of 93.1%.%*

FLI was considered a secondary outcome and calcu-
lated using an algorithm based on BMI, waist circum-
ference, triglycerides and gamma-glutamyl-transferase
(GGT). An FLI <30 rules out hepatic steatosis and an FLI
>60 rules in hepatic steatosis.?

Lastly, the FIB-4 index was determined to distinguish
between the presence and absence of advanced fibrosis.
The calculation of the FIB-4 index is based on age, ALT,
AST and platelet count. A cut-off value of the FIB-4 index
<1.30 excludes and FIB-4 values >2.67 predict the pres-
ence of advanced fibrosis.*®

2.3 | Measurement of plasma afamin
concentrations

Fasting plasma samples collected at KORA F4 were used to
measure afamin concentrations centrally in the laboratory
at the Medical University of Innsbruck (Austria) using
custom-made double-antibody sandwich enzyme-linked
immunosorbent assays as described in detail elsewhere."
Intra- and inter-assay coefficients of variation were 3.3%
and 6.2%, respectively.'?

2.4 | Assessment of covariates

The assessment of anthropometric, metabolic and lifestyle
factors has been reported previously.?** All covariates

were determined at the baseline visit (F4). A more detailed
description of the covariate assessment can be found in
Appendix S1.

2.5 | Statistical analysis

Baseline characteristics of the participants are given as
mean +standard deviation for continuous variables or
counts (percentage) for categorical variables. p-values
for differences between men and women were obtained
using Wilcoxon rank-sum tests for continuous variables
and chi-square tests for categorical variables.

The cross-sectional associations between afamin
concentrations and all liver indices were assessed using
multivariable linear regression analyses. As indicated
in the table captions, four different adjustment models
were built. Model 1 represents the unadjusted model.
Covariates for models 2 and 3 included age, sex, smoking
status, alcohol consumption, physical activity, BMI, total
cholesterol, hypertension, triglycerides, total choles-
terol to high-density lipoprotein (HDL) ratio, estimated
glomerular filtration rate (eGFR), lipid-lowering medi-
cation, diabetes status and regular use of non-steroidal
anti-inflammatory drugs (NSAIDs) as potential con-
founders with the following adaptations. Adjustment in
model 2 focused on all the above-mentioned covariates
except those included in the equations to calculate the re-
spective liver indices and except total cholesterol for the
HSI, FLI and FIB-4 index. The main model 3 was adjusted
for all covariates except for total cholesterol, but addi-
tionally for the covariates used to calculate the respective
indices. Thus, for the NAFLD LFS model 3 was addition-
ally adjusted for hypertension, triglycerides, total cho-
lesterol to HDL ratio and diabetes. For the HSI model 3
was additionally adjusted for sex, BMI and diabetes. For
the FLI model 3 was additionally adjusted for BMI and
triglycerides. For the FIB-4 index, model 3 was addition-
ally adjusted for age. For all four indices, the extended
model 4 was based on model 3 with additional adjust-
ment for high-sensitivity C-reactive protein (hsCRP) and
interleukin (IL)-18. The rationale of the extended model
was to provide a model that contained additional factors
associated with the risk of SLD and fibrosis. However,
we cannot exclude that the effect estimates from model 4
were over-adjusted.

Afamin concentrations and all covariates used in
the four regression models were determined at base-
line (F4). Afamin levels were modelled as a continuous
variable (with effect estimates per 10 mg/L increase)
or as a categorical variable (with effect estimates per
sex-specific quartile using quartile 1 as reference). The
defined upper and lower limits for the afamin quartiles
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are presented in Appendix S1. Effect estimates are pre-
sented as beta coefficients (f) with their correspond-
ing 95% confidence intervals (CI). Trend tests (Pienq)
were performed by treating afamin as a continuous
variable.

In the prospective analyses, all models were addi-
tionally adjusted for the corresponding indices at F4.
Apart from that, the same four models with increasing
complexity as for the cross-sectional analyses were built
to assess the impact of the covariates in the prospective
analyses.

To assess potential effect modifications by sex and
glucose tolerance status (normal glucose tolerance
(NGT) versus prediabetes/T2D) on the associations be-
tween afamin at baseline and fatty liver indices (NAFLD
LFS and HSI) at baseline and follow-up, we performed
stratified analyses for two models. p-values for interac-
tion (Pineraction) Were obtained by adding a cross-product
term between plasma afamin and the potential effect
modifier.

All data were analysed with R software version 3.6.3
(R Development Core Team, R Foundation for Statistical
Computing, Vienna, Austria) using packages dplyr/tidyr/
DescTools/ggplot2 and p <.05 was considered to indicate
statistical significance.

3 | RESULTS

3.1 | Baseline characteristics of the study
population

Table 1 shows the baseline characteristics of the total
study population (n=2349) and stratified by sex. Among
all study participants, 45.1% were male. Men had larger
waist circumferences, higher haemoglobin A, levels,
higher fasting glucose and fasting insulin levels, lower
concentrations of total and HDL cholesterol, as well as
higher triacylglycerols and IL-18 levels than women.
Compared to women, men differed in their glucose
tolerance status (lower proportion of patients with NGT,
but higher proportion with prediabetes and T2D), had
higher liver enzyme levels (ALT, AST, GGT) and were also
more likely to be current smokers. In addition, the rate of
alcohol consumption, hypertension and the use of lipid-
lowering drugs were significantly higher in men. NAFLD
LFS, FLI, as well as FIB-4 index were significantly higher
in men than in women. Afamin concentrations were on
average 72.5+17.1mg/L in men and 69.5+15.6mg/L in
women (p<.001). Men and women were similar with
respect to age, BMI, eGFR, hsCRP concentrations, physical
activity, the use of NSAIDs and HSI (Table 1).

3.2 | Cross-sectional associations
between afamin concentrations and fatty
liver and fibrosis indices at KORA F4

An increase in afamin concentrations of 10mg/L was
associated with an increase in NAFLD LFS and HSI at
all levels of adjustment (all p<.001). Categorisation of
afamin concentrations into sex-specific quartiles re-
vealed a concentration-dependent association of afamin
quartiles with the NAFLD LFS as well as HSI (all p <.001)
(Table 2).

In addition, an increment in afamin concentrations of
10 mg/L was positively associated with the FLI at all levels
of adjustment (all p <.001). When using sex-specific afa-
min quartiles, we observed dose-dependent associations
with the FLI (all p.pq <-001) (Table S1).

Moreover, the cross-sectional associations between
afamin concentrations and the FIB-4 index as a fibrosis
marker were assessed. Higher afamin levels were associ-
ated with a higher FIB-4 index in the unadjusted model
in the analysis with afamin as a continuous variable and
based on afamin quartiles (p and py..,q <.001). However,
these associations disappeared after adjustment for con-
founders (all p and py.enq>-05) (Table 2).

3.3 | Prospective associations between
afamin concentrations at KORA F4 and
fatty liver and fibrosis indices at KORA FF4

Higher afamin levels at KORA F4 (baseline) were as-
sociated with higher increases in NAFLD LFS be-
tween KORA F4 and FF4 at all levels of adjustment
(all p<.001), whereas there were no significant as-
sociations with HSI in any model (all p>.05). When
afamin concentrations were categorized in sex-specific
quartiles, results were confirmed for NAFLD LFS. In
contrast, afamin levels in quartiles 2-4 were associ-
ated with higher increases in HSI compared to quartile
1 but without a linear dose-response relationship (all
Pirend > -05) (Table 3).

Afamin levels in quartile 2 were associated with in-
creases in FLI compared to quartile 1. However, prospec-
tive analyses did not show any significant associations
between plasma afamin and FLI in any model using af-
amin as a continuous or categorical variable (all p and
Ptrena> -05) (Table S2).

Finally, in the unadjusted model, higher afamin con-
centrations were associated with a higher FIB-4 index (p
and py..nq<.05). However, these significant associations
disappeared after adjustment for confounders (all p and
Ptrena> -05) (Table 3).
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TABLE 1 Baseline characteristics (F4) of the total study population and stratified by sex.

Total sample n=2349n Men n=1059;45.1% n Women n=1290; 54.9%

Variable (at KORA F4) (%) or mean + SD (%) or mean + SD n (%) or mean + SD p-Value
Age (years) 559+13.5 56.3+13.8 55.6+13.3 234
BMI (kg/m?) 27.6+4.9 27.8+4.2 27.5+5.4 .109
Waist circumference (cm) 93.3+14.0 99.3+12.3 88.3+13.3 <.001
HbA,, (mmol/mol) 37.3+£6.5 37.7x7.3 36.9+5.8 .003
HbA,, (%) 5.6+.6 5.6+.7 5.5+.5 002
Glucose tolerance status®

NGT 1681 (71.6) 721 (68.1) 960 (74.4) <.001

Prediabetes 373 (15.9) 175 (16.5) 198 (15.3)

T2D 259 (11.0) 145 (13.7) 114 (8.8)
Fasting glucose (mmol/L) 54+1.0 5.6+1.2 53+.9 <.001
Fasting insulin (uU/mL) 11.3+11.7 12.4+15.3 10.4+7.5 <.001
eGFR (mL/min per 1.73 m2) 87.8+16.9 87.7+£17.0 87.8+16.9 914
eGFR >30mL/min per 1.73 m> 2344 (99.8) 1056 (99.7) 1288 (99.8) 663
eGFR <30mL/min per 1.73 m? 5(.2) 3(.3) 2(.2)
Total cholesterol (mmol/L) 5.6+1.0 54+1.0 5.6+1.0 <.001
HDL cholesterol (mmol/L)* 1.4+.4 1.3+.3 1.6+.4 <.001
Triacylglycerols (mmol/L) 14+.9 1.6+1.1 1.2+.8 <.001
hsCRP (mg/L)* 2.5+5.7 2.3+5.6 2.7+5.8 147
IL-18 (pg/mL)* 320.3+174.8 353.3+154.9 293.1+185.2 <.001
ALT (IU/L) 25.0+15.7 29.9+17.4 21.0+12.8 <.001
AST (IU/L) 26.2+10.8 28.5+12.2 24.2+9.0 <.001
GGT (IU/L) 36.5+35.0 44.7 +40.7 29.7+27.6 <.001
Smoking (%)

Never 1055 (44.9) 358 (33.8) 697 (54.1) <.001

Former 903 (38.5) 506 (47.8) 397 (30.8)

Current 390 (16.6) 195 (18.4) 195 (15.1)
Alcohol consumption (g/day) 6.7+8.1 10.0+9.4 4.0+54 <.001
No alcohol consumption (%) 879 (37.4) 291 (27.5) 588 (45.6) <.001
Physically active (%) 1285 (54.7) 579 (54.7) 706 (54.7) 1.000
Hypertension (%)* 884 (37.6) 456 (43.1) 428 (33.2) <.001
Use of NSAIDs (%)* 73 (3.1) 37 (3.5) 36 (2.8) .389
Use of lipid-lowering drugs (%) 298 (12.7) 159 (15.0) 139 (10.8) .003
Afamin (mg/L) 70.8+18.3 72.5+£17.1 69.5+15.6 <.001
NAFLD liver fat score —.8+24 —.3+2.8 —1.2+1.8 <.001
Hepatic steatosis index 36.4+6.1 36.3+5.6 36.5+6.5 .592
Fatty liver index 47.5+30.3 57.6+27.0 39.2+30.3 <.001
Fibrosis-4 index 1.3ge.7 1.4+.7 1.2+.6 <.001

Note: Descriptive statistics are presented as mean +standard deviation for continuous variables or as counts (percentage) for categorical variables. Significant
differences (p <0.05) are highlighted in bold.

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; eGFR, estimated glomerular filtration rate; GGT, gamma-
glutamyl-transferase; HbA, ., haemoglobin A, ; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; IL, interleukin; NAFLD, non-
alcoholic fatty liver disease; NGT, normal glucose tolerance; NSAID, non-steroidal anti-inflammatory drug; SD, standard deviation; T2D, type 2 diabetes.
*The following variables had missing values: BMI (n=3), HDL cholesterol (n=1), hsCRP (n=2), IL-18 (n=18), smoking (n=1), hypertension (n=3), glucose
tolerance status (n=36), lipid-lowering drugs (n=1) and use of NSAID (n=1).
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TABLE 2 Cross-sectional associations between afamin and the NAFLD liver fat score, hepatic steatosis index and fibrosis-4 index at the

baseline examina

tion KORA F4.

Sex-specific quartiles of serum afamin

Plasma afamin
(per 10mg/L increase) Quartile 1 Quartile 2 Quartile 3 Quartile 4
p (95% CI) P p (95% CI) p (95% CI) p (95% CI) P (95% CI) Ptrend
NAFLD liver fat score at F4
Model 1 .70 (.65, .75) <.001 Reference 47 (.23,.71) 1.10 (.86, 1.34) 2.69 (2.45,2.93) <.001
Model 2 46 (41, .52) <.001 Reference .17 (-.05, .39) 44 (.21, .67) 1.64 (1.39, 1.88) <.001
Model 3 32(.27,.37) <.001 Reference 11 (—.09, .32) 25 (.04, .47) 1.08 (.84, 1.32) <.001
Model 4 .33 (.28, .38) <.001 Reference 12 (.09, .33) .26 (.04, .48) 1.10 (.86, 1.34) <.001
Hepatic steatosis index at F4
Model 1 1.77 (1.63, 1.90) <.001 Reference 2.27 (1.64, 2.89) 4.54(3.91, 5.16) 7.66 (7.04, 8.29) <.001
Model 2 1.33(1.19, 1.48) <.001 Reference 1.98 (1.39, 2.57) 3.48 (2.88, 4.09) 5.79 (5.15, 6.44) <.001
Model 3 .33(.26, .39) <.001 Reference 44 (.18, .70) 75 (.48, 1.02) 1.38 (1.08, 1.68) <.001
Model 4 .33(.26, .40) <.001 Reference 45(.19, .71) .74 (47,1.01) 1.38 (1.08, 1.68) <.001
Fibrosis-4 index at F4
Model 1 .06 (.04, .08) <.001 Reference .00 (—.08, .09) .10 (.01, .18) 22(.13, .30) <.001
Model 2 .01 (-.01,.03) 191 Reference —.03(—.11, .05) .02 (—.06, .10) .04 (—.05,.13) 218
Model 3 .01 (—.02,.02) 778 Reference —.09 (=17, —.02) —.04 (=12, .03) —.03(~.11, .06) 912
Model 4 .00 (=.02, .02) 851 Reference —.10(-.18, —.03) —.05(—.13,.03) —.05(—.13,.03) .602

Note: Beta coefficients () with their corresponding 95% confidence intervals (CI) and p-values were calculated using multivariable linear regression analysis.
Significant differences (p <.05) are highlighted in bold. For the NAFLD liver fat score the following four models with adjustments for covariates were built:

Model 1: crude. Model 2: adjusted for age, sex, smoking status, alcohol consumption, physical activity, body mass index, total cholesterol, estimated glomerular

filtration rate, lipid-lowering medication and regular use of non-steroidal anti-inflammatory drugs. Model 3: adjusted for model 2 except for total cholesterol,

but additionally adjusted for hypertension, triglycerides, total cholesterol to high-density lipoprotein cholesterol ratio and diabetes. Model 4: adjusted for model

3 and high-sensitivity C-reactive protein and interleukin-18. For the hepatic steatosis index the following four models with adjustments for covariates were
built: Model 1: crude. Model 2: adjusted for age, smoking status, alcohol consumption, physical activity, hypertension, triglycerides, total cholesterol to high-

density lipoprotein cholesterol ratio, estimated glomerular filtration rate, lipid-lowering medication and regular use of non-steroidal anti-inflammatory drugs.
Model 3: adjusted for model 2 and sex, body mass index and diabetes. Model 4: adjusted for model 3 and high-sensitivity C-reactive protein and interleukin-18.
For the fibrosis-4 index the following four models with adjustments for covariates were built: Model 1: crude. Model 2: adjusted for sex, smoking status, alcohol
consumption, physical activity, hypertension status, diabetes mellitus status, body mass index, triglycerides, total cholesterol to high-density lipoprotein
cholesterol ratio, estimated glomerular filtration rate, regular use of non-steroidal anti-inflammatory drugs and lipid-lowering medication. Model 3: adjusted
for model 2 and age. Model 4: adjusted for model 3 and for high-sensitivity C-reactive protein and interleukin-18.

Abbreviations: f, beta coefficient; CI, confidence interval; NAFLD, non-alcoholic fatty liver disease.

3.4 | Effect modifications by sex and
glucose tolerance status

To examine potential effect modifications, we tested
for interactions by sex and by glucose tolerance status
(NGT versus prediabetes/T2D) for models 2 and 3 and
performed respective subgroup analyses since interactions
were observed. In the cross-sectional analyses, higher
plasma afamin concentrations were associated with more
pronounced increases in the NAFLD LFS in men and in
people with prediabetes or diabetes (all piperaction < -001).
The prospective associations between afamin and NAFLD
LFS were also stronger in men than in women (all
Pinteraction < 05 )

In model 2, the cross-sectional associations between
afamin levels and HSI were also more pronounced in
men, but lower in people with prediabetes or diabetes

compared to the NGT subgroup (both pjperaction <-001).
However, after additional adjustments, the statistical sig-
nificance was lost (both piperaction>-05)- In contrast, the
prospective associations between afamin and HSI did not
differ by sex (both pi,eraction > -05)- Finally, higher afamin
levels were associated with more pronounced increases in
the HSI in the NGT subgroup than in people with predi-
abetes or diabetes in the prospective analyses, but these
associations were only statistically significant in model 3
(Pinteraction =-013) (Table 4).

4 | DISCUSSION

This study found that higher plasma afamin concentra-
tions were positively associated with the fatty liver in-
dices NAFLD LFS, HSI and FLI in the cross-sectional
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TABLE 3 Prospective associations of afamin levels at KORA F4 with the NAFLD liver fat score, hepatic steatosis index and fibrosis-4

index at KORA FF4.

Sex-specific quartiles of serum afamin

Plasma afamin (per

10mg/L increase) Quartile 1 Quartile 2 Quartile 3 Quartile 4
p (95% CI) P p (95% CI) P (95% CI) p (95% CI) p (95% CI) Ptrend
NAFLD liver fat score at FF4
Model 1 .39 (.33, .44) <.001 Reference .40 (.18, .62) .73 (.51, .96) 1.43(1.19, 1.67) <.001
Model 2 28(.22, .33) <.001 Reference 24(.03, .45) 44 (.21, .66) .98 (.74, 1.23) <.001
Model 3 23(.17,.28) <.001 Reference .21 (.00, .41) 33(.12,.55) .79 (.54,1.03) <.001
Model 4 .22(.17, .28) <.001 Reference .20 (—.01, .41) .32 (.10, .53) .76 (.52,1.01) <.001
Hepatic steatosis index at FF4
Model 1 —.04 (—.17, .09) .574 Reference 1.07 (.54, 1.60) .51 (~.03, 1.05) 27 (~.32, .86) .838
Model 2 .06 (—.08, .19) 421 Reference 1.14 (.62, 1.67) .71 (.16, 1.25) .67 (.06, 1.29) .306
Model 3 12 (-.02, .25) .096 Reference 1.11 (.59, 1.63) .62 (.09, 1.16) .76 (.15, 1.36) 082
Model 4 12 (—.02, .25) 097 Reference 1.12 (.60, 1.64) .62 (.08, 1.16) .78 (.16, 1.39) .080
Fibrosis-4 index at FF4
Model 1 .02 (.00, .03) .018 Reference —.01(—.07,.05) .00 (—.06, .06) .05 (=01, .11) 035
Model 2 .00 (—.01,.02) 710 Reference —.03 (—.09, .03) —.03 (—.09, .04) .00 (-.07, .07) .940
Model 3 .00 (—.01,.02) .904 Reference —.04 (.10, .02) —.04 (.10, .03) —.01 (.08, .06) 793
Model 4 .00 (=.02,.02) 973 Reference —.04 (-.10, .02) —.04 (-.10, .02) —.02(—.09, .05) 724

Note: Beta coefficients () with their corresponding 95% confidence intervals (CI) and p-values were calculated using multivariable linear regression analysis.
Significant differences (p <.05) are highlighted in bold. For the NAFLD liver fat score the following four models with adjustments for covariates were built:
Model 1: adjusted for NAFLD liver fat score at F4. Model 2: adjusted for NAFLD liver fat score at F4 and age, sex, smoking status, alcohol consumption,
physical activity, body mass index, total cholesterol, estimated glomerular filtration rate, lipid-lowering medication and regular use of non-steroidal anti-
inflammatory drugs. Model 3: adjusted for model 3 except for total cholesterol, but additionally adjusted for hypertension, triglycerides, total cholesterol to
high-density lipoprotein cholesterol ratio and diabetes. Model 4: adjusted for model 3 and C-reactive protein and interleukin-18. For the hepatic steatosis index
the following four models with adjustments for covariates were built: Model 1: adjusted for hepatic steatosis index at F4. Model 2: adjusted for hepatic steatosis
index at F4 and age, smoking status, alcohol consumption, physical activity, hypertension, triglycerides, total cholesterol to high-density lipoprotein cholesterol
ratio, estimated glomerular filtration rate, lipid-lowering medication and regular use of non-steroidal anti-inflammatory drugs. Model 3: adjusted for model 2
and sex, body mass index and diabetes. Model 4: adjusted for model 3 and high-sensitivity C-reactive protein and interleukin-18. For the fibrosis-4 index the
following four models with adjustments for covariates were built: Model 1: adjusted for fibrosis-4 index at F4. Model 2: adjusted for Fibrosis-4 index at F4 and
sex, smoking status, alcohol consumption, physical activity, hypertension, diabetes, body mass index, triglycerides, total cholesterol to high-density lipoprotein
cholesterol ratio, estimated glomerular filtration rate, regular use of non-steroidal anti-inflammatory drugs and lipid-lowering medication. Model 3: adjusted
for model 2 and age. Model 4: adjusted for model 3 and high-sensitivity C-reactive protein and interleukin-18.

Abbreviations: f, beta coefficient; CI, confidence interval; NAFLD, non-alcoholic fatty liver disease.

analysis. The prospective analysis corroborated these as-
sociations between afamin levels and NAFLD LFS. The
cross-sectional associations between afamin and NAFLD
LFS were more pronounced in men and in people with
prediabetes or diabetes. In the prospective analysis, higher
afamin levels were also associated with more pronounced
increases in the NAFLD LFS in men.

4.1 | Cross-sectional associations
between afamin, fatty liver and fibrosis
indices

This study found positive cross-sectional associations be-
tween plasma afamin levels and the three fatty liver in-
dices NAFLD LFS, HSI and FLI. This is in line with two

previous epidemiological studies demonstrating that
afamin concentrations were positively associated with
prevalent MASLD."*"> In these studies, MASLD had
mostly been diagnosed using abdominal ultrasound ex-
aminations, which have potential limitations. Ultrasound
provides rather semi-quantitative estimates, as it was in-
dicated that the sensitivity for the diagnosis of mild stea-
tosis is low.'® In contrast, our study is the first that uses
three different non-invasive fatty liver indices that are
mainly based on routine laboratory and anthropometric
measurements.

Of note, our cross-sectional analyses showed strong ini-
tial effect estimates, but these associations were attenuated
differentially with extensive adjustment for confounders. In
the extended model 4, we cannot exclude the possibility of
over-adjustment. However, even after adjustment for a large
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TABLE 4 Effect modifications of sex and glucose tolerance status on the associations of afamin levels with NAFLD liver fat score and
hepatic steatosis index at KORA F4 and KORA FF4.

Sex Glucose metabolism status
Men Women NGT Prediabetes and T2D
B (95% CI) B (95% CI) Pinteraction B (95% CI) B (95% CI) Pinteraction
NAFLD liver fat score at F4
Model 2
N (%) 1056 (45.1) 1288 (54.9) / 1679 (71.6) 629 (26.8) /
Per 10mg/L .56 (.46, .66) .36 (.30, .41) <.001 27(.24, 31) .64 (.49, .78) <.001
Model 3
N (%) 1037 (45.0) 1268 (55.0) / 1676 (72.7) 629 (27.3) /
Per 10mg/L 41(.32,.51) 22(.17, .26) <.001 21(.17, .24) .58 (.42,.73) <.001
NAFLD liver fat score at FF4
Model 2
N (%) 624 (44.2) 787 (55.8) / 1081 (76.6) 312 (22.1) /
Per 10mg/L .36 (.28, .45) .12 (.05, .19) .033 .12 (.06, .17) .39 (.25, .53) <.001
Model 3
N (%) 616 (44.3) 776 (55.7) / 1080 (77.6) 312 (22.4) /
Per 10mg/L .31(.22,.39) .10 (.03, .16) .022 .12 (.06, .17) .33 (.19, .47) .786
Hepatic steatosis index at F4
Model 2
N (%) 1066 (45.1) 1298 (54.9) / 1688 (71.4) 641 (27.1) /
Per 10mg/L 1.40(1.23,1.58) 1.17 (.96, 1.39) <.001 1.22 (1.05, 1.39) 1.07 (.79, 1.34) <.001
Model 3
N (%) 1048 (45.0) 1281 (55.0) / 1688 (72.5) 641 (27.5) /
Per 10mg/L 41 (.30, .51) .23 (.14, .31) .090 .32(.24, .40) .35(.22, .48) 916
Hepatic steatosis index at FF4
Model 2
N (%) 628 (44.1) 797 (55.9) / 1087 (76.3) 321 (22.5) /
Per 10mg/L .06 (—.15, .27) 12(-.06,.31) .351 11(-.06,.28)  —.03(—.28,.23) .356
Model 3
N (%) 621 (44.1) 787 (55.9) / 1087 (77.2) 321 (22.8) /
Per 10mg/L 11 (-.10, .32) 14(—.04,.33) 722 .14 (—.02, .30) .05 (=19, .30) 013

Note: Descriptive statistics are presented as absolute number n (percentage). Beta coefficients () with their corresponding 95% confidence intervals (CI) and
p-values were derived using subgroup analyses and interaction terms. Bold values indicate statistical significance (p <.05). For the NAFLD liver fat score

at F4 the following two models with adjustments for covariates were built: Model 2: adjusted for age, sex (not in the sex-stratified analysis), smoking status,
alcohol consumption, physical activity, body mass index, total cholesterol, estimated glomerular filtration rate, lipid-lowering medication and regular use of
non-steroidal anti-inflammatory drugs. Model 3: adjusted for model 3 except for total cholesterol, but additionally adjusted for hypertension, triglycerides, total
cholesterol to high-density lipoprotein cholesterol ratio and diabetes (not in the analysis stratified by (pre)diabetes status). For the FF4 analysis, all regression
models were additionally adjusted for NAFLD liver fat score at F4. For the hepatic steatosis index at F4 the following two models with adjustments for
covariates were built: Model 2: adjusted for age, smoking status, alcohol consumption, physical activity, hypertension, triglycerides, total cholesterol to high-
density lipoprotein cholesterol ratio, estimated glomerular filtration rate, lipid-lowering medication and regular use of non-steroidal anti-inflammatory drugs.
Model 3: adjusted for model 2 and body mass index and diabetes (not in the analysis stratified by (pre)diabetes status). For the FF4 analysis, all regression
models were additionally adjusted for hepatic steatosis index at F4. p, beta coefficient; CI, confidence interval; NAFLD, non-alcoholic fatty liver disease; NGT,

normal glucose tolerance; T2D, type 2 diabetes.

number of potential confounders, the positive associations
between afamin and all three fatty liver indices remained
significant. Despite all this, we cannot rule out that there are
additional factors that were not measured and therefore not

tested as potential confounders. In this context, it should be
noted that significant inverse associations were reported be-
tween afamin and interleukin-6 (IL-6) as well as afamin and
adiponectin.”’28 Therefore, these results should encourage
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further studies considering additional inflammatory bio-
markers, including IL-6 and the peptide hormone adiponec-
tin, as possible afamin-regulating factors.

In accordance with our observations, there is only one
small observational study with a cross-sectional design in-
dicating that afamin may be positively correlated with the
FLL* Since the FLI was originally used to assess hepatic
steatosis in the general population,'®* we additionally in-
cluded the non-alcoholic fatty liver indices NAFLD LFS
and HSI in our analyses.”>** Moreover, the use of three
fatty liver indices allows for a more robust conclusion
since the diagnostic efficacy of the respective indices can
be influenced by various factors such as grade of steatosis,
stage of health, ethnicity or demographic characteristics
and anthropometric factors.'®*°

Overall, our data add to the current literature. However,
our findings should be validated in future studies in which
both afamin measurements and MASLD diagnosis using
gold-standard methods such as magnetic resonance imag-
ing (MRI) or spectroscopy (MRS) are available.

To our knowledge, this is also the first study that investi-
gated the association of plasma afamin and FIB-4 index as
indicators of liver fibrosis, although our data did not show a
significant link between afamin levels and the FIB-4 index.
The potential reason for this lack of significant associations
could be related to the selected study cohort and their char-
acteristics. Considering the cut-off values of the FIB-4 index,
advanced fibrosis was not present in our study population
or study participants were only at low risk of developing ad-
vanced fibrosis. In low-prevalence populations, NITs should
be selected to rule out rather than to diagnose the presence
of advanced liver fibrosis.>! Therefore, associations between
afamin and FIB-4 index should also be tested in populations
with more advanced SLD.

Nevertheless, among the NITs, FIB-4 index and
NAFLD fibrosis score offer the best diagnostic perfor-
mance for detecting advanced fibrosis.*® Taken together,
we cannot rule out associations between afamin and the
FIB-4 index. Therefore, further epidemiological studies in
more suitable cohorts are warranted to clarify this issue.

4.2 | Prospective associations between
afamin, fatty liver and fibrosis indices

The second main finding of this study is the prospective
association between higher plasma afamin levels and
more pronounced increases in the fatty liver index
NAFLD LFS. Our data are novel because our study
assessed these associations in older individuals aged
31-82years in a prospective design. One previous study
reported that afamin levels were positively associated
with the incidence of MASLD' in younger individuals.

Therefore, these findings cannot be generalised to older
populations, although these older individuals represent
the more relevant age group for MASLD development.™

In addition, it is important that a temporal relationship
cannot be determined from our cross-sectional analysis
between afamin levels and fatty liver indices. In contrast,
the prospective analyses found a temporal relationship
that is a prerequisite for a potential causal effect of afamin
on MASLD development.

Finally, the strong initial effect estimates were atten-
uated after comprehensive adjustment for potential con-
founders, and effect estimates from the extended model
4 are likely over-adjusted. However, the positive associa-
tions between afamin and NAFLD LFS remained statis-
tically significant in all models. Again, potential residual
confounding cannot be excluded. Further studies assess-
ing the incremental predictive value of afamin for the de-
velopment of MASLD over and above established clinical
risk factors of MASLD are required.

4.3 | Effect modifications by sex and
glucose tolerance status

No previous study examined the possible effect-modifying
role of sex and glucose tolerance status in the associations
between afamin and fatty liver indices, although several
population-based studies showed that the prevalence of
MASLD, detected by ultrasonography or the validated
FLI, is higher in men than in women'”!® and is also more
pronounced in people with prediabetes as well as T2D.'**
Here, we present evidence that sex and glucose tolerance
status partly act as effect modifiers. We found that cross-
sectional and prospective associations between afamin
concentrations and NAFLD LFS were more pronounced
in men.

One possible explanation for these observed differ-
ences could be the comparatively lower oestrogen levels
in men, as one study has suggested that oestrogen protects
against MASLD in premenopausal women.'” Another ex-
planation may be related to the described differences in
triglyceride synthesis, fatty acid oxidation and oxidative
stress in men and women.'”**

In addition, we found that men had higher plasma afa-
min levels than women, which points to partly sex-specific
effects on the regulation of afamin expression and release.

Moreover, our study found that cross-sectional anal-
yses between afamin and NAFLD LFS were higher in
individuals with prediabetes or T2D compared to those
with NGT. There is convincing evidence that MASLD and
T2D have a bidirectional relationship and that both pre-
diabetes and T2D are associated with an increased risk
of MASLD.>> Of note, significant associations have
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already been reported between the plasma concentrations
of afamin and the prevalence and incidence of T2D."* In
line, epidemiological studies reported that afamin posi-
tively correlated with parameters of IR, including fasting
insulin,®* HOMA-IR'****% and elevated fasting glu-
cose,”** and negatively with whole-body insulin sensi-
tivity.” Moreover, NAFLD LFS, HSI and FLI have been
proposed as predictors of IR because these indices strongly
and inversely correlated with measures of insulin sensi-
tivity."® Collectively, our data show that the associations
between afamin and NAFLD LFS differ by sex and glu-
cose tolerance status. Our novel study extends the current
literature and should motivate similar analyses in other
MRI-based studies to validate our findings and search for
underlying mechanisms.

4.4 | Pathophysiological link between
afamin and MASLD

Possible mechanistic explanations for the association
between plasma afamin levels and increases in fatty liver
indices could be explained by (i) the interference of afamin
in glucose and lipid metabolism, (ii) the induction of
oxidative stress by afamin, (iii) the involvement of afamin
in insulin resistance or (iv) the contribution of afamin to
inflammatory responses.

The first explanation is based on an in vivo study
demonstrating that the overexpression of afamin increased
the concentrations of total cholesterol, triglycerides and
glucose in mice.'* With respect to the second explanation,
two aspects should be noted. First, afamin has been de-
scribed as a glycoprotein with vitamin E-binding proper-
ties,'" whereby vitamin E is a potent antioxidant. Vitamin
E is effective in attenuating the progression of MASLD*
through the reduction of oxidative stress in mouse mod-
els*** and the decrease in serum ALT and AST concen-
trations among MASLD patients.** Second, a significant
correlation between serum afamin concentrations and
oxidized low-density lipoprotein levels was found in obese
non-diabetic patients.”” Based on these data, afamin-
induced oxidative stress, for example by potential func-
tional inhibition of vitamin E, may represent a mechanism
explaining the inverse association of afamin with MASLD
development. The third explanation considers the fact that
afamin is strongly related to IR'>***%* and is positively
associated with prevalent and incident MetS and all its in-
dividual components.'* Therefore, IR could partly mediate
the association between afamin and MASLD. The fourth
explanation assumes that afamin promotes the wingless-
type MMTYV integration site family (Wnt) signalling path-
way, which in turn triggers a pro-inflammatory response,
lipogenic outcomes and IR in mature adipocytes. This in

turn might make the liver susceptible to the occurrence of
MASLD.*® In line, it has been shown that Wnt5a induces C-
Jun N-terminal kinase activation,*” which interferes with
insulin signalling in the liver*”* suggesting that the non-
canonical Wnt pathway may contribute to hepatic steato-
sis, MASLD and MASH."

However, further functional studies in hepatic cell
models have to be performed to elucidate the exact un-
derlying pathophysiological mechanism(s) explaining our
associations between afamin and fatty liver indices and to
clarify whether afamin directly contributes to the MASLD
process.

4.5 | Strengths and limitations

A main strength of the current study is that the data
was derived from both cross-sectional and prospective
analyses from a large population-based cohort. Further
strengths include the extended follow-up, the wide
age range of study participants, the comprehensive
adjustments for potential confounders and the use of
three fatty liver indices to assess the relevance of afamin
in the pathogenesis of MASLD.

This study has also some limitations. The lack of MRI
or liver biopsy data in the F4 examination has to be con-
sidered as a main limitation, but these were not possible
in this large epidemiological study. Thus, we only studied
quantitative phenotypes and could not validate the di-
agnostic performance of liver indices to identify hepatic
steatosis. However, although fatty liver indices could not
substitute for fat quantification determined by MRS, the
used indices offer modest efficacy to detect hepatic steato-
sis and might serve as surrogate parameters for liver fat
content.'® Moreover, we used several of these fatty liver
indices which in turn have been selected for ease of ap-
plication in this large-scale population study. In addition,
we cannot rule out an over-adjustment due to the com-
prehensive adjustments for confounders. It is possible that
there are further confounders interacting with afamin that
were not measured and therefore could not be considered.
Finally, the study population included mainly people of
European descent so the findings may not be generalis-
able to other ethnicities.

5 | CONCLUSIONS

In conclusion, higher afamin concentrations were posi-
tively associated with NAFLD LFS in both cross-sectional
and prospective analyses with potential effect modifica-
tion by sex and glucose tolerance status. These associa-
tions should be validated to find out whether afamin has
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the potential to be a novel biomarker for the non-invasive
diagnosis of MASLD independently of known MASLD
risk factors. Future studies need to elucidate whether
afamin also contributes to the pathogenesis of MASLD
and whether afamin plays a role in hepatic fibrosis.
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