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Ectodysplasin A (EDA) was recently identified as a liver-secreted protein that is increased
in the liver and plasma of obese mice and causes skeletal muscle insulin resistance. We
assessed if liver and plasma EDA is associated with worsening non-alcoholic fatty liver
disease (NAFLD) in obese patients and evaluated plasma EDA as a biomarker for NAFLD.
Using a cross-sectional study in a public hospital, patients with a body mass index >30
kg/m2 (n=152) underwent liver biopsy for histopathology assessment and fasting liver EDA
mRNA. Fasting plasma EDA levels were also assessed. Non-alcoholic fatty liver (NAFL)
was defined as >5% hepatic steatosis and nonalcoholic steatohepatitis (NASH) as NAFLD
activity score ≥3. Patients were divided into three groups: No NAFLD (n=45); NAFL (n=65);
and NASH (n=42). Liver EDAmRNA was increased in patients with NASH compared with
No NAFLD (P=0.05), but not NAFL. Plasma EDA levels were increased in NAFL and NASH
compared with No NAFLD (P=0.03). Plasma EDA was related to worsening steatosis
(P=0.02) and fibrosis (P=0.04), but not inflammation or hepatocellular ballooning. ROC
analysis indicates that plasma EDA is not a reliable biomarker for NAFL or NASH. Plasma
EDA was not increased in patients with type 2 diabetes and did not correlate with insulin
resistance. Together, we show that plasma EDA is increased in NAFL and NASH, is
related to worsening steatosis and fibrosis but is not a reliable biomarker for NASH.
Circulating EDA is not associated with insulin resistance in human obesity.

Clinical Trial Registration: https://www.anzctr.org.au/Trial/Registration/TrialReview.
aspx?ACTRN=12615000875505, identifier ACTRN12615000875505.

Keywords: ectodysplasin A, insulin resistance, hepatokine, type 2 diabetes (T2DM), non-alcoholic fatty liver disease
INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is now recognized as the most prevalent chronic liver
disease worldwide (1). NAFLD is characterized by excessive hepatic triglyceride accumulation and is
diagnosed as the presence of steatosis in >5% of hepatocytes, in the absence of significant alcohol
consumption and other known causes of liver disease. Its more severe form, known as non-alcoholic
n.org March 2021 | Volume 12 | Article 6424321
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steatohepatitis (NASH), is characterized by hepatic steatosis,
inflammation and hepatocyte injury (e.g. ballooning), with or
without hepatic fibrosis. NAFLD is present in ~25% of the
general population (2) and incidence is increased strikingly in
obesity, with overall NAFLD prevalence of ~75% and with 17%
having NASH and/or steato-fibrosis (3). Patients with NAFLD
also have a high prevalence of insulin resistance and several lines
of evidence indicate a bidirectional relationship between
NAFLD/NASH and type 2 diabetes (T2DM), perhaps owing to
the shared mechanisms underpinning their pathology (4).
Indeed, there is a high prevalence of NAFLD and NASH in
patients with T2DM (~55%–80%) (5), while T2DM accelerates
the progression of NAFLD and is an important clinical predictor
of advanced hepatic fibrosis and mortality (6).

There is an incomplete understanding of the factors
mediating the close relationship between NAFLD and diabetes,
with the likelihood of multiple contributing factors. The
secretion of liver-derived proteins, which are known as
hepatokines, is altered in NAFLD (7) and a growing body of
work shows that hepatokines signal via autocrine/paracrine and
endocrine signaling to induce changes in lipid metabolism,
peripheral insulin action, and glycemic control (8).

Ectodysplasin A (EDA) is a protein of the tumor necrosis factor
family (9) that is encoded by the EDA gene. The EDA transcript is
alternatively spliced producing different isoforms, with EDA-A1 and
EDA-A2 being dominant and differing by only two amino acids.
EDA is a type II membrane protein that can be cleaved by furin to
produce a secreted form (10–12), which is subsequently recognized
by the ectodysplasin A receptor (10, 13–15). EDA acts as a
homotrimer and plays an important role in the development of
ectodermal tissues such as skin (16, 17). EDA, along with c-Met, has
also been shown to be involved in the differentiation of anatomical
placodes, precursors of scales, feathers and hair follicles in vertebrates
(18). Defects in this gene are a cause of X-linked hypohidrotic
ectodermal dysplasia (19) and non-syndromic hypodontia (20).

Ectodysplasin A (EDA) was recently identified as a liver-
secreted protein that appears to cause metabolic dysfunction in
rodents (21). Gain- and loss- of-function studies showed that
liver-derived EDA-A2 contributes to impaired skeletal muscle
insulin sensitivity (21) and reduced liver triglyceride levels in
obese, insulin resistant mice (22). Results from a small clinical
study further reported increased liver EDA mRNA levels with
increasing severity of steatosis and inflammation, and a negative
correlation between liver EDA mRNA and whole-body insulin
sensitivity (21). In addition, serum EDA-A2 levels were shown to
be increased in overweight NAFLD patients compared with lean
individuals, and showed positive associations between EDA-A2
and impaired glycemic control and inflammation (22). While
these studies support a role for liver-derived EDA in the
development of metabolic dysfunctions commonly associated
with NAFLD, the clinical results are confounded by marked
differences in adiposity between patient groups. Furthermore,
there is an incomplete understanding of the relationship
between EDA levels and the severity of liver disease in NAFLD,
particularly in obesity, where the rate of any degree of NAFLD is
markedly increased compared with lean individuals.
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In light of these observations, the aims of the present study
were to i) determine the role of EDA in progressive NAFLD as
assessed by severity of steatosis, inflammation, ballooning, and
fibrosis in NAFLD by liver histology, ii) assess the utility of EDA
as a biomarker of NAFLD and, iii) determine the relationships
between EDA, insulin resistance and other hepatic and systemic
measures of lipid and glucose metabolism, and inflammation.
MATERIALS AND METHODS

Ethics
Ethics was obtained from The Alfred Human Ethics Committee
and the study was registered with the Australian Clinical Trials
Register (ACTRN12615000875505). Patients were recruited
from the following hospitals: The Alfred (195/15), The Avenue
Hospital (190), and Cabrini Health (09-31-08-15) in Melbourne,
Australia. All procedures were in accordance with the ethical
standards of the Helsinki declaration.

Patient Recruitment
Patients were selected and recruited from individuals undergoing
laparoscopic adjustable gastric band, sleeve gastrectomy or
gastric bypass surgery. Inclusion criteria were as follows: 1) >
18 years of age, 2) BMI ≥ 30 kg/m2 and 3) an elevated alanine
aminotransferase (ALT), aspartate aminotransferase (AST) or
gamma-glutamyl transferase (GGT) value that was 0.5 times
higher than the upper normal limit. Patients were excluded from
the study if they showed evidence of having another liver disease
including viral hepatitis or history of excess alcohol use, defined
by the American Association for the Study of Liver Disease (23).

Clinical and Biochemical Data
On the day of the operation patients underwent a full physical
examination and medical history, including a full list of current
medication. Fasting (8–12 h) blood samples were collected before
the induction of anesthesia. Blood was collected into tubes
containing K2EDTA or SST™ II advance tubes, centrifuged for
10 min at 1792 x g and plasma was collected and stored at -80°C
for subsequent analysis.

Liver Biopsy, Tissue Collection,
and Histopathology
A liver wedge biopsy, at least 1 cm in depth, was collected from
patients. The sample was divided into two pieces where half was
placed into 10% formalin and stained with hematoxylin and
eosin and Masson’s trichrome for subsequent histological
assessment. The other half was snap frozen and stored at -80°
C for later analysis.

Biopsies were evaluated in a blinded fashion by a pathologist.
This was based on the presence or absence of the following three
components: i) steatosis (5%–33% of parenchyma for grade 1,
>33% to 66% for grade 2, and >66% for grade 3); ii) lobular
inflammation (<2 foci per ×200 field for grade 1, 2–4 foci for
grade 2, and >4 foci for grade 3); and iii) hepatocellular
ballooning where few or many ballooning cells are present per
March 2021 | Volume 12 | Article 642432
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high-power field for grade 1 or 2, respectively (24). NASH was
determined as the joint presence of steatosis, ballooning, and
lobular inflammation (NAFLD activity score ≥3) as defined by
the Clinical Practice Guidelines of European Association for
the Study of the Liver (EASL), the European Association for the
Study of Diabetes (EASD) and European Association for the
Study of Obesity (EASO) (25). Liver fibrosis was graded
according to the Kleiner classification (26).

Analysis of Plasma EDA
Human plasma samples were analyzed by colorimetric assay for
ectodysplasin A using the Human Ectodysplasin A (EDA) ELISA
Kit (My BioSource, San Diego, CA, USA). The inter-assay
coefficient of variation was 8.46.

Analysis of Liver EDA mRNA
RNA from the liver biopsies was extracted using TRI-Reagent
(Sigma-Aldrich, Castle Hill, NSW, Australia) following the
manufacturers protocol. Following extraction, the RNA was
incubated with a DNA removal kit (Invitrogen, Carlsbad, California,
United States), following the manufacturer’s instructions. After RNA
quantification, synthesis of complementary DNA was performed
using an iSCRIPT kit (Bio-Rad, Hercules, California, United
States). Real Time PCR was performed using SYBR Green
Master Mix (Qiagen, Hilden, Germany), respective primers and
read using a CFX384 Touch Real-Time PCR Detection System
(Biorad, Hercules, California, United States). Primers used: EDA
Forward: GGACGGCACCTACTTCATCTA and Reverse:
Frontiers in Endocrinology | www.frontiersin.org 3
GCGGTATAGCAAGTGTTGTAGTT. The housekeeping
gene used to normalize values was hypoxanthine–guanine
phosphoribosyltransferase (HPRT), primer sequences; Forward:
ATAAGCCAGACTTTGTTGG and Reverse: ATAGGA
CTCCAGATGTTTCC.
TABLE 1 | Clinical and biochemical characteristics of subjects.

No NAFLD (n=45) NAFL (n=65) NASH (n=42) p-value

Males (n, %) 8 (17.8%) 14 (21.5%) 16 (38.1%) 0.064*
BMI (kg/m2) 41.9 (8.9) 42.9 (8.8) 44.6 (11.5) 0.127^

Age (years) 46.0 (27.5) 44.5 (20.3) 47.0 (17.0) 0.719^

Patients with T2DM (n, %) 6 (13.3%) 15 (23.1%) 13 (31.7%) 0.124*
AST (IU/L) 23.0 (10.5) 25.5 (10.0) 33.0 (25.0)b,c <0.001^

ALT (IU/L) 26.0 (18.5) 30.5 (15.3) 46.0 (26.0)b,c <0.001^

GGT (IU/L) 22.0 (16.0) 34.5 (24.5)a 35.0 (18.0)b 0.012^

ALP (IU/L) 70.1 ± 19.1 74.6 ± 21.1 69.5 ± 19.1 0.985#

Triglyceride (mmol/L) 1.1 (0.6) 1.3 (0.7)a 1.4 (0.8)b 0.002^

Total cholesterol (mmol/L) 3.9 (1.1) 3.9 (1.5) 4.1 (1.4) 0.406^

HDL (mmol/L) 1.0 (0.3) 0.9 (0.3) 0.9 (0.3)b 0.004^

LDL (mmol/L) 2.3 ± 0.8 2.3 ± 0.9 2.5 ± 0.6 0.361#

Fasting blood glucose (mmol/L) 5.1 (1.5) 5.2 (1.1) 5.7 (1.9) 0.086^

Hba1c (%) 5.6 (0.5) 5.7 (1.2) 5.9 (2.4) 0.075^

Insulin (mU/L) 5.1 (5.8) 6.8 (8.3) 8.1 (10.7) 0.067^

C-peptide (pmol/L) 600 (388) 797 (570) 928 (504)b 0.014^

HOMA-IR 0.59 (0.69) 1.05 (1.35)a 1.10 (1.38)b 0.005^

Urea (mmol/L) 4.3 (1.8) 4.4 (2.2) 4.6 (2.0) 0.986^

Creatine (μmol/L) 63.0 (11.0) 64.0 (13.3) 70.0 (19.5) 0.306^

eGFR (ml/min/1.73 m²) 90.0 (0) 90.0 (2.25) 90.0 (0) 0.438^

Albumin (g/L) 35.0 (6.0) 36.0 (5.3) 36.0 (4.0) 0.349^

Bilirubin (mmol/L) 8.0 (6.0) 8.0 (5.5) 8.0 (7.0) 0.743^

White Cell count (x109) 6.7 (2.8) 7.3 (3.7) 7.9 (3.0) 0.269^

Platelets (x109) 230 ± 58 253 ± 55 238 ± 62 0.290#
March 2021 | Volume 12 | Article
*Chi-square test, ^Kruskal-Wallis Test with pairwise comparisons (Bonferroni correction), #One-way ANOVA, ap<0.05 no NAFLD vs. NAFL, bp<0.05 no NAFLD vs. NASH, cp<0.05 NAFL
vs. NASH. Numbers in bold are significant. Data are shown as mean ± SD for continuous variables and % for categorial variables. NAFLD, Non-alcoholic fatty liver disease; NASH, Non-
alcoholic steatohepatitis; BMI, Body Mass Index; AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; GGT, Gamma glutamyl transferase; HDL, High Density Lipoprotein;
LDL, Low Density Lipoprotein; ALP, Alkaline phosphatase; Hba1c, Hemoglobin A1c; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; and eGFR, Estimated Glomerular
Filtration Rate.
TABLE 2 | Liver pathology in human subjects.

No NAFLD (n=45) NAFL (n=65) NASH (n=42)

Steatosis Grade % (n, %)
0 – <5 45 (100%) 0 (0%) 0 (0%)
1 – 5–33 0 (0%) 40 (61.5%) 6 (14.3%)
2 – 34–66 0 (0%) 24 (37%) 25 (59.5%)
3 – > 66 0 (0%) 1 (1.5%) 11 (26.2%)
Lobular inflammation (n, %)
0 – none 43 (95.6) 47 (72.3%) 0 (0%)
1 – <2 2 (4%) 16 (24.6%) 39 (92.9%)
2 – 2–4 0 (0%) 2 (3.1%) 3 (7.1%)
3 – >4 0 (0%) 0 (0%) 0 (0%)
Ballooning (n, %)
0 – none 45 (100%) 56 (86.2%) 0 (0%)
1 – few 0 (0%) 6 (9.2%) 33 (78.6%)
2 – many 0 (0%) 3 (4.6%) 9 (21.4%)
Fibrosis (n, %)
0 – none 45 (100%) 57 (87.7%) 14 (33.3%)
1 – Perisinusoidal or
periportal

0 (0%) 5 (7.7%) 26 (61.9%)

2 – Perisinusoidal and
portal/periportal fibrosis

0 (0%) 1 (1.5%) 2 (4.8%)

3 – Bridging 0 (0%) 1 (1.5%) 0 (0%)
4 – Cirrhosis 0 (0%) 1 (1.5%) 0 (0%)
642432
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Statistical Analysis
A two-sided p value of 0.05 was considered statistically
significant. A Shapiro-Wilk test was used to assess normality of
distribution. Continuous parametric variables were represented
as mean ± standard deviation (SD) and compared using student
t-test or one-way ANOVA. Median ± 95% confidence interval
were used to described non-parametric variables. Comparative
analysis was performed using Mann-Whitney U test or Kruskal-
Wallis test. Binary data was reported as whole numbers and
percentage and compared using Chi-square test. Univariate
binary and linear logistic regressions determined the
relationship between each variable and the cohorts, and with
plasma EDA respectively. Statistically significant variables from
Frontiers in Endocrinology | www.frontiersin.org 4
the univariate analysis were further evaluated using multivariate
regression with stepwise backward (Wald). Omnibus tests of
model coefficients were used to determine overall model fit and
statistical significance. Nagelkerke R2 method was used to
determine how much variation can be explained by the model.
The receiver operating characteristic (ROC) curves were
performed to determine the threshold of plasma EDA that
distinguish NASH and NAFLD from no NAFLD. The area
under the curve (AUC) represents the overall discriminatory
ability of the ROC curve. AUCs were classified according to
Hosmer et al, where AUC more than 0.9 was considered
outstanding, between 0.8 and 0.9 excellent, between 0.7 and 0.8
acceptable, and less than 0.7 was poor discrimination (27).
A B

D

E

C

FIGURE 1 | Liver EDA mRNA and NAFLD progression. Hepatic EDA expression by (A) patient group, (B) steatosis grade, (C) lobular inflammation score,
(D) hepatocellular ballooning score and (E) fibrosis score. Shown are median and 95% confidence interval. Data were analyzed by Kruskal-Wallis test and Dunn’s
multiple comparisons test. Adjoining lines indicate P<0.05.
March 2021 | Volume 12 | Article 642432

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Bayliss et al. Ectodysplasin A, NAFLD, and Insulin Resistance
Statistical analysis was performed with SPSS version 26 (SPSS
Inc, Chicago, IL, USA) and GraphPad Prism version 8.3.0
(GraphPad Software, San Diego, California USA).
RESULTS

Patient Characteristics
The patient’s clinical characteristics are shown in Table 1 and
liver pathology in Table 2. Samples were collected and analyzed
from 152 patients with a strong selection bias for female patients
(75%). The average age of the patient cohort was 45 ± 3 years and
Frontiers in Endocrinology | www.frontiersin.org 5
the body mass index (BMI) averaged 47.8 ± 3.3 kg/m2. Liver
histology identified 45 patients (29.6%) who exhibited no adverse
pathology, which are from this point forward referred to as ‘No
NAFLD’. The other patients are classified as NAFL (65 patients,
42.8%) or NASH (42 patients, 27.6%) based on a widely used
pathology score (26). Consistent with the histopathology
assessment, there was a significant increase in circulating levels
of the liver enzymes AST and ALT in NASH compared with No
NAFLD and NAFL (P<0.001). No differences between groups
were observed for age, BMI and blood lipids with the exceptions
of plasma triglyceride, which was increased in NAFL and NASH
compared with No NAFLD (P=0.002), and plasma HDL, which
A B

D

E F

C

FIGURE 2 | Plasma EDA and NAFLD progression. Plasma EDA levels by (A) patient group, (B) steatosis grade, (C) lobular inflammation score, (D) hepatocellular
ballooning score and (E) fibrosis score. Shown are median and 95% confidence interval. Data were analyzed by Kruskal-Wallis test and Dunn’s multiple comparisons
test. Adjoining lines indicate P<0.05. (F) Relationship between liver EDA mRNA and plasma EDA.
March 2021 | Volume 12 | Article 642432
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was decreased in NASH compared with No NALFD (P=0.004).
Patients with NAFL and NASH were insulin resistant compared
with No NAFLD, as indicated by an increased HOMA-IR
(P=0.005) (Table 1), while type 2 diabetes prevalence was not
different between groups (P=0.124).

Relationship of Liver EDA mRNA
With NAFLD
Liver EDAmRNAwas not increased in NAFL compared with No
NAFLD, but appeared increased in NASH compared with No
NAFLD (P=0.054) (Figure 1A). There was no difference in liver
EDA mRNA between No NAFLD and NAFLD (P=0.12). Liver
EDA mRNA tended to increase with worsening grades of
steatosis (P=0.06 by ANOVA) (Figure 1B) but were not
impacted by lobular inflammation (P=0.32) (Figure 1C). Liver
EDA mRNA was higher in patients with hepatocellular
ballooning score > 0, although this was statistically significant
when comparing scores of 0 vs.1, but not 0 vs. 2 (Figure 1D).
Liver EDAmRNA was not different (P=0.83) when patients were
stratified for no fibrosis (F0), mild fibrosis (F1) or moderate to
advanced fibrosis (F0 vs. F2–4) (Figure 1E).

Relationship of Plasma EDA With
Progressive NAFLD
To further assess the role of EDA in relation to progressive
NAFLD in obesity, we analyzed plasma EDA levels by ELISA.
Plasma EDA concentrations averaged 2.47 ± 0.17 ng/ml in the
entire patient cohort and were increased by 55% in NAFL and
52% in NASH when compared with No NAFLD (P = 0.03)
(Figure 2A). Plasma EDA was increased with steatosis grade
above 0 (P=0.04 by ANOVA), reaching significance when
comparing grade 0 vs. grade 2 (Figure 2B). Plasma EDA was
not related to the degree of inflammation (P=0.40) or
hepatocellular ballooning (P=0.61), but was increased with
the severity of fibrosis (P=0.007) (Figure 2C–E). EDA was
recently identified as a hepatokine (21). Accordingly, we
assessed the relationship between liver EDA mRNA and
plasma EDA and report no significant correlation between
liver EDA mRNA and plasma EDA (R2 = 0.0006, P=0.79)
(Figure 2F).

We next explored the potential utility of plasma EDA as a
biomarker of NAFLD. ROC curves were developed to predict the
presence of NAFL or NASH. Area under ROC was 0.611 for
NAFL (95% CI 0.497–0.725, P=0.054; Figure 3A) and 0.569 for
NASH (95% CI 0.470–0.667, P=0.203; Figure 3B). When
comparing No NAFLD and NAFLD (e.g. NAFL and NASH
combined), the AUC was 0.623 (95% CI 0.514–0.731, P=0.021;
Figure 3C). Plasma EDA of above or equal to 1.423 ng/ml
predicts NAFLD with the sensitivity of 74.6% and specificity
of 50%.

The diagnostic accuracy of clinical markers with and
without the addition of EDA was calculated. Multivariable
analysis identified HbA1c and ALT as statistically significant
variables for the presence of NASH and NAFLD. A
combination of HbA1c and ALT produced an AUROC for
NASH of 0.794 (95% CI 0.706–0.882, P<0.001) and for NAFLD
Frontiers in Endocrinology | www.frontiersin.org 6
of 0.711 (95% CI 0.611–0.810, P<0.001) (Figures 3B, C).
Combination of these clinical markers with plasma EDA
produced an AUROC for NASH of 0.793 (95% CI 0.705–
0.881, P<0.001) and for NAFLD 0.706 (95% CI 0.607–0.805,
P<0.001), which was not a significant improvement compared
to routine variables alone (Figures 3B, C). Combinations of
established scoring systems (NAFLD liver fat score and hepatic
steatosis index) and plasma EDA with or without the addition
of HbA1c and ALT did not improve the accuracy of these
scoring system to diagnose NAFLD or NASH above HbA1c and
ALT alone (data not shown). Further, plasma EDA, clinical
markers, established scoring systems, and combinations of
these variables failed to produce statistically significant ROC
to diagnose NAFL (Figure 3A).
A

B

C

FIGURE 3 | Receiver operating characteristic (ROC) curve for the prediction
of NAFL and NASH. The diagnostic accuracy of clinical markers with and
without the addition of EDA was calculated for (A) NAFL, (B) NASH, and
(C) NAFLD. Thicker lines represent statistically significant models with
P<0.05.
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Relationship of Plasma EDA With Insulin
Resistance and Type 2 Diabetes
Circulating EDA is proposed to contribute to insulin resistance
in skeletal muscle through endocrine regulation (21).
Accordingly, we assessed plasma EDA levels in patients
without and with type 2 diabetes that were matched for
NAFLD. Plasma EDA was increased in patients with NAFLD
compared with No NAFLD but was not significantly different
between NAFLD patients with and without type 2 diabetes
(Figure 4A). We also assessed the relationship between plasma
EDA and measures of insulin sensitivity and glycemic control in
the entire patient cohort. Plasma EDA was not significantly
correlated with whole body insulin resistance determined using
the HOMA-IR (R²<0.0001, P=0.908), fasting plasma glucose
(R²=0.013, P=0.178), or HbA1c (R2<0.0001, P=0.986) (Figures
4B–D). These data indicate that plasma EDA is not associated
with insulin sensitivity or type 2 diabetes in obese individuals.
Moreover, univariate binary regression analysis revealed no
significant associations of plasma EDA with any clinical
measure (Table 3).
Frontiers in Endocrinology | www.frontiersin.org 7
DISCUSSION

The liver is an active endocrine organ and is susceptible to
substantial metabolic and inflammatory stress in obesity, factors
which have been shown to mediate changes in liver-secreted
proteins (i.e. hepatokines) (7, 8). Accordingly, hepatokines have
been identified for their potential use as biomarkers across the
spectrum of NAFLD (28). This study focused on understanding
the links between the hepatokine ectodysplasin A, NAFLD and
NAFLD co-morbidities in obese individuals.

At present, the only reliable method of identifying and staging
patients with NAFLD is liver biopsy; however, this procedure is
invasive, is associated with sampling variability and limited
representation of the whole liver and is difficult to repeat to
monitor progression of liver damage. With the increasing global
incidence of obesity and associated NAFLD (3) and the lack of
diagnostic precision with alternative non-invasive assessments
for NAFLD in obese patients (e.g. plasma biomarkers and
elastography techniques) (29), there is an urgent need for non-
invasive alternatives to liver biopsy to identify those patients who
A B

DC

FIGURE 4 | Relationship between plasma EDA, type 2 diabetes and insulin resistance. (A) Plasma EDA in patients without NAFLD or type 2 diabetes, with NAFLD
and without type 2 diabetes and with both NAFLD and type 2 diabetes. Data were analyzed by Kruskal-Wallis test and Dunn’s multiple comparisons test. Adjoining
lines indicate P<0.05. (B–D) Relationship between plasma EDA and (B) HOMA-IR (insulin resistance), (C) fasting blood glucose, and (D) HbA1c.
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require intervention and to monitor therapeutic responses
in these patients. The identification of accurate biomarkers
has, to some degree, been hampered by the lack of clarity in
Frontiers in Endocrinology | www.frontiersin.org 8
understanding the mechanisms mediating NAFLD development
and progression (30).

We report increased levels of plasma EDA in obese individuals
with NAFL compared with obese individuals with no adverse liver
pathology, but no further increase in NASH subjects. Consistent
with this observation, plasma EDA was increased with steatosis
grade but not with grade of lobular inflammation or hepatocellular
ballooning and was not related to other measures of liver damage
including AST and GGT. Extending on these findings, we used
receiver operating characteristic regression to calculate the area
under the ROC curve for plasma EDA alone and in combination
with other diagnostic tests to investigate the diagnostic accuracy of
EDA for the prediction of NAFLD. Plasma EDA demonstrated
limited clinical utility alone and did not improve the diagnostic
accuracy of clinical routine markers (HbA1c and ALT) and
established scoring systems (NFS and hepatic steatosis index) for
NAFLD or NASH. Collectively, our analysis in a large cohort of
obese patients with well-defined liver histopathology supports the
notion that EDA is increased in NAFLD but is an unreliable
biomarker for NAFLD or discriminator of NAFL and NASH. It
is noted that a very low number of subjects had significant fibrosis
(F3–4) and therefore the role of EDA in patients with advanced
form for NAFLD cannot be excluded. From a broader perspective,
the use of biomarkers is problematic when attempting to
discriminate between patients with NAFL, NASH and fibrosis
because this is a dynamic disease in which the worsening and
partial amelioration of both conditions is reported to occur (31, 32).

A previous study in a cohort of lean individuals reported a
strong association between NAFLD and circulating EDA-A2,
with the authors concluding that EDA-A2 is a useful
TABLE 3 | Association of plasma EDA with clinical measures.

Univariate regression

R2 Beta 95% CI of Beta p-value

Males <0.0001 0.011 -0.810–0.832 0.979
BMI 0.105 0.028 -0.016–0.072 0.207
T2DM 0.006 0.388 -0.459–1.235 0.366
Age 0.013 0.020 -0.009–0.048 0.179
AST 0.017 0.010 -0.002–0.022 0.117
ALT 0.011 0.006 -0.003–0.015 0.211
GGT <0.0001 -0.001 -0.011–0.009 0.849
ALP 0.013 0.012 -0.005–0.028 0.181
Triglyceride 0.013 0.335 -0.0148–0.818 0.172
Total cholesterol 0.001 0.084 -0.292–0.460 0.661
HDL 0.003 -0.472 -1.865–0.921 0.504
LDL 0.001 0.073 -0.365– -.512 0.742
Fasting blood glucose 0.013 0.118 -0.054–0.290 0.178
HbA1c <0.0001 -0.002 -0.276–0.271 0.986
C-peptide 0.020 0.001 0.000–0.001 0.101
HOMA-IR <0.0001 0.016 -0.259–0.292 0.908
Insulin 0.001 0.004 -0.015–0.023 0.669
Urea 0.026 0.190 -0.003–0.383 0.054
Creatinine 0.007 0.008 -0.008–0.025 0.313
eGFR 0.023 -0.036 -0.075–0.003 0.069
Albumin 0.001 0.019 -0.069–0.107 0.666
Bilirubin 0.001 -0.012 -0.076–0.053 0.724
White cell count 0.007 -0.073 -0.214–0.069 0.313
Platelet 0.004 -0.002 -0.009–0.004 0.436
Multivariate analysis not performed because there were no statistically significant factors
identified in the univariate analysis.
FIGURE 5 | EDA gene expression in various tissues. EDA tissue gene expression (shown as TPM—transcripts per million) adapted from GTEx (based on
ENSG00000158813), showing that the liver is the tissue with the 6th highest EDA expression compared to 54 tissues examined. Box plots are shown as median and
25th/75th percentile. Data Source: GTEx Analysis Release V8 (dbGaP Accession phs000424.v8.p2).
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biomarker for NAFLD (22). There were significant differences
between studies. The previous study by Yang et al. (22)
determined NAFLD using ultrasonography and graded
NAFLD according to the Chinese Standard (33), whereas in
the present study NAFLD was determined using liver biopsy
and histological assessment according to the guidelines of
the Clinical Practice Guidelines of European Association for
the Study of the Liver (25). The second major difference was
the patient cohort, with Yang et al. (22) examining a lean
cohort compared with our investigation of EDA in morbidly
obese patients undergoing bariatric surgery. This raises the
possibility that plasma EDA is a useful biomarker in lean
patients, but not in obese patients where NAFLD incidence is
significantly higher. The third major difference is that Yang
et al. (22) assessed plasma EDA-A2 whereas we assessed total
plasma EDA. The EDA transcript is alternatively spliced
producing nine different isoforms, with EDA-A1 and EDA-
A2 being dominant and differing by only two amino acids (34).
We were unable to confirm the specificity of the EDA-A2
ELISA used in the previous study (22) and given the extremely
high homology between EDA-A1 and EDA-A2, elected to
measure total EDA. To the best of our knowledge, the ratio
between EDA-A1 and -A2 in human plasma is unknown and
this should be the focus of future investigations.

Although EDA was previously and convincingly identified as a
hepatokine in mice (21), we did not observe a significant
correlation between liver EDA mRNA expression and plasma
EDA levels, suggesting that the liver might not be a major
contributor to circulating EDA levels in humans. In this respect,
Awazawa and colleagues (21) reported expression of Eda mRNA
in murine white and brown adipose tissue, skeletal muscle, heart,
brain and liver of mice, with the highest expression in brown fat
and the lowest expression in the liver. These observations are
corroborated by the Genotype-Tissue Expression (GTEx) project
showing low EDA mRNA expression in liver and high expression
in visceral adipose tissue and pancreas (Figure 5). Hence, it is
probable that tissues other than the liver are the major
contributors to circulating EDA levels in humans, with white
adipose tissue a logical candidate. Notably, there were no
correlations between BMI (a marker of total adiposity) and
plasma EDA in our study. It is possible that other factors
contribute to the mismatch between liver EDA mRNA and
circulating EDA. For instance, EDA requires cleavage by the
endopeptidase furin to facilitate protein secretion (11) and
differential furin expression might contribute to changes in liver
EDA secretion in progressive NAFLD.

NAFLD is closely linked to several co-morbidities including
insulin resistance and type 2 diabetes. Liver EDA mRNA was
shown to correlate with systemic insulin resistance in patients
and loss and gain of function studies in mice ascribed a role for
liver-derived EDA in the development of skeletal muscle
insulin resistance (21, 22). Our data do not support these
findings, as neither liver nor plasma EDA were significantly
associated with markers of insulin resistance (i.e. HOMA-IR,
fasting glucose and fasting insulin) or type 2 diabetes. Our
study has several limitations in relation to these previous
Frontiers in Endocrinology | www.frontiersin.org 9
findings; the ELISA used in this study detects EDA-A1 and
EDA-A2 isoforms which does not allow for assessment of
EDA-A2 as a mediator of insulin resistance. Furthermore, we
do not have measures of skeletal muscle insulin resistance in
our patient cohort, which would require assessment with
euglycemic-hyperinsulinemic clamps.

In conclusion, we show in a large obese patient cohort with
liver biopsy-defined NAFLD stage and extensive blood profiling
that liver EDA expression and plasma EDA concentration are
increased in NAFL and NASH, but that circulating EDA is not a
reliable biomarker for NAFLD. Circulating EDA did not
correlate with clinical measures of liver damage, fat mass,
blood lipids, insulin resistance or type 2 diabetes. Finally, we
find no correlation between liver and plasma EDA levels,
suggesting that the liver is unlikely to be a major contributor
to circulating EDA in humans.
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