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Many people living with diabetes also have nonalcoholic
fatty liver disease (NAFLD). Interleukin-6 (IL-6) is involved
in both diseases, interacting with both membrane-bound
(classical) and circulating (trans-signaling) soluble receptors.
We investigated whether secretion of IL-6 trans-signaling
coreceptors are altered in NAFLD by diabetes and whether
this might associate with the severity of fatty liver disease.
Secretion patterns were investigated with use of human
hepatocyte, stellate, and monocyte cell lines. Associa-
tions with liver pathology were investigated in two patient
cohorts: 1) biopsy-confirmed steatohepatitis and 2) class
3 obesity. We found that exposure of stellate cells to high
glucose and palmitate increased IL-6 and soluble gp130
(sgp130) secretion. In line with this, plasma sgp130 in both
patient cohorts positively correlated with HbA,, and sub-
jects with diabetes had higher circulating levels of IL-6
and trans-signaling coreceptors. Plasma sgp130 strongly
correlated with liver stiffness and was significantly in-
creased in subjects with F4 fibrosis stage. Monocyte acti-
vation was associated with reduced sIL-6R secretion.
These data suggest that hyperglycemia and hyperlipidemia

ARTICLE HIGHLIGHTS

¢ |L-6 and its circulating coreceptor sgp130 are increased
in people with fatty liver disease and steatohepatitis.

¢ High glucose and lipids stimulated IL-6 and sgp130
secretion from hepatic stellate cells.

¢ sgp130 levels correlated with HbA, ., and diabetes con-
current with steatohepatitis further increased circulat-
ing levels of all IL-6 trans-signaling mediators.

¢ Circulating sgp130 positively correlated with liver stiff-
ness and hepatic fibrosis.

¢ Metabolic stress to liver associated with fatty liver disease
might shift the balance of IL-6 classical versus trans-
signaling, promoting liver fibrosis that is accelerated by
diabetes.

can directly impact IL-6 trans-signaling and that this may
be linked to enhanced severity of NAFLD in patients with
concomitant diabetes.
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Nonalcoholic fatty liver disease (NAFLD) is a multistep,
progressive disorder beginning with simple steatosis that
can evolve to nonalcoholic steatohepatitis (NASH), char-
acterized by hepatocellular ballooning, lobular inflamma-
tion, and fibrosis. NAFLD prevalence is rapidly increasing
worldwide, currently affecting 25% of the population (1).
The biological and physiological signals corresponding to
and mediating the transition from simple steatosis to the
more advanced and pathogenic stages of NASH are not
well understood. NAFLD is closely associated with obesity
and diets high in fat and sugar (2). NAFLD stemming
from metabolic disease, recently reclassified as metaboli-
cally associated steatotic liver disease (MASLD) (3), is of-
ten diagnosed in conjunction with diabetes. Upward of
70-80% of people with diabetes also have MASLD, and
conversely, MASLD increases one’s risk of developing dia-
betes by two- to threefold (4). Whether or how one dis-
ease impacts the other is unclear.

Liver inflammation plays a key role in the transition of
simple steatosis to steatohepatitis. Interleukin-6 (IL-6) is
an inflammatory cytokine closely associated with meta-
bolic disease (5,6), has both pro- and anti-inflammatory
properties, and may play a role in the progression of
NAFLD to NASH (7,8). IL-6 signaling involves activation
of either a membrane-bound receptor (classical) or forma-
tion of a signaling complex with a soluble (s)IL-6 receptor
found in circulation (trans-signaling). Both types of sig-
naling require the ligand/receptor complex to bind a core-
ceptor, glycoprotein 130 (gp130), on the surface of cells.
Circulating IL-6R (sIL-6R), shed from receptor-expressing
cells, can dock gp130 on distant cells, allowing IL-6 trans-
signaling in tissues that do not express the IL-6R. A solu-
ble, secreted form of the coreceptor (sgpl30) also circu-
lates and can inhibit trans-signaling by sequestering the
IL-6/sIL-6R complex (9). Based on expression patterns, hep-
atocytes and hepatic stellate cells may be a rich source of
sIL-6R and sgp130, respectively, suggesting the liver as a
potential major player in IL-6 trans-signaling (10,11). There
is evidence linking increased IL-6 trans-signaling to other
metabolic diseases including diabetes (12-14), as well as to
alcohol- and infection-induced chronic liver disease (11).

While classical IL-6 signaling is known to have close
links to NAFLD and metabolic disease, associations be-
tween IL-6 trans-signaling and NAFLD/NASH have not
been evaluated. In this study, we investigated whether
the liver could be a significant source of these circulating
coreceptors and whether their levels relate to liver pathol-
ogy associated with diabetes in two human cohorts with
NAFLD. We also investigated whether metabolic stress in-
fluences the secretion of IL-6 trans-signaling mediators
from liver cell types.

RESEARCH DESIGN AND METHODS

Human Cell Lines
HepG2 cells were cultured in DMEM (1.0 g/L glucose) with
10% FBS, streptomycin/penicillin, and 1% nonessential
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amino acids. LX-2 cells were cultured in DMEM (4.5 g/L glu-
cose) with 5% FBS, streptomycin/penicillin, and 1 mmol/L
sodium pyruvate. THP-1 cells were cultured in RPMI me-
dium (2.0 g/L glucose) with 10% FBS, streptomycin/penicil-
lin, and 1 mmol/L sodium pyruvate. Cell lines were plated at
250,000 cells/mL. LX-2 cells were activated with 5 ng/mL
transforming growth factor-8 for 48 h (0.5% FBS) followed
by 24 h recovery (5% FBS). THP-1 cells were activated with
100 nmol/L propidium monoazide (PMA) for 48 h. For glu-
colipotoxic challenge, cells were starved overnight in media
with 0.5% FBS prior to treatment in similar media with con-
trol (BSA vehicle) or additional 25 mmol/L p-glucose and
250 pmol/L sodium palmitate (conjugated to BSA, 1:6) for
18 h.

Conditioned media were collected and cells harvested
for mRNA (Trizol) or protein (radioimmunoprecipitation
assay [RIPA]). For inhibitor studies, LX-2 cells were treated
with vehide (DMSO), 3 pmol/L GI254023X (GI) (no. AOB3611,
ADAM10 inhibitor; AOBIOUS), or 3 pmol/L GW280264X (GW)
(AOB3632, ADAM10/17 inhibitor; AOBIOUS) 30 min before
glucose/palmitate challenge. For ADAM10 Western blot, RIPA
buffer was supplemented with 5 pmol/L GI254023X for preven-
tion of autocatalytic degradation.

Quantification of Media and Serum Cytokines

IL-6, sIL-6R, and sgpl30 were measured in conditioned
media or plasma with ELISA, according to instructions
(D6050, DR600, and DGP00, Human Quantikine ELISA
kits; R&D Systems). Levels of secreted proteins were nor-
malized to total cellular protein.

RNA and Protein Quantification

DNAse-treated RNA (1 pg) was reversed transcribed (High-
Capadty cDNA Reverse Transcription Kit; Applied Biosystems)
and RT-gPCR performed (G892, BlasTaq gPCR MasterMix; Ap-
plied Biological Materials) with use of primers: GP130 (forward,
5'-GCAACATTCTTACATTCGGACAG-3'; reverse, 5'-CTCGTTCA-
CAATGCAACTCAAA-3'), IL-6R (forward, 5'-CCTCTGCATTGC-
CATTGTTC-3'; reverse, 5'-ATGCTTGTCTTGCCTTCCT-3), IL-6
(forward, 5'-CCCTGACCCAACCACAAA-3'; reverse, 5'-GGACTG-
CAGGAACTCCTTAAA-3"), ADAM10 (forward, 5'-CCAACAAG-
GACATGAATT-3'; reverse, 5'-TGTTCCCAGTGCTGGTTTAG-3'),
ADAM17 (forward, 5'-CGTGGTGGTGGATGGTAAA-3'; reverse,
5'-ATGTGGGCTAGAACCCTAGA-3'), and RPLPO (forward, 5'-
CGAAATGTTTCATTGTGGGAG-3'; reverse, 5'-CATTCCCCCG-
GATATGAGGCAGCA-3'). Relative mRNA expressed as p—Act
were normalized to RPLPO.

Proteins solubilized in RIPA were resolved with SDS-PAGE,
transferred to nitrocellulose, and probed with anti-ADAM10
(14194; Cell Signaling Technology) or anti—B-ACTIN (A5441;
Sigma-Aldrich). ChemiDoc (Bio-Rad Laboratories) and Image
Lab software were used to capture and quantify signals.

Patients With NASH
Plasma samples, histological liver scoring, and MRI/mag-
netic resonance elastography (MRE) data were obtained
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from 50 patients with NASH (28 women, 22 men) previ-
ously recruited from a registry of patients with NASH
(study initiated in 2016 with ethics approval at Centre hos-
pitalier de I'Université de Montréal, institutional review
board no. 15.147). All selected participants in the current
study (institutional review board no. 17.031) provided
written informed consent allowing preservation and use of
their plasma samples and data.

Subjects were aged 18 years and older, diagnosed with
NASH (biopsy confirmed), and able to undergo MRI without
contrast agent. Subjects were excluded on the basis of alcohol
consumption (>10 drinks/week for women and >15 for
men) or if they had liver disease other than NASH, were tak-
ing medications associated with steatosis (e.g., amiodarone,
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valproate, tamoxifen, methotrexate, or corticosteroids), were
physically unable to fit in the MRI, had contraindications to
MR, or were pregnant or wished to be pregnant during that
year. One patient without steatosis and 10 with previous his-
tory of hepatocellular carcinoma were excluded. Proton den-
sity fat fraction, liver volume (voxels, cm®), and liver stiffness
(Pa) were measured as quantitative predictors of liver fat, vol-
ume, and fibrosis, respectively. Average proton density fat
fraction values for the entire liver volume were obtained with
use of the LiverLab package (version VE11C, MAGNETOM
Aera; Siemens Healthineers). Liver stiffness by MRE was mea-
sured as previously described (15). Repeatability, reproducibility,
and accuracy of MRE in NAFLD were previously reported
(16,17). Fasting plasma samples were collected on the day of

p =0.07

>

N
o
|

p=0.03

-
(3]
1

2

S0

)

-
o
1

IL-6 (pg/ug protein)
T

Conditioned media

o
1

Ctl G/P Ctl G/P

activated

quiescent

O

25

20

15

HepG2

10

Conditioned media
IL-6 (pg/ug protein)

()

THP-1

IL-6 (pg/ug protein)

Conditioned media

OO0 =D 00—
Ctl G/P Ctl G/P

unactivated  activated

p=0.03
B C p=005 [ 1
§3- 210— I ]
[] 2 Oa
° o &
> ] > 64 P
= i
= 3
g, & 4
['4 [=}
® 2 2
= &
@ 0-logoopo—ge—ogo— O 0-
ctl GIP Ctl GIP ctl G/IP Ctl GIP
quiescent activated quiescent activated
— 3 —~ 10+
g’ <
7 ]
- o 8-
[e] =
= o
Q 24 o 6
> _
2 5
2, g o
x S
@ = 27
< &
" 0 » o4
ctl G/IP ctl G/P
H (=003 |
— 817 | —~ 10—
g7 p=021 § p=006
| e 9  p—
it e
g6 T 5 1 S 8]
o —
o 5- > , P=002
3 4 Soe I !
[o)] o Y-
£ 3+ 2 2
& 2- S 0.4
1 - 02_
= 17 =3
? o » 0.0-

Ctl G/P Ctl GIP

activated

Ctl G/P Ctl G/P

unactivated unactivated  activated

Figure 1—Secretion of IL-6 signaling mediators is influenced in hepatic stellate cells by glucolipotoxicity. Levels of IL-6 (A, D, and G),
sIL-6R (B, E, and H), and sgp130 (C, F, and /) in conditioned media from quiescent and activated LX-2 and HepG2 cells, and unactivated
and activated THP-1 cells. Cells were treated with high glucose and palmitate (G/P) or BSA vehicle (control [Ctl]) for 18 h, and secreted
protein levels normalized to total cell protein. Analyses were performed with one-way ANOVA with multiple comparisons. Data shown are
a representative experiment of three independent biological replicates, with three technical replicates for each.
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the MRI/MRE and stored at —80°C. Fibrosis stages, activity
scores, and steatosis grades were determined by a pathologist
according to the NASH Clinical Research Network histological
scoring system (18) on liver biopsies taken 6-12 months prior
to MRI/MRE.

Patients With Class 3 Obesity
Plasma samples and matching liver biopsies were obtained
from Institut universitaire de cardiologie et de pneumologie
de Québec (IUCPQ) Biobank, Université Laval, in compliance
with IRB-approved management policies initiated in 2002
and still ongoing. Liver biopsy samples were collected at the
time of bariatric surgery with ethics approval (IRB no. 1142).
Adult men and women (18 years and older) were selected
from the registry of 4,781 patients. Exclusion criteria were al-
cohol consumption (>10 drinks/week for women and >15
for men) or liver disease other than NASH (e.g., autoimmune
hepatitis, Wilson disease, hemochromatosis, hepatitis B virus,
hepatitis C virus, human immunodeficiency viruses). Our ret-
rospective analysis included a subpopulation of 245 subjects
who had both blood samples and histological scoring data
available. Group selection prioritized equal representation of
sex (123 men, 122 women) and fibrosis stage (FO-F4).
Random blood samples were collected on the night before
surgery and stored at —80°C until analysis. Sampling proce-
dure and position were standardized among surgeons. Liver
samples were obtained by incisional biopsy of the left lobe
and not cauterized. Grading and staging of histological liver
sections were performed according to the methodology of
Brunt (19) by pathologists blinded to study objectives. The
algorithm of Bedossa et al. (20) was used to diagnose NASH,
with use of liver biopsy scores for hepatocellular ballooning
stage (0-2), lobular inflammation (0-2), steatosis grade
(GO-G3), activity score (AO-A4), and fibrosis stage (FO-F4).
Since participants in both cohorts were diagnosed prior to
2023 guidelines for MASLD, not all precisely fit this new
designation. Thus, we have chosen to use the older classifica-
tions of NAFLD and NASH herein for accuracy.
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Statistics

Data are presented as mean + SD for continuous variables and
number of subjects (1) and percentage (%) for categorical vari-
ables. Normality was evaluated with Kolmogrov-Smirmov test.
When normality failed, data were log transformed (log;o).
Outliers and influencers were identified with SPSS. One sub-
ject (NASH cohort) was a strong influencer for plasma IL-6
and sIL-6R and excluded from all analyses. Data were analyzed
with unpaired t test, one-way ANOVA, and Pearson correla-
tion as indicated. Sensitivity analysis was performed with
Mann-Whitney U test for intergroup differences. For categori-
cal variables, x2 test was used for count >5; otherwise, Fisher
exact test was used. Since the number of these covariates
should not be >10% of patient number, stepwise forward re-
gression analysis (liver fat fraction, volume, and stiffness) and
univariate analysis (steatosis grade, activity score, fibrosis
stage) for the NASH cohort were adjusted with two models
(model 1, age, sex, BMI, and diabetes; model 2, age, sex, BMI,
and metformin). Diabetes and metformin were classified in
different models due to their strong association (P < 0.001).
For the morbid obesity cohort, univariate analysis (steatosis
grade, activity score, hepatocellular ballooning, lobular, portal
inflammation, and fibrosis stage) was adjusted with age, sex,
BMI, diabetes, and metformin in one model. Data were ana-
lyzed with IBM SPSS (version 27) and GraphPad Prism (ver-
sion 8), and significance was set at P < 0.05.

Data and Resource Availability
Data, analytical methods, and study materials are avail-
able on request.

RESULTS

Hepatic Stellate Cells Express and Secrete sgp130 in
Response to Glucolipotoxic Stress

As NASH progresses, the proportion of hepatocytes in liver
decreases, whereas hepatic stellate cells and macrophages in-
crease with each fibrosis stage (21). Since inflammation is
an important component of the simple steatosis—to-NASH
transition, we hypothesized that IL-6 trans-signaling may be
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Table 1—Anthropometric, metabolic, and clinical characteristics of patients with NASH

Diabetes Volume 72, December 2023

Total (n = 38) Women (n = 24) Men (n = 14) P
Baseline characteristics
Age (years) 50.8 + 13.1 51.4 £ 12.6 49.7 £ 14.4 0.712
Weight (kg) 91.1 +21.9 89.1 + 23.0 94.5 + 20.2 0.472
Height (cm) 169.5 + 9.2 166.7 + 9.3 1743 £ 7.1 0.012
BMI (kg/m?) 314 +£5.6 31.8 £ 6.2 30.8 + 4.5 0.695
Clinical parameters, n (%)
Diabetes 17 (44.7) 12 (50.0) 5 (35.7) 0.393
Obesity 18 (47.4) 10 (41.7) 8 (57.1) 0.357
Hyperlipidemia 12 (31.6) 8 (33.3) 4 (28.6) 0.528
Hypertension 15 (39.5) 10 41.7) 5 (35.7) 0.717
Medications, n (%)
Metformin 14 (36.8) 11 (45.8) 3 (21.4) 0.132
Statins 10 (26.3) 7 (29.2) 3 (21.4) 0.451
Corticosteroids 1(2.6) 14.2) 0 (0.0 0.632
Nifedipine 1(2.6) 1(4.2) 0 (0.0 0.632
MRI/MRE data
Liver fat fraction (%) 14.2 + 9.0 13.0 £ 9.3 16.3 = 8.4 0.283
Liver stiffness (Pa) 2,894.8 + 1,297.4 2,714.6 + 1,262.1 3,203.7 + 1,345.4 0.113
Liver volume (cm?) 2,084.0 + 721.6 2,031.8 + 754.1 2,173.4 + 679.7 0.361
Fasting plasma parameters
Hemoglobin (mg/dL)? 141.6 £+ 12.9 138.4 + 14.0 147.3 + 8.2 0.045
Globulin (g/dL)? 6.7 + 2.3 6.9+24 6.2 + 2.1 0.369
INR-PT? 0.9 + 0.1 0.9 + 0.1 0.9 + 0.1 0.125
Platelet count (*10%/L)® 218.2 + 69.5 231.3 £ 77.2 195.0 + 47.6 0.134
AST (U/L)? 33.0+ 174 29.3 + 13.9 39.6 + 21.3 0.120
ALT (IU/L)? 55.1 + 42.0 44.4 + 22.2 73.8 + 60.4 0.392
ALP (IU/L)? 70.3 £ 25.7 73.1 £ 26.7 65.2 £ 24.2 0.292
Total bilirubin (umol/L)? 115+ 6.1 11.1 £+ 6.8 122 + 4.7 0.066
GGT (units/L)? 56.6 + 62.1 43.0 + 44.0 80.7 + 81.8 0.066
Albumin (g/L)? 445 + 2.5 436 +2.2 46.2 + 2.1 0.002
Glycemia (mmol/L)® 6.8 £ 3.0 6.9 2.8 6.6 + 3.4 0.607
HbA1¢ (%)° 6.1 +1.1 6.1 +1.0 6.2+14 0.781
Cholesterol (mmol/L)? 44 =11 47 +1.0 40=+1.0 0.059
HDL-c¢ (mmol/L)® 1.1+£02 1.2+£03 1.0+ 0.2 0.102
LDL-c (mmol/L)° 25+ 09 28+ 09 21+0.8 0.037
Triglyceride (mmol/L)® 20+13 1.8 £0.9 22 +1.7 0.443
CK-18 (units/L) 302.9 + 255.3 246.5 + 165.9 399.5 + 347.7 0.341
Plasma components of the IL-6 pathway
IL-6 (pg/mL) 6.1 +7.1 7.4 +84 3.9+ 33 0.055
slL-6R (ng/mL) 37.7 +11.2 38.5 + 10.5 36.2 + 12.8 0.397
sgp130 (ng/mL) 313.8 + 56.8 313.1 + 58.7 315.0 + 55.6 0.864

Data are means + SD for continuous data and sample size (n) and percent within the population (%) for categorical data. P values
are comparisons between men and women, measured with unpaired t test for continuous data and x2 or Fisher exact test for cate-
gorical data. Bolded P values represent statistically significant differences. ALP, alkaline phosphatase; HDL-c, HDL cholesterol;
LDL-c, LDL cholesterol; INR-PT, international normalized ratio of prothrombine time. n = 23 for women, 13 for men. bn = 22 for
women, 13 for men. °n = 21 for women, 12 for men.

active in liver and altered following exposure to glucolipo-
toxic (high glucose and lipid) conditions. To test this, we
first measured mRNA expression of IL-6 trans-signaling
components in human hepatocyte (HepG2), quiescent or ac-
tivated hepatic stellate (LX-2), and unactivated or activated
macrophage (THP-1) cell lines to determine the source(s) of
these proteins. Although all cell types expressed transcripts
for IL-6, IL-6Ra, and GP130, LX-2 stellate cells expressed sig-
nificantly higher IL-6 (Supplementary Fig. 1A) and GP130

mRNA (Supplementary Fig. 1C) compared with other cell
types. Only HepG2 hepatocytes and THP-1 macrophage cells
expressed appreciable levels of IL-6 receptor (IL-6R) tran-
scripts (Supplementary Fig. 1B).

Although all cell lines expressed IL-6 mRNA, only LX-2 stel-
late cells secreted IL-6 (Fig. 14). In line with our expression
data, only HepG2 hepatocytes and THP-1 immune cells se-
creted the soluble sIL-6R (Fig. 1E and H), confirming obser-
vations by Lemmers et al. (11). We also found that HepG2
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Table 2—Anthropometric, metabolic, and clinical characteristics of patients with class 3 obesity
Total (n = 245) Women (n = 122) Men (n = 123) P
Baseline characteristics
Weight (kg) 135.8 + 26.4 126.0 + 22.1 1455 + 26.8 <0.0001
Height (cm) 168.1 + 9.3 161.5 + 6.5 174.6 + 6.7 <0.0001
Age (years) 452 +11.4 44.0 = 11.1 46.4 + 11.6 0.099
BMI (kg/m?) 479+ 7.8 482 £ 7.5 47.7 £ 8.2 0.234
Clinical parameters, n (%)
Diabetes 99 (40.4) 58 (47.5) 41 (33.3) 0.023
Bedossa algorithm for NASH, n (%)
No NAFLD 4 (1.6) 4 (3.3) 0 (0.0) 0.042
NAFLD 199 (81.9) 95 (78.5) 104 (85.2)
NASH 40 (16.5) 22 (18.2) 18 (14.8)
Medications, n (%)
Hypertension 111 (45.3) 44.0 (36.1) 67.0 (54.5) 0.004
Metformin 37 (15.1) 19.0 (15.6) 18.0 (14.6) 0.837
Other medication for diabetes 30 (12.2) 13.0 (10.7) 17.0 (13.8) 0.450
Dyslipidemia 54 (22.0) 23.0 (18.9) 31.0 (25.2) 0.231
Biochemical parameters
Glycemia (mmol/L) 6.4 2.0 6.6 +2.3 6.2 +1.6 0.316
HbA;. (%)? 6.0 + 1.3 6.1 1.1 6.0 + 1.1 0.625
Cholesterol (mmol/L) 45+1.0 46 =09 45+1.0 0.572
HDL (mmol/L) 1.2+ 04 1.3+0.3 1.1+ 05 <0.0001
LDL (mmol/L)° 2.6 +09 2.6 +0.8 2.6 +09 0.992
Triglyceride (mmol/L) 1.7 £ 0.8 1.5+ 0.6 1.9+1.0 0.042
ALT (IU/L) 339 +224 33.4 + 28.6 34.4 £14.0 0.002
Plasma levels of cytokines
IL-6 (pg/mL) 8.1 +16.5 10.5 £ 22.7 5.8 +4.3 <0.0001
sIL-6R (ng/mL) 42.0 £ 9.3 42.6 +9.3 415 £ 9.3 0.335
sgp130 (ng/mL) 316.3 + 54.9 317.1 £ 55.5 315.4 + 54.6 0.807

Data are means + SD for continuous data and sample size (n) and percent within the population (%) for categorical data. P value
shows comparisons between men and women, measured with unpaired t test for continuous data and x2 or Fisher exact test for
categorical data. Bolded P values represent statistically significant differences. ®n = 122 for women, 120 for men. °n = 122 for

women, 121 for men.

and LX-2 cells secreted 10-fold more sgpl30 than THP-1
cells (Fig. 1C, F, and I). Activation of the stellate cell line
with transforming growth factor-p did not impact IL-6 or
sgp130 secretion (Fig. 1A and (), while activation of THP-1
monocytes with PMA decreased sIL-6R and sgp130 secretion
(Fig. 1H and I). Wolf et al. (22), also reported decreased
sgp130, but not sIL-6R secretion, following macrophage acti-
vation. These results show that the liver can be a source of
IL-6 trans-signaling mediators; however, a coordinated re-
sponse from multiple hepatic cell types is required for secre-
tion of all components of the soluble complex.

NAFLD is related to and influenced by metabolic disorders
associated with hyperglycemia and hyperlipidemia, including
diabetes, obesity, and cardiovascular disease (23). For explo-
ration of whether glucolipotoxicity influences secretion of
IL-6 trans-signaling mediators, cell lines were exposed to
high glucose and lipid. LX-2 stellate cells secreted more
sgp130 when cultured in glucolipotoxic conditions (re-
gardless of state), while significant increases in IL-6 secre-
tion did not occur unless cells were activated (Fig. 1A and C).
High glucose and palmitate did not change secretion patterns

from HepG2 or THP-1 cells (Fig. 1D-I). These results
suggest that glucolipotoxicity may impact secretion
of IL-6 trans-signaling mediators from hepatic stellate
cells.

sgp130 levels can be regulated by expression or pro-
teolytic cleavage of gpl30 on the plasma membrane
(22). For determination of how glucolipotoxicity leads to
increased spgl30 secretion, LX-2 cells were treated with
GI (ADAM10 inhibitor) or GW (ADAM10/17 inhibitor)
prior to and during glucolipotoxic challenge. GI and GW
similarly inhibited high glucose- and lipid-induced sgp130
secretion (Fig. 2A), suggesting ADAM10 as a potential prote-
ase implicated in cleavage of gp130. Consistent with proteol-
ysis underlying sgpl30 secretion, the mature, activated
form of ADAM10 (mADAM10) was increased in response to
high glucose and lipids (Fig. 2B) and this was inhibited
by GI and GW without any changes in ADAM10 mRNA
(Supplementary Fig. 1D) or total proenzyme levels (proA-
DAM10) (Fig. 2B). These results suggest that glucolipotoxic-
ity activates ADAM10, which promotes secretion of sgp130
from stellate cells.
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Figure 3—IL-6 trans-signaling correlates with HbA, diabetes, and metformin use in NASH. Pearson correlations between plasma IL-6
(A), slL-6R (B), and sgp130 (C) with plasma HbA in patients with NASH. n = 22 women and n = 13 men. Plasma concentrations of IL-6,
sIL-6R, and sgp130 in patients with NASH compared among patients with diabetes (D-F) and metformin use (G-/). Analysis was con-

ducted with t test; n =24 women, n = 14 men.

Circulating IL-6 Trans-Signaling Mediators Are
Increased in Diabetes and Associated With Blood
Glucose in Subjects With NAFLD and NASH

Since glucolipotoxicity altered secretion of IL-6 and sgp130
from hepatic stellate cells, we investigated whether circu-
lating levels of IL-6 trans-signaling proteins are altered in
NAFLD and whether this is impacted by diabetes. To this
end, we measured plasma levels from subjects with biopsy-
confirmed NAFLD or NASH from two patient biobanks.
The first cohort was comprised of subjects with NASH with
MRI/MRE assessment of liver disease concurrent with
blood sampling (n = 38) (Table 1). Among this population,
100% had NASH, 44.7% subjects had diabetes, 47.4% had

obesity, 31.6% had hyperlipidemia, and 36.8% were taking
metformin. The second cohort was comprised of subjects
with class 3 obesity, for whom blood and liver tissue were
collected at the time of bariatric surgery (Table 2). In this
population, 100% were obese, 81.9% had NAFLD, 16.5%
had NASH based on Bedossa scoring (20), 40.4% had dia-
betes, and 15.1% were taking metformin. Consistent with
diabetes being a risk factor for advanced liver disease, peo-
ple with NAFLD/NASH and diabetes had higher steatosis
grade, activity score, and fibrosis stage than those without
diabetes (Supplementary Fig. 2A-F).

In healthy subjects, normal plasma levels of IL-6 are
<3 pg/mL (24,25) and average plasma concentrations of
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Figure 4—I1L-6 trans-signaling correlates with HbA,., diabetes, and metformin use in class 3 obesity. Pearson correlations between
plasma IL-6 (A), sIL-6R (B), and sgp130 (C) and plasma HbA. in patients with class 3 obesity. n = 122 women, n = 120 men. Plasma con-

centrations of IL-6, sIL-6R, and sgp130 in patients with class 3 obesity compared among patients with diabetes (D-F) and metformin use
(G-I). Analysis was conducted with t test; n = 122 women, n = 123 men.

sIL-6R and sgp130 are 35 ng/mL and 217 ng/mlL, respectively
(25,26). In our NASH cohort, average plasma IL-6 and sgp130
levels were above normal at 6.1 pg/mL and 313.8 ng/mL, re-
spectively, while average levels of sIL-6R were within normal
range (37.7 ng/mL) (Table 1). In the class 3 obesity cohort,
average plasma IL-6, sIL-6R, and sgp130 were all above lev-
els in healthy subjects (25,26) (8.1 pg/mL, 42.0 ng/mL, and
316.3 ng/mlL, respectively) (Table 2). We also noted that drcu-
lating IL-6 was higher in women, sIL-6R and sgp130 were in-
fluenced by age, and there was a significant positive correlation
between BMI and drculating IL-6 or sIL-6R (Supplementary
Figs. 3 and 4), in line with previously published findings (27,28).

Given the close relationship between glucotoxicity and
NAFLD severity (29), we first investigated whether IL-6

trans-signaling mediators varied with blood lipids or gly-
cated hemoglobin (HbA;). We found no consistent rela-
tionships between plasma cholesterol or triglycerides with
any component of the circulating IL-6 trans-signaling com-
plex (Supplementary Fig. 5). However, in the NASH cohort
we observed clear correlations between HbA;. and sIL-6R
or sgp130 (Fig. 3B and C) and HbA;. with sgp130 in the
class 3 obesity cohort (Fig. 4C). Consistently, plasma IL-6
and sIL-6R in the NASH cohort (Fig. 3D and E), and all
three trans-signaling components in the obese population,
were significantly higher in subjects with NASH and concur-
rent diabetes (Fig. 4D-F). Metformin can reduce inflammatory
signaling (30); yet, IL-6 and sIL-6R were higher in individuals
with NASH taking metformin (Fig. 3G and H) and sgp130 was


https://doi.org/10.2337/figshare.24114459
https://doi.org/10.2337/figshare.24114459
https://doi.org/10.2337/figshare.24114459
https://doi.org/10.2337/figshare.24114459
https://diabetesjournals.org/diabetes

1828

> Z
>
(2]
I

:ns‘ 209 r=0.15,p=0.37
S 1.5- °
2 o o -
© 104 o. °® &
T Oo~¥o . —
3 W
m 051 S0 O ~ o
€ = °
8 004 o
o ° o
l_é'o's' b ®e Men
(o]
3 1.0 : : . O IWorrllen

(] 10 20 30
D Liver fat fraction (%)
5 #1030 p=006
3 r=0. =0.
E 45 P °
S 1.
= o’ © )
© 1.0 o
g o8
g 0.5

[}

& o0.0- o
nl_.. [ ] (o]
8f-o.s— X ® Men
3 40 : : (o] \INomenI

3.0 3.2 3.4 3.6

Log10 [Liver volume (cm?)]

@

— 2.0-

-

E 15

(o]

£

© 1.0

=

o 0.54

&

S 0.0+

e,

E;?-0.5— o ven

=40 : : O Women
1 2

Steatosis grade

CLASS 3 OBESITY

Log,, [Plasma IL-6 (pg/mL)] &
© © © =~ =2 N Db
A W W

0 1 2 3
Steatosis grade

IL-6 Trans-Signaling in Diabetes and NAFLD

g
)

-
o
1

Diabetes Volume 72, December 2023

Log,, [Plasma sIL-6R (ng/mL)] O

g
©
1

N
)
1

r=0.03, p=086
@]
o e

0\°_qo,./°

SRF T

Log,, [Plasma sgp130 (ng/mL)] O

24{ D 8
1.4
b ® Men ® Men
o W
1.2 T T T omenl 2.2 T T Ol Womenl
0 10 20 30 40 0 10 20 30 40
Liver fat fraction (%) Liver fat fraction (%)

§2-°- r=0.46, p = 0.004 ?2-8' r=0.18, p=0.29
S ° o k=)
£ 1.8 <
& S 2.6
4 Y
@ 1.6 b
£ £
g n 2.44
z 1.4 =
= . &
S ® Men U? ® Men
3 1.2 : . o Womeln 3 22 : . o Womeln

3.0 3.2 3.4 3.6 3.0 3.2 3.4 3.6

- - N
[=2] (=] o
1 1 1

Log,, [Plasma sIL-6R (ng/mL)] ==
s

Log10 [Liver volume (cm?)]

Log10 [Liver volume (cm?)]

-
N

A

80+

slL-6R (ng/mL)

;'_‘TZ.B-

£

=)

£

S 2.6-

@

o

o

)

£

n 2.4

Ko

e,

5 @ Men
: IO Women S22 : IO Women
1 2 1 2

Steatosis grade

600-
— 500}
-
£ 400
()]
< 300
(2]
% 200

o
% 100+

Steatosis grade

Steatosis grade

-

0 1 2 3
Steatosis grade

Figure 5—Plasma slIL-6R correlates with hepatic fat content and volume by imaging but not steatosis grade. Pearson correlations be-
tween plasma IL-6 (A and D), sIL-6R (B and E), and sgp130 (C and F) and MRE/MRI measures of liver fat fraction and liver volume in pa-
tients with NASH. n = 24 women and n = 14 men. Plasma concentrations of IL-6 (G and J), sIL-6R (H and K), and sgp130 (/ and L) in



diabetesjournals.org/diabetes Gunes and Associates 1829

NASH

o)

N
)
]

N
=
1
N
©
1

r=0.38, p = 0.02

r=0.29,p=0.08 r=0.69, p < 0.0001

=y
(5
1

o
8
\

?

o
o
I
N
&

Log,, [Plasma IL-6 (pg/mL)] >
7 3
\ o
5 o\o&
Qe
}
Log,, [Plasma sIL-6R (ng/mL)]

-
H
1

o
3]
1

[o)
o]
e o ® Men

O Women

® Men
O Women
1

® Men
O Women
1

T T T T 1 T T T T T T T T
3.0 3.2 3.4 3.6 3.8 4.0 3.0 3.2 3.4 3.6 3.8 4.0 3.0 3.2 34 36 3.8 4.0
. . Lo Liver stiffness (Pa L Li iffi P.
Log,, [Liver stiffness (Pa)] Gyo [Liver sti (Pa)l 0Gyg [Liver stiffness (Pa)]

Log,, [Plasma sgp130 (ng/mL)] )
?

0
=N
o

-
N

N
[N}

— =0.12 —
— 2.0 3 2.0 P 3 2.8
2 E E
i [=) =1
> 1.5 51 o £
e x S
¢ 0] (&) ® B 26
= = g
m 0.5- g * 1.6 (o) ]
£ g g
& 0.0 a G 24
P_-; T 1.4 g
el @ Men 2 @® Men o ® Men
3 O Women g’ 1.2 M1 Adjusted Analysis, p = 0.07 O Women g’ 22 M1 Adjusted Analysis, p = 0.110 Women
T T T | - T T T - - T T T
01 2 3-4 0-1 2 3-4 0-1 2 3-4
Fibrosis stage Fibrosis stage Fibrosis stage
CLASS 3 OBESITY p=0.0001
G H | p <0.0001 I
p = 0.0003 |
= 2.5- _ 600 p <0.0001
3 80
g 2.04 500
=3 —
£ - s
© 1.57 € % 400
= k=) c
© 1.0 £ o 3004
£ 4 )
8 0.5 < 2. 200
a % @
° - 100
g @ Men Adjusted Analysis, p < 0.001 3 e
o W s E Women
-1 -0.5 T T T T T 0 T T T T ° |°men 0 T T T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Fibrosis stage Fibrosis stage Fibrosis stage

Figure 6—sgp130 correlations with liver stiffness and fibrosis in people with NAFLD/NASH. Pearson correlations between plasma IL-6 (A),
slL-6R (B), and sgp130 (C) and MRE/MRI measures of liver stiffness in patients with NASH. n = 24 women and n = 14 men. Plasma concentra-
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higher in individuals with obesity taking metformin (Fig. 4). by sex differences, as we found significant assodations between
Interestingly, the relationship between sIL-6R and HbA;  was  sIL-6R and HbA;. in women of both cohorts (NASH, r = 0.39,
not seen in the obesity cohort (Fig. 4B). This may be explained P = 0.02; dass 3 obesity, » = 0.17, P = 0.06) but not men

patients with NASH and class 3 obesity compared among liver biopsy measures of steatosis grade. Data presented for subjects with
NASH with steatosis grade G1 (n = 9) and G2 (n = 29) and class 3 obesity grade GO (n = 5), G1 (n = 168), G2 (n = 47), and G3 (n = 25). Analy-
sis was conducted with one-way ANOVA with multiple comparisons with adjustment for age, sex, BMI, and diabetes or metformin use.
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(NASH, r = 0.01, P = 0.97; dass 3 obesity, r = 0.04, P = 0.70).
Taken together with in vitro data, our data suggest a strong
association between circulating regulators of IL-6 trans-
signaling and diabetes that may be associated with increased
secretion within a setting of hyperglycemia.

Circulating IL-6 Signaling Mediators Correlate With
NAFLD Pathology

We next sought to determine whether circulating levels of
IL-6 trans-signaling mediators were associated with path-
ological features of fatty liver disease, including hepatic
lipid content, inflammation, and/or fibrosis. In both hu-
man cohorts, liver disease severity was determined with
biopsy samples, while in the NASH cohort we also had ac-
cess to data from MRI/MRE scans. Liver volume and stiff-
ness measured with MRI/MRE have good prognostic
value to predict liver disease severity (31-34), with much
greater surface area covered than with biopsy alone.

Plasma sIL-6R positively correlated with liver fat fraction
(Fig. 5B) and liver volume (Fig. 5E) in the NASH cohort.
However, stepwise forward regression analysis adjusted
with model 1 (Supplementary Table 1) or 2 (Supplementary
Table 2) demonstrated that these correlations may be influ-
enced by BMI or metformin. Given strong relationships be-
tween BMI and liver fat/volume (35) and BMI and sIL-6R
(Supplementary Fig. 3), it is impossible to delineate the con-
tribution of liver fat versus whole-body adiposity. However,
we did not observe a significant relationship between steato-
sis grade in biopsies and any circulating proteins in either
cohort (Fig. 5J-L). Overall, data suggest that sIL-6R corre-
lates with adiposity, but further exploration is needed to de-
termine whether this is directly related to hepatic fat.

Plasma sgp130 Correlates With Advanced Liver
Disease in NASH and Class 3 Obesity

Given our observation that high glucose and lipids stimu-
lated sgp130 secretion from stellate cells, we next evaluated
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relationships between circulating IL-6 trans-signaling compo-
nents and liver fibrosis. Both plasma IL-6 and plasma sgp130
positively correlated with liver stiffness (Fig. 64 and C) in the
NASH cohort, with plasma sgp130 showing a particularly
strong linear association (r = 0.69, P < 0.0001). When adjust-
ment with model 1 or model 2, our results show that plasma
sgp130 level correlated with liver stiffness independent of all
covariates (Supplementary Tables 1 and 2). We also noted a
trend toward higher sIL-6R and sgp130 in NASH patients
with advanced fibrosis stage versus FO-F1 (Fig. 6E and F)
(sIL-6R, adjustment with model 1, P = 0.07, and model 2, P =
0.05; sgp130, adjustment with model 1, P = 0.11, and model 2,
P =0.12), while only plasma sgp130 was significantly higher in
obese subjects with F4 fibrosis compared with all other stages
(Fig. 6]) (adjustment with age, sex, BMI, diabetes, and metfor-
min; P < 0.001). Taken together, data from both cohorts sug-
gest that increased circulating sgp130 can indicate liver fibrosis
in NAFLD.

Liver stiffness (measured with MRI/MRE) is highly related
to fibrosis but also influenced by inflammation and steatosis
(36). Activity score is a composite value of indices given for
histological evidence of inflammation (lobular and/or portal)
and hepatocyte ballooning (an indication of hepatocyte dam-
age). Plasma IL-6, sIL-6, and sgp130 did not correspond with
activity score in either cohort (Supplementary Fig. 6A-F).
Hepatocyte ballooning trended higher with increased plasma
IL-6, and portal inflammation trended higher with increased
plasma sIL-6R (Supplementary Fig. 6G and L). No associa-
tions were noted with lobular inflammation. Since metabolic
inflammation is intimately linked to diabetes, we investigated
whether diabetes influenced these associations. Interestingly,
when considering only subjects with both NAFLD and diabe-
tes, all IL-6 trans-signaling components were associated with
hepatocyte ballooning (Fig. 7A-C) and sgp130 was significantly
associated with increased portal inflammation and fibrosis
(Fig. 7E and F). Thus, diabetes accentuated associations of IL-6
and sgp130 with liver pathology in NAFLD, suggesting that en-
hanced IL-6 trans-signaling in diabetes may exacerbate NASH.

DISCUSSION

In this study we explored relationships among three com-
ponents of the IL-6 signaling pathway (IL-6, sIL-6R, and
sgp130), diabetes, and steatotic liver disease. We provide
novel data showing that in people with NAFLD, diabetes
and hyperglycemia are associated with higher plasma con-
centrations of IL-6 trans-signaling mediators. Our data in
cell lines suggest that high blood glucose and lipids promote
ADAMI10 activation and proteolytic cleavage of gp130, po-
tentiating sgp130 secretion from hepatic stellate cells along
with IL-6 (Fig. 8). In line with IL-6 trans-signaling playing a
role in NAFLD pathobiology, higher plasma sgp130 strongly
correlated with liver stiffness and was associated with histo-
logical evidence of liver fibrosis. IL-6 trans-signaling was
also associated with liver inflammation in people with con-
current diabetes.
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Higher IL-6 is often observed in metabolic disease
(5,12-14,37-39), but much less is known about its circulating
coreceptors or how their secretion is regulated. Our data sup-
port the liver as a possible source for the circulating compo-
nents of IL-6 trans-signaling in NAFLD (sIL-6R and sgp130).
Most notably, all three circulating IL-6 trans-signaling com-
ponents were further increased in concomitant diabetes. We
show that different liver cell types secrete components of the
complex and their secretion is influenced by high glucose
and lipids, and we report higher circulating IL-6 and sgp130
in NAFLD/NASH aligning with increases seen in alcoholic
steatotic liver disease (11). Circulating sIL-6R in both our co-
horts were within normal ranges (25), while in a previous
study investigators found increased plasma sIL-6R in NASH
(40). However, we did not include healthy subjects for direct
comparison.

There are close relationships between hyperglycemia and
chronic liver disease. High blood glucose positively correlates
with hepatic insulin resistance, which can result in excessive
fat accumulation. Elevated blood glucose can also amplify
oxidative stress and trigger secretion of inflammatory cyto-
kines, creating a state of low but constitutive inflammation
that damages liver cells and plays a critical role in develop-
ment of liver fibrosis (41). Our data showing a relationship
between circulating IL-6 coreceptors and HbA;,, together
with in vitro data linking increased sgp130 secretion from
stellate cells in response to glucolipotoxicity, lead us to pro-
pose that IL-6 trans-signaling plays a direct role in the
unique pathogenesis of NAFLD associated with diabetes.

The physiological role of IL-6 trans-signaling within liver
is controversial. Total ablation of hepatic IL-6 signaling in
mice causes steatosis and fibrosis (40), but this does not dis-
criminate between classical- and trans-signaling. Activation
of both classical and trans IL-6 signaling is associated with in-
creased cellular proliferation via STAT3, but trans-signaling
seems to prolong activation (42). Blockade of IL-6 trans-
signaling with sgp130 decreases liver regeneration following
partial hepatectomy (43), while activation of IL-6 trans-
signaling promotes regeneration (44,45) and aggravates
liver cancer in mice (46,47). In our study, the strong corre-
lation between sgp130 and liver stiffness/fibrosis suggests
that increased IL-6 trans-signaling (IL-6 and sIL-6R) might
promote repair in response to liver damage or inflamma-
tion. Since sgp130 acts as a natural inhibitor for IL-6 trans-
signaling, higher secretion (i.e., by glucolipotoxicity) could
inhibit repair and promote NASH progression. However,
our ability to draw mechanistic links is limited by the cor-
relative nature of human data; thus, further investigation
is needed to determine whether decreased local IL-6 trans-
signaling could be responsible for worsening inflammation
and/or fibrosis in NAFLD.

Limitations of our study include use of isolated, immortal-
ized cell lines and lack of an in vivo model. It is difficult to tar-
get IL-6 alone, differentiate classical versus trans-signaling, or
isolate tissue-specific roles using available mouse models. In-
terestingly, transgenic overexpression of human sgp130 in
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mice does not exacerbate diet-induced NAFLD (48,49), but
chronic increases may promote obesity and fatty liver with
age (50), suggesting that decreased trans-signaling could po-
tentiate metabolic disease.

One interesting possibility stemming from our data is
that plasma sgp130 (alone or in combination with sIL-6R)
might be an effective, noninvasive method to predict the
severity of liver disease in NASH. We present this as a
hypothesis-generating observation and recognize that a
larger sample size and additional analysis are required to
test whether IL-6 trans-signaling proteins are biomarkers
of NAFLD/NASH. Yet, we found it interesting that while
sgp130 correlates very well with liver stiffness by MRI/
MRE, its correlation with the stage of histological fibrosis
was less pronounced. Liver fibrosis in biopsies is scored
based on collagen staining, while MRE-determined liver
stiffness is influenced by fibrosis, inflammation, and stea-
tosis (32-34). sgp130 is a component of an inflammatory
pathway, which could explain its stronger correlation with
liver stiffness versus collagen (a late consequence of dam-
age). Our data may also suggest that high sgp130 repre-
sents active NASH (i.e., inflammatory state) instead of
collagen deposition (fibrosis).

In conclusion, our data support that circulating compo-
nents of the IL-6 trans-signaling system correlate with
NAFLD/NASH pathogenesis and that liver may be a source
of these mediators in metabolic disease. Our data also sug-
gest a link between diabetes and/or hyperglycemia and he-
patic IL-6 trans-signaling. Strong associations of IL-6, sIL-6R,
and sgp130 with liver pathobiology imply that these circulat-
ing proteins may be locally involved in NAFLD pathogenesis
and suggest further investigation into whether higher plasma
levels indicate liver damage, particularly in people with con-
current NAFLD and diabetes.
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