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ABSTRACT
The role of visceral white adipose tissue (vWAT) in the progression of non-alcoholic liver disease (NAFLD) 
with its sub entities non-alcoholic fatty liver and steatohepatitis (NAFL; NASH) is underinvestigated. We thus 
explored mechanisms of fibrosis and regulated cell death in vWAT and liver tissue. In NAFLD, women 
displayed significantly more fibrosis in vWAT than men, and collagen 1α mRNA expression was significantly 
upregulated. The degrees of fibrosis in vWAT and liver tissue correlated significantly. The size of vWAT- 
resident adipocytes in NAFLD correlated negatively with the local degree of fibrosis. The extent of 
apoptosis, as measured by circulating M30, positively correlated with the degree of fibrosis in vWAT; 
necrosis-associated HMGB1 mRNA expression was significantly downregulated in vWAT and liver tissue; (iii) 
necroptosis-related RIPK-3 mRNA expression was significantly upregulated in vWAT; and autophagy- 
related LC3 mRNA expression was significantly downregulated in vWAT, while upregulated in the liver. 
Thus, the different cell death mechanisms in the vWAT in NAFLD are regulated independently while not 
ruling out their interaction. Fibrosis in vWAT may be associated with reduced adipocyte size and thus 
partially protective against NAFLD progression.
Abbreviations: ATG5: autophagy related 5; BAS: bariatric surgery; BMI: body mass index; ELISA: 
enzyme-linked immunosorbent assay; EtOH: ethanol; FFAs: free fatty acids; HCC: hepatocellular 
carcinoma; HMGB1: high-mobility group box 1 protein; IHC: immunohistochemistry; IL: interleukin; 
LC3: microtubule-associated proteins 1A/1B light chain 3B; M30: neoepitope K18Asp396-NE dis
played on the caspase-cleaved keratin 18 fragment; M65: epitope present on both caspase- 
cleaved and intact keratin 18; NAFL: non-alcoholic fatty liver; NAFLD: non-alcoholic fatty liver 
disease; NAS: NAFLD activity score; NASH: non-alcoholic steatohepatitis; NLRP3: nucleotide- 
binding oligomerization domain, leucine-rich repeat and pyrin domain containing 3; qRT-PCR: 
quantitative real-time polymerase-chain reaction; r: Pearson’s correlation coefficient (r); rs: 
Spearman’s rank correlation coefficient; RIPK3: receptor-interacting serine/threonine-protein 
kinase 3; T2DM: type 2 diabetes mellitus (T2DM); TUNEL: terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labelling; vWAT: visceral WAT; WAT: white adipose tissue
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Introduction

Recent studies estimate the global prevalence of non- 
alcoholic fatty liver disease (NAFLD) at ~25% (10– 
40%) of the adult population, and it is the most 

common liver disease in children and adolescents in 
developed countries [1]. Thus, non-alcoholic fatty liver 
(NAFL) and its inflammatory progressive form, non-
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alcoholic steatohepatitis (NASH), are becoming the 
leading cause of liver-related morbidity and mortality, 
with NASH being a primary indication for liver trans
plantation [1–4]. Excess fat accumulation in hepato
cytes is found in NAFL, and NASH is characterized 
by additional portal and lobular inflammation, plus 
hepatocyte injury. A subset of patients develops fibro
sis, which can progress to cirrhosis. Also, hepatocellular 
carcinoma (HCC) and cardiovascular complications are 
co-morbidities of NAFL and NASH [5,6]. Obesity and 
the metabolic syndrome are common underlying fac
tors of NAFLD, which is closely associated with insulin 
resistance. Genetic and epigenetic factors might explain 
interindividual variations in disease phenotype, sever
ity, and progression. To date, no effective medical 
interventions exist that completely reverse the disease 
other than lifestyle changes, dietary alterations and, 
possibly, bariatric surgery (BAS). However, several stra
tegies that target pathophysiological processes such as 
an oversupply of fatty acids to the liver, cell injury, and 
inflammation are currently under investigation. 
NAFLD can be detected by ultrasonographic or MRI 
imaging, but NASH can only be diagnosed by liver 
biopsy/histology as the gold standard. Thus, non- 
invasive strategies are being evaluated to replace or 
complement biopsies, especially for follow-up monitor
ing [3,7].

Fibrosis in general is associated with repetitive tissue 
injury, chronic inflammation, and repair. It is generally 
considered an end-stage condition causing organ dys- 
and malfunction that eventually leads to the organ’s 
demise as seen in liver, kidney, pulmonary, and cardiac 
diseases [8–10]. In NAFLD, liver fibrosis is character
ized by the accumulation of extracellular matrix com
ponents (including collagen) and indicates disease 
progression [8,11]. Although the complete pathophy
siology of NAFLD is still ill-defined, it is the hepatic 
manifestation of the metabolic syndrome as defined by 
morbid obesity, hypertension, dyslipidemia, and raised 
blood glucose [12–15]. The metabolic syndrome devel
ops due to insulin resistance, the altered release of 
lipids and free fatty acids (FFAs) from adipocytes, and 
the chronic subcutaneous inflammation of white adi
pose tissue [16,17]. Therefore, visceral white adipose 
tissue (vWAT) might play a similarly important role 
in the development and progression of NAFLD [18,19]. 
Still, it remains unknown whether vWAT contributes 
to the development of liver fibrosis [18–21]. We thus 
investigated whether vWAT in morbid obesity exhibits 
fibrosis and if vWAT fibrosis may be associated with 
NASH or liver fibrosis in NAFLD. Adiponectin is an 
adipokine with reduced concentrations in obesity 

[22,23]. We investigated if adiponectin concentrations 
might be affected by vWAT fibrosis, as circulating 
adiponectin levels rise during the development of liver 
fibrosis [24].

Since the interaction between different types of cell 
death might be essential in the pathogenesis and progres
sion of NAFLD [25], we also examined a potential associa
tion between cell death in vWAT and the occurrence of 
fibrosis. In particular, we investigated the magnitude and 
correlations of regulated cell death mechanisms (apoptosis, 
necrosis, necroptosis, pyroptosis, and autophagy- 
dependent cell death) [26] in vWAT and liver tissue in 
NAFLD. Identifiers applied by us were (i) the neo-epitope 
M30 exposed upon caspase 3-dependent cleavage of cyto
keratin 18 for apoptosis [27]; (ii) the mRNA expression of 
high-mobility group box 1 protein (HMGB1) for necrosis 
[28]; (iii) the receptor-interacting serine/threonine-protein 
kinase 3 (RIPK3) for necroptosis (a hybrid mechanism of 
apoptosis and necrosis) [29–31]; (iv) the inflammasome 
NOD-, LRR- and pyrin domain-containing protein 3 
(NLRP3) for pyroptosis, which triggers the production 
and release of the pro-inflammatory cytokines interleukin 
(IL)-1β and IL-18 [32]; and (v) for autophagy-dependent 
cell death, the expression of microtubule-associated pro
teins 1A/1B light chain 3B (LC3) [33] as the most promi
nent marker of autophagosomes [34], the autophagy 
related 5 (ATG5) protein [35], and Beclin-1 [36].

Results

In NAFLD, collagen 1α mRNA expression is 
significantly upregulated in vWAT, and collagen 
deposition in vWAT and liver tissue is correlated

In a cohort of 84 morbidly obese patients with NAFLD 
(63 females; 21 males/age range: 46–84 years) with 
vWAT and liver tissue available, we analysed associa
tions of fibrosis and cell death processes in both tissues. 
Basic and demographic data of the patient cohort can 
be found in Table 1.

In morbidly obese patients with NAFLD, a larger 
area of vWAT was Sirius Red positive compared to 
controls, indicating more vWAT fibrosis in patients 
with NAFLD (Figure 1(a-c)). Fibrosis in vWAT was 
generally more prominent in older patients than in 
younger individuals (Figure 1(d)). Interestingly, the 
extent of fibrosis was inversely correlated with the 
BMI (Figure 1(e)). Women were more frequently 
affected by fibrosis in vWAT than men (Figure 1(f)). 
However, we found no sex-related difference in the 
expression of collagen 1α mRNA in vWAT (Figure 1 
(g)). The extent of fibrosis in vWAT did not differ
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between patients with NAFL and NASH (Figure 1(h)). 
Nevertheless, NASH patients exhibited a higher expres
sion of collagen 1α mRNA in vWAT than patients with 
NAFL (Figure 1(i)). T

The expression of collagen 1α mRNA was signifi
cantly upregulated in the vWAT of patients vs. controls 
(Figure 1(j)), while its expression in the patients’ liver 
tissue was slightly lower than in the controls (Figure 1 
(k)). The expression of collagen 1α mRNA and the 
extent of fibrosis in vWAT showed no correlation 
(Figure 1(l)). Finally, the amount of fibrosis in vWAT 
and liver tissue from the same patients showed 
a significant positive correlation (Figure 1(m)).

In NAFLD, the size of vWAT-resident adipocytes 
negatively correlates with extent of fibrosis in 
vWAT, and serum adiponectin levels are 
significantly downregulated in NASH

Concentrations of circulating adiponectin did not sig
nificantly correlate with the degree of fibrosis in vWAT 
(Figure 2(a)), while the adipocyte diameters negatively 
correlated with collagen deposition in this tissue 
(Figure 2(b)). When adipocytes in vWAT were grouped 
according to diameters of ≤125 µm vs. >125 µm, there 
was a statistically significant difference between the 
extent of fibrosis in patients with smaller vs. larger 
vWAT-resident fat cells (Figure 2(c)). Thus, the results 
in Figures 2(b-c) jointly confirm that the presence of 
hypertrophic adipocytes in vWAT is associated with 
a lower degree of collagen deposition in this tissue. 
There was no difference between patients with smaller 
and larger adipocytes in the systemic adiponectin con
centrations (Figure 2(d)). However, serum adiponectin 
levels were significantly downregulated in patients with 
NASH as opposed to those with NAFL (Figure 2(e)).

In NAFLD, the extent of apoptosis and fibrosis are 
correlated in vWAT

We found a positive correlation between serum M30 
(surrogate marker for apoptosis) and the degree of 
fibrosis in vWAT. In contrast, no correlation was 
found between M65 (overall cell death marker) and 
vWAT fibrosis (Figure 3(a-b)). No correlations were 
observed between M30 or M65 and collagen deposition 
in liver tissue (Supplementary Figure 1 A, B). There 
was no difference between patients with NAFL and 
NASH in serum M30, while NASH patients displayed 
significantly higher M65 serum levels than NAFL 
patients (Figure 3(c-d)). There was no difference in 
serum levels of M30 and M65 or number of TUNEL- 
positive cells in vWAT between women and men 
(Figure 3(e-g)). No significant correlation was found 
between the numbers of TUNEL-positive cells and the 
degree of fibrosis (Figure 3(h)). Representative photo
micrographs of TUNEL-positive cells in vWAT of 
NAFLD patients are shown in Figure 3(i-j).

In NAFLD, necrosis-associated HMGB1 mRNA 
expression is significantly downregulated in vWAT 
and liver tissue

HMGB1 transcription was significantly downregulated 
in liver tissue and vWAT of patients with NAFLD 
compared to controls (Figure 4(a-b)). No difference in 
HMGB1 mRNA expression was observed between 
patients with NAFL and NASH in vWAT or liver tissue 
(Figure 4(c-d)). mRNA expression of HMGB1 was not 
correlated between vWAT and liver tissue (Figure 4(e)). 
Regarding the mRNA expression of HMGB1 and col
lagen 1α mRNA expression or the amount of collagen 
deposition in vWAT (by Sirius Red), respectively, we
found no significant correlations (Figure 4(f-g)).

Table 1. Demographical and clinical characteristics of the patient cohort.
Parameters Total population Women Men Reference values

Sample size [n] 84 63 21 –
Age [years (range)] 44.17 (24–66) 43.70 (24–66) 45.45 (31–63) –
BMI [kg/m2]a 51.92 ± 8.62 51.90 ± 8.58 52.07 ± 8.99 18–26
NAS [median (range)] 3 [1–7] 3 [1–7] 3 [1–7] –
NAFL/NASH 63 (75.0%)/19 (22.6%) 35 (55.5%)/26 (41%) 13 (62%)/8 (38.0%) –
Adipocyte diameter [μm]a 132.29 ± 21.98 131.48 ± 21.82 134.72 ± 22.91 –
AST [U/l]a 

ALT [U/l]a 

γ-GT [U/l]a 

Creatinine [mg/dl]a 

Total cholesterol [mg/dl]a 

LDL [mg/dl]a 

HDL [mg/dl]a 

FBG [mg/dl]a 

HbA1c [%]a 

Quick value [%]

28.61 ± 12.30 
34.58 ± 19.26 
40.12 ± 30.58 

0.79 ± 0.30 
203.00 ± 37.72 
134.78 ± 33.52 
48.01 ± 12.82 

104.07 ± 51.42 
6.02 ± 1,63 

97.52 ± 5.40

28.05 ± 13.34 
32.61 ± 18.46 
35.57 ± 24.07 

0.75 ± 0.32 
205.9 ± 36.32 
137.0 ± 32.85 
49.36 ± 12.09 
105.9 ± 56.53 

5.96 ± 1,72 
98.35 ± 5.91

30.18 ± 8.89 
40.05 ± 20.77 
52.73 ± 42.07 

0.90 ± 0.21 
195 ± 41.39 

128.50 ± 35.46 
44.10 ± 14.32 
98.85 ± 33.88 

6.15 ± 1.38 
97.50 ± 3.80

<35 
<35 
<35 

0.6–1.1 
<200 
<160 
>40 

74–99 
<5.7 

70–130

AST aspartate aminotransferase, ALT alanine aminotransferase, BMI body mass index, FBG fasting blood glucose, γ-GT glutamyl transferase, HbA1c 
haemoglobin A1c, HDL high-density lipoprotein, LDL high-density lipoprotein, NAS NAFLD activity score, NAFL Non-alcoholic fatty liver (defined as NAS 
≤ 4), NASH Non-alcoholic steatohepatitis (defined as NAS > 4), SD standard deviation. 

aMean ± SD. 
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Figure 1. Fibrosis and collagen 1α mRNA expression in vWAT or liver tissue. A–C Sirius Red staining for collagen within vWAT 
of patients who underwent bariatric surgery. Shown are representative photomicrographs of collagen deposition in vWAT samples 
obtained from three different patients (magnification: x10 by light microscopy, and see the µm bars). Quantification was performed 
for n = 4 fields of view per 67 samples. D The age of the patients correlated positively with the extent of fibrosis in vWAT (n = 59). 
E In contrast, the BMI correlated negatively with fibrosis (n = 58). F A significantly greater extent of fibrosis was found in vWAT of 
women compared to men. G However, no differences in collagen 1α mRNA expression were detected in the vWAT of female and 
male NAFLD patients. H, I The amount of collagen deposition (h) and collagen 1α mRNA expression (i) did not differ in vWAT of 
patients with NAFL and NASH. J Collagen 1α mRNA expression was significantly upregulated in the vWAT of patients compared to 
controls. K In contrast, collagen 1α mRNA expression was lower in the patients’ liver tissue compared to controls. L In vWAT, 
collagen 1α mRNA expression and the degree of fibrosis were not correlated (n = 30). M The degree of fibrosis in vWAT and liver 
tissue of NAFLD patients correlated significantly (n = 26). Statistics: *: p ≥ 0.01 to 0.05; **: p ≥ 0.001 to 0.01; ***: p < 0.001/r: 
Pearson’s correlation coefficient.
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In NAFLD, RIPK-3 mRNA expression is significantly 
upregulated in vWAT, and is correlated to 
circulating IL-18

We found significantly upregulated mRNA expres
sion of RIPK3 in vWAT in NAFLD patients com
pared to controls (Figure 5(a)). There was no 
significant correlation of RIPK3 mRNA expression 
in vWAT with the extent of fibrosis in vWAT 
(Figure 5(b)).

As RIPK3 and NLRP3 interact in inflammasome 
activation, we quantified the expression of NLRP3 
mRNA in vWAT and liver tissue of patients with 
NAFLD (Figure 5c, d). In vWAT there was no signifi
cantly different NLRP3 expression between patients 
with NAFLD and controls (Figure 5c), though a much 
broader interindividual variance in NAFLD was 

observed. In liver tissue, expression of NLRP3 mRNA 
was significantly reduced in patients with NAFLD com
pared to controls (Figure 5d). We next determined the 
expression of IL-18 mRNA downstream of possible 
NLRP3 activation. Both in vWAT and liver tissue, 
there was a much greater interindividual variance of 
IL-18 mRNA expression in NAFLD patients, but no 
difference between controls and patients (Figure 5e, 
f). We also measured associated serum levels of pro- 
IL-1β, IL-1β, and IL-18 (Figure 5g-k). While serum IL- 
18 levels did not differ between patients and controls 
(not shown), vWAT RIPK3 mRNA expression and 
serum IL-18 concentrations were significantly corre
lated (Figure 5i). Pro-IL-1β and IL-1β serum concen
trations were detectable in 27 (pro-IL-1β) and 11 (IL- 
1β) patients. IL-1β serum concentrations were corre
lated to liver mRNA expression of IL-1β and serum

Figure 2. Fibrosis in vWAT is inversely correlated to adipocyte size. A Adiponectin serum levels were not correlated with the 
extent of vWAT fibrosis (n = 28). B The adipocytes’ diameters were significantly inversely correlated with vWAT fibrosis (n = 47). C In 
vWAT, significantly less fibrosis occurred in the presence of larger adipocytes. D Adiponectin concentrations were not significantly 
different between patients with small or large adipocytes’ diameters. E We identified significantly lower adiponectin concentrations 
in NASH patients when compared to patients with NAFL. Statistics: *: p ≥ 0.01 to 0.05; **: p ≥ 0.001 to 0.01; ***: p < 0.001/r: 
Pearson’s correlation coefficient.
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Figure 3. Serum M30 concentrations but not M65 concentrations are correlated to vWAT collagen deposition. A–B 
Correlation of cell death serum markers M30 and M65 to fibrosis in vWAT (n = 67). A We found a significantly positive correlation 
between M30 (indicating apoptosis only) and the degree of fibrosis (n = 54). B In contrast, M65 (covering both apoptosis and 
necrosis) did not correlate with fibrosis (n = 56). C–F Cell death markers M30 and M65 in the sera of patients with NAFL vs. NASH, 
and in male vs. female patients with NAFLD. C M30 did not differ significantly between NAFL and NASH. D In contrast, M65 was 
significantly higher in NASH than in NAFL, which indicates elevated non-apoptotic cell death in NASH when compared to NAFL. 
Neither the levels of M30 (e) nor those of M65 (f) showed significant sex-specific differences. G The number of TUNEL-positive cells 
did not differ significantly between men and women. H No significant correlation was found between TUNEL-positive cells and 
fibrosis (n = 25). I and J Representative photomicrographs of TUNEL-positive cells (green) in paraffin vWAT sections of NAFLD 
patients (arbitrarily designated ‘#1’ and ‘#2’) by fluorescence microscopy. Nuclei were counterstained with DAPI (blue). Magnification: 
x20. Statistics: *: p ≥ 0.01 to 0.05; **: p ≥ 0.001 to 0.01; ***: p < 0.001/r: Pearson’s correlation coefficient.
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Figure 4. HMGB1-expression in vWAT and liver tissue of NAFLD is reduced. A–D HMGB1 mRNA expression in vWAT and liver 
tissue of NAFLD patients compared to controls, and differentiated between NAFL and NASH. A and B Compared to the controls, 
HMGB1 mRNA expression was significantly downregulated in both vWAT and liver tissue of NAFLD patients. C and D HMGB1 mRNA 
expression was not statistically significantly different in vWAT or liver of patients with NASH vs. NAFL. E–H No significant correlations 
between HMGB1 mRNA expression and expression of collagen 1α mRNA expression or collagen deposition in vWAT and liver of 
NAFLD patients were observed (E: n = 39; F: n = 33; G: n = 33; H: n = 36). Statistics: *: p ≥ 0.01 to 0.05; **: p ≥ 0.001 to 0.01; ***: 
p < 0.001. r: Pearson’s correlation coefficient.
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Figure 5. RIPK3 expression is increased in vWAT and NLRP3 expression is decreased in liver tissue of patients with NAFLD. 
A–B Necroptosis: RIPK3 mRNA expression in vWAT of NAFLD patients vs. controls, and RIPK3 mRNA correlation with collagen 
deposition in vWAT of NAFLD patients. A In vWAT of NAFLD patients, RIPK3 mRNA expression was significantly upregulated 
compared to the controls. B The expression of RIPK3 mRNA did not correlate with collagen deposition in the patients’ vWAT (n = 31). 
C–F Pyroptosis: NLRP3 and IL-18 mRNA expression in vWAT and liver tissue of NAFLD patients vs. controls. C In vWAT NLRP3 mRNA 
expression did not differ between patients with NAFLD and controls. D NLRP3 mRNA expression in liver tissue from patients was 
significantly downregulated compared to controls. Neither vWAT (e) nor liver tissue (f) revealed significant differences of IL-18 mRNA 
expression between patients and controls. We next determined serum concentrations of the cytokines pro-IL-1β/IL-1β and IL-18, 
which are released upon NLRP3-inflammasome activation. However, results have to be considered with caution since detectable 
serum concentrations were present only in 27 patients for pro-IL-1β and in 11 patients for IL-1β. Still the hepatic IL-1β mRNA 
concentration and its serum-borne protein were highly correlated (n = 7; G) as well as serum concentrations of pro-IL-1β and IL-1β 
(n = 7; H). (i) Serum IL-18 showed a positive correlation with the expression of RIPK3 mRNA in the liver (n = 42). There were no 
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levels of pro-IL (Figure 5g, h) and were significantly 
lower in patients with hepatocellular ballooning 
(Figure 5k). Serum concentrations of pro-IL-1β were 
significantly higher in male patients with NAFLD 
(Figure 5j), and inversely correlated to collagen deposi
tion in vWAT (Supplementary Figure 1c).

In NAFLD, autophagy-related LC3 mRNA expression 
is significantly downregulated in vWAT, but 
significantly upregulated in the liver

The mRNA expressions of the autophagy-related pro
teins LC3, ATG5, and Beclin-1 were measured in 
vWAT and liver tissue. In addition, we quantified 
ATG5-positive cells in vWAT tissue by IHC. While 
LC3 mRNA expression was significantly downregulated 
in vWAT of NAFLD patients (Figure 6a), it was sig
nificantly upregulated in liver tissue of NAFLD patients 
compared to controls (Figure 6d). Neither mRNA of 
ATG5 nor Beclin-1 mRNAs differed significantly 
between patients and controls in vWAT or liver tissue 
(Figure 6b, c, e, f). Notably, strongly contrasted its 
downregulation in vWAT (Figure 6a). The LC3 and 
ATG5 mRNA expressions (but not those of Beclin-1) 
in vWAT of NAFLD patients were significantly corre
lated with M30 serum levels (Figure 6g, h, i). The 
number of ATG5-positive cells was significantly corre
lated with the degree of collagen deposition (Figure 6k) 
but not with the expression of collagen 1α mRNA 
(Figure 6j) in the vWAT of NAFLD patients. The 
expression of ATG5 mRNA was significantly correlated 
with collagen 1α mRNA expression in vWAT 
(Figure 6l).

Discussion

Fibrosis causes up to 45% of all deaths in industrialized 
countries. It results from a dysregulated wound healing 
response following tissue injury, can affect any organ, 
and covers a wide spectrum of manifestations that can 
develop towards chronic fibrosis and the induction and 
progression of cancer [37]. More advanced stages of 
fibrosis usually go along with chronic inflammation 
and tissue injury [38,39]. A possible contribution of 
adipose tissue fibrosis to NAFLD has not been investi
gated in humans, in depth. We here showed that the 
profibrotic deposition of extracellular matrix in the 
vWAT of morbidly obese patients with NAFLD (i) 

increases with age; (ii) is sex-specific, with women 
displaying a greater degree of fibrosis than men; and 
(iii) occurs inversely to the presence of hypertrophic 
adipocytes as smaller adipocytes were correlated with 
more collagen deposition fibrosis.

WAT regulates energy homoeostasis and, by storing 
triglycerides, serves as a systemic energy reservoir [40]. 
Excess energy is managed by the increase of adipocytes 
in size (hypertrophy) and number (hyperplasia). 
Mature small adipocytes (<20 µm to <70 µm diameter) 
can expand into large (~70–120 µm) and very large 
adipocytes, reaching a maximum diameter of 
~300 µm [41]. We earlier demonstrated that the occur
rence of very large adipocytes correlates with increased 
inflammatory activity and the incidence of NAFLD, 
T2DM, and other metabolic disorders [42]. These find
ings were complemented by results of other groups 
showing that adipocyte hypertrophy goes along with 
dysregulated adipocyte differentiation, enlargement of 
lipid droplets, an impaired insulin response and glucose 
uptake, increased FFA secretion, abnormal adipocyte 
osmolarity sensors, increased release of proinflamma
tory cytokines, exacerbation of hypoxia, excessive col
lagen deposition, and decreased adiponectin secretion. 
All of these aspects contribute to the dysregulation of 
systemic energy metabolism in morbid obesity [41,43], 
which suggests that the increase in adipocyte size and 
the ratio of large to small adipocytes might accelerate 
the development of NAFLD and T2DM [43].

Our present study demonstrates that the degree of 
fibrosis in vWAT inversely correlated with BMI and the 
size of vWAT-resident adipocytes. Fibrosis was thus 
mainly detected in vWAT areas populated with smaller 
adipocytes. Earlier findings already indicated that fibro
sis limits the hypertrophic and excessive expansion of 
adipocytes [42,44–46]. As reviewed by Sun et al., the 
results of multi-variate analyses in morbid obesity sug
gest that visceral fibrosis may limit adipocyte size 
whereby positively impacting circulating triglyceride 
levels. Visceral fibrogenesis might be induced as an 
adaptive mechanism mitigating negative effects result
ing from hypoxia in rapidly expanding adipose tissue 
[47]. These findings are in line with our own 
observations.

The hypothesis of protective vWAT fibrosis is 
further supported by an inverse correlation of collagen 
deposition in vWAT and BMI of morbidly obese 
patients (Figure 1e). The systemic concentration of

further correlations between these interleukins with any other parameters tested. (j) Males patients with NAFLD had significantly 
higher IL-1β serum concentrations (females: n = 17; males: n = 11) than women, and (k) there was a highly significant difference 
between patients with hepatocellular ballooning (n = 8) vs. those without ballooning (n = 3). Statistics: *: p ≥ 0.01 to 0.05; **: 
p ≥ 0.001 to 0.01; ***: p < 0.001/r: Pearson’s correlation coefficient; rs: Spearman’s rank correlation coefficient.
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adiponectin decreases in obesity [22,23]. During the 
development of liver fibrosis adiponectin serum con
centrations increase again [24], which is in line with 
our finding that increased fibrosis in vWAT is asso
ciated with increased serum adiponectin levels. We 
detected significantly reduced adiponectin levels in the 
sera of NASH patients compared to those with NAFL 

(Figure 2e); this confirms the findings by Finelli et al. 
who reported lower adiponectin concentrations in 
NASH correlating with a risk of severe disease progres
sion [48]. Because of the absence of sex-specific differ
ences, adiponectin may be considered a potential sex- 
independent marker for evaluating the severity and
progression of NAFLD.

Figure 6. LC3 mRNA is expression is reduced in vWAT of patients with NAFLD and correlated to serum M30. A–C mRNA 
expressions of autophagy-related genes LC3, ATG5, and Beclin-1 in vWAT of NAFLD patients compared to controls. A LC3 mRNA 
expression was significantly reduced in the patients. B and C In contrast, neither the ATG5 nor the Beclin-1 mRNA expressions 
exhibited significant differences between patients and controls. D–F mRNA expressions of autophagy-related LC3, ATG5, and Beclin- 
1 in liver tissue of NAFLD patients compared to controls. D Significantly upregulated expression of LC3 mRNA in patients’ liver tissue 
stood in stark contrast to the findings in vWAT. E and F Neither the ATG5 nor the Beclin-1 mRNA expressions differed significantly 
between the groups. G–I Correlations between the levels of mRNA expressions of LC3, ATG5, and Beclin in vWAT with the soluble 
apoptosis-related cell death marker M30 in NAFLD patients. G and H Statistically significant correlations were found both for the LC3 
(n = 14) and the ATG5 (n = 13) mRNA expressions with M30 serum levels. I The correlation between Beclin-1 mRNA expression and 
M30 was not statistically significant (n = 13). J–L Correlations between collagen 1α mRNA expression or collagen deposition, 
respectively, with ATG5-positive cells, and correlation between ATG5 and collagen 1α mRNA expressions in vWAT of NAFLD patients. 
J Collagen 1α mRNA expression did not correlate with the presence of ATG5-positive cells (n = 27). K Collagen deposition correlated 
positively with the number of ATG5-positive cells (n = 29). L Likewise, the expression of ATG5 mRNA statistically significantly 
correlated with collagen 1α mRNA expression in the vWAT of NAFLD patients (n = 22). Statistics: *: p ≥ 0.01 to 0.05; **: p ≥ 0.001 to 
0.01; ***: p < 0.001/r: Pearson’s correlation coefficient.
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Serum concentrations of the apoptotic cell death 
marker M30 raised proportionally to the increase of 
fibrosis in the vWAT of NAFLD patients (Figure 3a), 
which was not the case for the M65 marker reflecting 
both apoptosis and necrosis (Figure 3b). Unlike in 
patients with other chronic liver diseases, such as hepa
titis B [49], morbidly obese patients with NAFLD did 
not exhibit a correlation between serum M30 or M65 
with collagen deposition in liver tissue. Apart from 
fibrosis M30 was correlated to expressions of the autop
hagy-related mRNAs for LC3, ATG5, and Beclin 1 in 
vWAT (Figure 6g-i). Autophagy is primarily a process 
of tissue maintenance, though uncontrolled autophagy 
may lead to cell death. Hence, autophagy may account 
for at least a portion of the increased cellular death rate 
found in vWAT of patients with NAFLD [50]. 
However, the here presented mRNA expressions can
not reflect functional activation of autophagic flux. To 
reliably quantify the contribution of autophagy to 
vWAT cell death, further analyses would be required.

The high-mobility group protein, HMGB1, serves as 
a (co-)transcription factor and as a chemoattractant, 
and elevated serum levels of HMGB1 can signify sever
ity of a pathological condition, especially, related to 
necrotic cell death [51–53]. Intranuclearly, it enhances 
the expression of certain genes by increasing access to 
transcription factors [54]. To our knowledge, we here 
for the first time investigated the expression of HMGB1 
in tissues from NAFLD patients. In mouse models of 
NAFLD and NASH, the expression of HMGB1 had 
always been found to be consistently upregulated in 
hepatocytes [55]. Surprisingly, we now found the 
exact opposite in both human vWAT and liver tissue 
in NAFLD (Figure 4a, b). If independently confirmed, 
these findings would imply that none of the present 
NAFLD mouse models mirrors HMGB1 expression in 
human hepatocytes in NAFLD.

There are a few limitations to our present study: 
First, we here focus on NAFLD patients with morbid 
obesity only; it thus remains to be clarified whether our 
findings are also representative for less obese patients 
and for the processes in vWAT in general. The retro
spective nature of the dataset is associated with incom
plete data, which limited statistical robustness in some 
analyses. This also implies that impact of medication 
could not be assessed, as detailed medication of indivi
dual patients was unknown. However, for all patients 
included liver histology was available, with fibrosis and 
NAS score as hard reference points for all analyses. 
Second, our study has shown that fibrosing in vWAT 
does not correlate with upregulated collagen 1α mRNA 
expression. Further studies should investigate (i) 
whether other collagen types are involved in vWAT 

fibrosis; (ii) whether matrix metalloproteinases and/or 
their specific endogenous inhibitors influence fibrosis 
extent in vWAT; and (iii) which cell type is responsible 
for extracellular collagen deposition in vWAT. Third, 
more in-depth examinations regarding the cell death 
modes are required to analyse, which pathways are 
actually activated in vWAT in human NAFLD. 
According to our results, the pathology of NAFLD is 
not dominated by one single pathway of regulated cell 
death, but rather presents as an interplay between dif
ferent mechanisms both in vWAT and liver. Another 
limitation is the relatively low number of controls, 
which might also impair statistical robustness in com
parisons between NAFLD patients and controls.

In summary, we demonstrated that collagen deposi
tion in vWAT of morbidly obese patients with NAFLD 
inversely correlates with BMI and adipocyte size, sug
gesting a potentially protective effect against excessive 
adipocyte hypertrophy. In parallel, extent of vWAT 
fibrosis was correlated to liver fibrosis, serum M30 as 
surrogate marker for endothelial apoptosis, and vWAT 
ATG5-positive cells indicating a complex interplay of 
vWAT and liver fibrogenesis on the one hand, and cell 
death in these tissues on the other hand. We believe 
that our findings in human vWAT and liver samples 
suggest that vWAT fibrosis and different cell death 
modes or inflammatory pathways may influence 
NAFLD and possible progression to NASH.

Patients, materials and methods

Ethics

The study protocol conformed to the Declaration of 
Helsinki revised 2008. It was approved by the Ethics 
Committee (Institutional Review Board) of the Medical 
Faculty of the University Duisburg-Essen, Germany 
(file number: 09–4252).

Patients and surgical tissue sampling

The recruited patients were undergoing BAS at the 
Department of General and Visceral Surgery at 
Alfried Krupp Hospital (Essen, Germany). All patients 
met the criteria for surgical weight loss therapy estab
lished by the NIH consensus conference [56], i.e., age 
>18 yrs, body-mass index (BMI) ≥40 kg/m2 or ≥35 kg/ 
m2 with co-morbidities (i.e., hypertension, dyslipide
mia, and hyperglycaemia), failure of medical weight 
loss, absence of medical or psychological contraindica
tions for BAS, and evaluation by a multi-disciplinary 
team of medical, nutrition, psychiatry, and surgical 
specialists. Patients received a single lesson of dietary
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and activity counselling 6 months prior BAS. No calorie 
restriction was imposed during this time, weight 
change prior BAS was not recorded. Patients were 
educated about intraoperative risks of wedge liver and 
vWAT biopsy and provided written informed consent. 
BAS was carried out laparoscopically as described 
before [57]. Briefly, operations were either performed 
as Roux-en-Y gastric bypass, sleeve gastrectomy, or 
gastric banding according to the surgeons’ decision. 
Wedge liver biopsies and samples of vWAT adjacent 
to the liver towards the median plane were obtained 
upon laparoscopic intervention. Intraoperatively, the 
excision of liver biopsies and vWAT was followed by 
appropriate coagulation; vWAT was sampled by ultra
sound dissection during surgery. In addition, the provi
sion of anthropometric patient data and routine 
laboratory parameters was ensured.

We excluded patients aged ≤18 or >65 years with 
liver pathologies other than NAFLD, history of organ 
transplantation, history of malignancy within the pre
vious 5 years, alcohol abuse (women: >10 g/day; men: 
>20 g/day), drug abuse within the previous year, auto
immune or genetic disorders, therapy with immuno
suppressive or hepatotoxic agents, or documented other 
known causes of secondary fatty liver diseases (e.g., 
viral hepatitides, toxic liver diseases, and/or metabolic 
liver diseases). A cohort of 84 patients (63 females; 21 
males/age range: 46–84 years) complying with these 
criteria was identified. For patients’ characteristics, see 
Table 1.

Control samples

Healthy liver tissue, vWAT and serum samples were 
collected from different sources of non-obese and 
disease-free individuals. The sample size of serum 
controls was n = 14 in total, with eight women, 
four men, and two persons of unknown sex. vWAT 
was sampled from four females, one male, and two 
patients of unknown sex during non-BAS abdominal 
surgery. Wedge liver biopsies for healthy liver tissue 
were obtained from four female and three male 
brain-dead liver transplant donors. No further infor
mation is available on these individuals. In the latter 
cases, written permission from the next of kin was 
obtained.

Sample preparation and general histology

Liver tissue samples were split and immediately trans
ferred into 4% paraformaldehyde and RNAlater (MDL 
No.: MFCD03453003; Merck, Darmstadt, Germany). 
Serial 5-µm sections of paraffin embedded liver tissue 

were stained with haematoxylin/eosin and an experi
enced pathologist (H.A. Baba) determined the NAFLD 
activity score (NAS) [58]. For the present analysis, 
a NAS of 1–4 was classified as NAFL, and a NAS of 
≥5 as NASH.

vWAT was also fixed in paraffin and 5-µm sections were 
prepared. Mean adipocyte diameters were calculated from 
>50 individual measurements per sample as described 
before [42]. Each sample was scored in three independent 
fields of vision and by two independent investigators (M. 
Schlattjan, A.-S. Leven). Discordant results were discussed 
and jointly re-evaluated using a conference microscope. 
Sections of vWAT and liver tissue were assessed by Sirius 
Red staining for collagen indicating fibrosis.

Immunohistochemistry (IHC) for ATG5

Briefly, samples were dewaxed by xylene and rehydrated 
with a descending concentration series of ethanol (EtOH)– 
water mixtures (i.e., 100% EtOH: 0% H2O → 90% EtOH: 
10% H2O → 70% EtOH: 30% H2O → 50% EtOH: 50% H2 

O for 5 min, each). Samples were then incubated for 
10 min in PBS. ATG5 binding sites were exposed by 
incubation with proteinase K for 10 min at RT. Next, 
samples were washed twice with 0.1% PBS/Tween, blocked 
with 3% BSA solution for 40 min, and primary anti-ATG5 
rabbit polyclonal to APG5L/ATG5 (Cat. No.: ab228668; 
Abcam plc., Cambridge, UK) was applied at 1:200 in PBS 
for 1 h at RT. Samples were washed three times for 5 min 
with PBS and incubated with Alexa Fluor 488-conjugated 
highly cross-adsorbed secondary donkey anti-rabbit IgG 
(H + L) (Cat. No.: A32790; ThermoFisher Scientific, 
Darmstadt, Germany). After another wash for 5 min in 
PBS, the samples were covered with ProLong Gold 
Antifade Mountant plus DAPI (Cat. No. P36931; 
ThermoFisher Scientific). Data were evaluated quantita
tively for ATG5-positive and -negative cells using the open- 
source program ImageJ and the CellCounter plugin, and 
quotients of ATG5-positive cells per total counted cells per 
field of view were determined.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Isolation of mRNA from tissue and qRT-PCR were 
performed as described before [27]. Briefly, vWAT 
and liver tissue were homogenized in TRIZOL 
(Invitrogen, Karlsruhe, Germany) using a blade homo
genizer (IKA, Staufen, Germany). Total RNA was iso
lated with the RNeasy Mini Kit (Cat. Nos. 74,104 & 
74,106; Qiagen, Hilden, Germany), and the mRNA 
purity and concentration were determined photometri
cally. Samples of 2 mg RNA, each, were then dissolved
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in 100 ml of RNase-free water, and reverse transcrip
tion was performed using the QuantiTect Reverse 
Transcription Kit (Cat. No. 205,311; Qiagen). Levels 
of mRNA expression related to gene products of (i) 
fibrosis (collagen 1α); (ii) necrosis (HMGB1); (iii) 
necroptosis (RIPK3); (iv) pyroptosis (NLRP3; IL-18); 
and (v) autophagy-dependent cell death (ATG5; LC3; 
Beclin-1) were then determined by qRT-PCR using 
hypoxanthine phosphoribosyltransferase 1 as 
a reference gene (cf. Table 2). qRT-PCRs of the 
cDNAs were performed using an iCycler iQ 3.1 thermal 
cycler (Bio-Rad, Hercules, CA, USA) with real-time 
detection system software 3.0a and GenEx software 
(Bio-Rad) in 30-µl reactions containing 15 µl 
QuantiTect SYBR Green master mix (Cat. 
No. 204,141; Qiagen), 2 µl cDNA, 1 µl forward primer, 
1 µl reverse primer (at 10 pmol/ml, each), and 11 µl 
distilled water (primers from Eurofins Genomics, 
Ebersberg, Germany). Amplification was performed 
for 15 min at 95°C, followed by 40 cycles of 30 s at 
95°C, 30 s at 55°C, and 30 s at 72°C. Melting-curve data 
were collected from 95°C to 55°C, at – 0.5°C steps for 
10 s, each. Relative gene expressions vs. healthy controls 
were calculated from the threshold cycles in relation to 
the reference gene and expressed as fold-expression.

Terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labelling (TUNEL)

DNA fragmentation in vWAT due to apoptosis and/or 
of cells that suffered severe DNA damage was detected 
by TUNEL as described before [57,59]. Briefly, 5-µm 
paraffin tissue sections were analysed by the TUNEL 
assay (Cat. No. Cat. No. 11,684,795,910; Roche, 
Mannheim, Germany), which enzymatically labels free 
3ʹ-OH ends of damaged DNA with a fluorophore- 
conjugated nucleotide. Ten high-power fields per 
patient were quantified for fluorescent nuclei at λEX 

= 380 nm and λEM = 430 nm, using an inverted laser 
scanning confocal microscope (LSM 510; Carl Zeiss 
Micro-Imaging, Göttingen, Germany) equipped with 
a × 40 NA 1.4 lens and LSM 510 imaging software. 
Data are expressed as numbers of TUNEL-positive 
cells/10 high-power fields.

Detection of serum marker and interleukin 
concentrations by enzyme-linked immunosorbent 
assay (ELISA)

To measure the concentrations of the cytokeratin epi
topes M30 and M65 and the interleukines pro-IL-1β, 
IL-1β, and IL-18 commercially available ELISA kits 
were employed. Briefly, patients’ sera were analysed 
for M30 and M65 using the M30-Apoptosense (Prod. 
No. 10010) and M65 (Prod. No. 10020) ELISA kits 
(Peviva, Bromma, Sweden) according to the manufac
turers’ instructions and as described before [27]. The 
neo-epitope M30 exposed upon caspase 3-dependent 
cleavage of cytokeratin 18 is a marker for apoptosis, 
while M65 identifies both M30 and intact cytokeratin 
18 and, therefore, indicates both apoptosis and 
necrosis.

Human interleukin serum concentrations were 
determined with commercial ELISA kits for pro-IL-1β 
(SKU: HUFI02788; AssayGenie, Dublin, Ireland), IL-1β 
(Cat. No. BMS224-2; Invitrogen via ThermoFisher 
Scientific) and IL-18 (Cat. No.: BMS267-2; Invitrogen 
via ThermoFisher Scientific), according to the manu
facturers’ instructions. Briefly, 50 µl of patients’ sera 
were admixed with 50 µl of sample diluent provided 
with the respective kits and incubated in the pre-coated 
plates for the times indicated. Detection was performed 
via biotin-labelled antibodies and peroxidase- 
conjugated streptavidin. Colour development of 
3,3′,5,5′-tetramethyl-benzidine was stopped by adding 
acid solution and measured at 450 nm (Multiskan RC, 
Labsystems Diagnostics, Vantaa, Finland). Standard 
curves ranged from 31.3 to 2000 pg/ml for pro-IL-1β, 
from 3.9 to 250 pg/ml for IL-1β, and from 78 to

Table 2. Alphabetical list of human primers used in this study.
Primera Primer sequences (5ʹ to 3ʹ) Ta

ATG5
F ATG_5 5ʹ-TCA.AGT.TCA.GCT.CTT.CCT.TGG-3’ 57.9
R ATG_5 5ʹ-GCA.TCC.TTA.GAT.GGA.CAG.TGC-3’ 59.8
Beclin-1
F Beclin_1 5ʹ-TCA.GCT.CAA.CGT.CAC.TGA.AAA-3’ 55.9
R Beclin_1 5ʹ-GCG.TCT.CCT.TTA.GCT.CCA.TC-3’ 59.4
Collagen
F Collagen 5´-AAC.AGC.CGC.TTC.ACC.TAC.AG-3´ 59.4
R Collagen 5´-GGA.GGT.CTT.GGT.GGT.TTF.GT-3´ 57.3
HMGB1
F HMGB1 5ʹ-AGA.GCG.GAG.AGA.GTG.AGG.AG-3’ 61.4
R HMGB1 5ʹ-ATG.TTT.AGT.TAT.TTT.TCC.TCA.GCG.A-3’ 56.4
HPRT1
F HPRT 5ʹ-CTT.GCG.ACC.TTG.ACC.ATC.TT-3’ 57.3
R HPRT 5ʹ-GAC.CAG.TCA.ACA.GGG.GAC.AT-3’ 59.4
IL-18
F IL-18 5ʹ-CGC.TTT.ACT.TTA.TAG.AAA.ACC.TGG.A-3’ 58.1
R IL-18 5ʹ-GAG.GCC.GAT.TTC.CTT.GGT.CA-3’ 59.4
LC3
F LC_3 5ʹ-CGA.CCG.CTG.TAA.GGA.GGT.A-3’ 58.8
R LC_3 5ʹ-CAG.CTG.CTT.CTC.ACC.CTT.GT-3’ 59.4
NLRP3
F NLRP3 5ʹ-AGA.AGC.TCT.GGT.TGG.TCA.GC-3’ 59.4
R NLRP3 5ʹ-CAA.GGC.ATT.CTC.CCC.CAC.AT-3’ 59.4
RIPK3
F RIPK3 5ʹ- TGG.CCC.CAG.AAC.TGT.TTG.TT −3’ 60.0
R RIPK3 5ʹ- GGA.TCC.CGA.AGC.TGT.AGA.CG −3’ 60.0

ATG5 autophagy related 5, HMGB1 high-mobility group box 1 protein, 
HPRT1 hypoxanthine phosphoribosyltransferase 1, IL-18 interleukin 18, 
LC3 microtubule-associated proteins 1A/1B light chain 3B, NLRP3 nucleo
tide-binding oligomerization domain, leucine rich repeat and pyrin 
domain containing 3, RIPK3 receptor-interacting serine/threonine-protein 
kinase 3, Ta annealing temperature 

aF: forward primer, R: reverse primer. 
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5000 pg/ml for IL-18. Concentrations were calculated 
from the respective standard curves using MS Excel 
2019.

Data analyses and statistics

Analyses were performed using Microsoft Office Excel 
2013 (Microsoft, Redmond, WA, USA) and Prism ver
sions 6.0 and 9.0 for Windows (GraphPad Software, La 
Jolla, CA, USA). Differences between two groups of 
data with a non-normal distribution were compared 
by Mann–Whitney test, and normally distributed data 
were compared with unpaired Student’s t-test, with 
Welch correction in case of significantly different var
iances. Differences between ≥3 groups were assessed by 
ANOVA. The significance level was set at α = 5% for all 
comparisons. Results of group comparisons are pre
sented as box and whisker plots with median, 25% 
and 75 quartiles (box), and range (whiskers).

To assess correlation of two parametrically distribu
ted variables, Pearson’s correlation coefficient (r) was 
applied. Correlations with at least one non- 
parametrically distributed variable were determined by 
Spearman’s rank correlation coefficient (rs).
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