
Life Sciences 317 (2023) 121464

Available online 31 January 2023
0024-3205/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Adipocyte-hepatocyte crosstalk in cellular models of obesity: Role of 
soluble factors 

Francesca Baldini a,b, Farah Diab b, Nadia Serale c, Lama Zeaiter a,b, Piero Portincasa c, 
Alberto Diaspro a,d,e, Laura Vergani b,* 

a Nanoscopy, Istituto Italiano Tecnologia, Via Enrico Melen 83, 16152 Genova, Italy 
b Department of Earth, Environment and Life Sciences (DISTAV), University of Genova, Corso Europa 26, 16132, Genova, Italy 
c Clinica Medica “A. Murri”, Department of Biomedical Sciences and Human Oncology, University of Bari, Medical School, Piazza Giulio Cesare 11, 70124 Bari, Italy 
d Department of Physics (DIFILAB), University of Genoa, Via Dodecaneso 33, 16146 Genoa, Italy 
e Istituto di Biofisica, Consiglio Nazionale delle Ricerche, Via De Marini 6 - Torre di Francia, 16149 Genova, Italy   

A R T I C L E  I N F O   

Keywords: 
Obesity 
Adipocyte hypertrophy 
Co-culture 
Conditioned medium 
Hepatocytes dysfunction 

A B S T R A C T   

Hepatic steatosis is often a consequence of obesity. Adipose tissue is an important endocrine regulator of 
metabolic homeostasis in the body. In obesity, adipocytes become hypertrophic and develop an inflammatory 
phenotype, altering the panel of secreted adipokines. Moreover, excess fatty acids are, in part, released by ad
ipocytes and delivered to the liver. These multiple pathways of adipose-liver crosstalk contribute to the devel
opment and progression of liver disease: TNFα induces hepatocyte dysfunction, excess of circulating fatty acids 
promotes hepatic steatosis and inflammation, whilst adipokines mediate and exacerbate liver injury. In this 
study, we investigated in vitro the effects and mechanisms of the crosstalk between adipocytes and hepatocytes, 
as a function of the different adipocyte status (mature vs hypertrophic) being mediated by soluble factors. We 
employed the conditioned medium method to test how mature and hypertrophic adipocytes distinctively affect 
the liver, leading to metabolic dysfunction. The media collected from adipocytes were characterized by high 
triglyceride content and led to lipid accumulation and fat-dependent dysfunction in hepatocytes. The present 
findings seem to suggest that, in addition to triglycerides, other soluble mediators, cytokines, are released by 
mature and hypertrophic adipocytes and influence the metabolic status of liver cells. Understanding the precise 
factors involved in the pathogenesis and pathophysiology of NAFLD in obesity will provide important insights 
into the mechanisms responsible for the metabolic complications of obesity, paving the way for new possible 
approaches.   

1. Introduction 

The adipose tissue has the main function of storing energy in the 
body, following uptake of circulating long-chain fatty acids and intra
cellular assembly of triglycerides (TGs). However, the white adipose 
tissue also acts as an endocrine organ secreting a panel of soluble factors, 
adipokines and hormones which affect other tissues and organs [1]. The 
adipogenesis process involves progressive TG accumulation in cytosolic 
lipid droplets leading to differentiation of pre-adipocytes toward a 
mature adipocyte phenotype. When energy intake exceeds the energy 
consumption/expenditure, obesity takes place [2]. Obesity consists in an 
increase in the mass of adipose tissue resulting from adipocyte 

hypertrophy and/or hyperplasia [3]. In obesity, the hypertrophic adi
pocytes develop an inflammatory phenotype, secreting inflammatory 
cytokines into circulation, such as the tumor necrosis factor (TNF)α [4]. 

The global burden of obesity impacts across multiple organs and 
diseases, and the main consequence is the metabolic syndrome, a clus
tering of disorders such as nonalcoholic fatty liver disease (NAFLD), 
diabetes mellitus, cardiovascular disease, stroke, cancers [5]. NAFLD 
spectrum ranges from simple steatosis (≥5 % hepatic fat accumulation) 
to nonalcoholic steatohepatitis (NASH) which may progress toward 
cirrhosis and hepatocellular carcinoma [6,7]. In molecular terms, stea
tosis occurs when the rate of hepatic fatty acid uptake from plasma and/ 
or de novo fatty acid synthesis is greater than the rate of fatty acid 
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oxidation and export, thus steatosis representing an imbalance in the 
complex network of metabolic events [8]. 

Mounting evidence suggest a strong connection between adipose 
tissue and liver, being sustained by a complex crosstalk between adi
pocytes and hepatocytes [9–11]. The panel of soluble factors released by 
adipocytes should change when they become hypertrophic, and our 
starting hypothesis is that an in vitro approach using cultured adipocytes 
(mature vs hypertrophic) and hepatocytes might unravel pathogeneti
cally relevant mechanisms linking liver and adipose tissue dysfunction. 
Indeed, is well known that the intercellular communication is mediated 
not only by direct cell-to-cell interaction, but specifically by secretion of 
different factors [12]. Among different methods for exploring cell-to-cell 
crosstalk in vitro, the use of conditioned media is often the best way to 
test for role of soluble factors being involved and, at the same time, to 
avoid the reciprocal signaling between cells. 

In this paper, we investigated in vitro the effects of either mature or 
hypertrophic adipocytes on the multiple physio-pathological responses 
of cultured hepatocytes. In the experiments, pre adipocytes were firstly 
differentiated into mature adipocytes, then cultured with long-chain 
fatty acids to induce hypertrophy and, at the end of the treatment, the 
conditioned medium from different adipocyte samples was collected and 
added to the second culture, the hepatocytes. 

2. Materials & methods 

2.1. Chemicals 

All chemicals, unless otherwise indicated, were supplied by Sigma- 
Aldrich Corp. (Milan, Italy). 

2.2. Cell culture and treatments 

3T3-L1 mouse fibroblasts were purchased from the American Type 
Culture Collection (Manassas, VA, USA) and kindly provided by Prof. 
Bruzzone (University of Genoa). Cells were maintained in Dulbecco's 
modified Eagle medium (D-MEM) containing 25 mmol/L glucose and 
10 % Foetal Bovine Serum (FBS, Euroclone, Milan, Italy) at 37 ◦C. To 
induce differentiation, cells were seeded at 2 × 105 cells/mL in multi
well plates. At 2-day post confluence, adipogenesis was induced by 
adding the differentiation mixture containing 1.7 μM insulin, 1 μM 
dexamethasone (DEX), and 500 μM 3-isobuthyl-1-methylxanthine 
(IBMX) for 2 days. Then, cells were incubated with 1.7 μM insulin for 
7 days, changing the medium every 2–3 days. Hypertrophy was induced 
by exposing mature adipocytes to the long-chain fatty acids oleate and 
palmitate at a final concentration of 0.75 mM (2:1 M ratio), as previ
ously described in detail [13]. 

FaO cells (European Collection of Authenticated Cell Cultures, 
Sigma-Aldrich) are a rat hepatoma cell line maintaining hepatocyte- 
specific markers. Cells were grown in a humidified atmosphere with 5 
% CO2 at 37 ◦C in Coon's modified Ham's F12 medium supplemented 
with L-Glutamine and 10 % foetal bovine serum (FBS) [14]. 

2.3. Co-culture method 

To mimic in vitro the crosstalk between the adipose tissue and liver 
tissue in a similar overweight condition, and to focus on potential 
involvement of soluble mediators, we employed a co-culture technique. 
3T3 cells were treated as above described. After treatments, cells were 
left for 72 h in fresh F12 standard medium thus obtaining the 

Fig. 1. Lipid accumulation in mature and hypertrophic adipocytes. In 3T3-L1 cells mimicking pre-adipocyte, mature and hypertrophic adipocytes we show: (A) TG 
content expressed as percent TG content relative to control, normalized for proteins determined with Bradford assay. (B) The intracellular level of MDA (pmol MDA/ 
mL × mg of sample protein) quantified by TBARS assay. Data are expressed as percentage values with respect to controls, normalized for proteins determined with 
Bradford assay. Values are mean ± S.D. from at least five images from random fields in each treatment. Statistical significance between groups was assessed by 
ANOVA followed by Tukey's test. Symbols: Ctrl vs all treatments ***p ≤ 0.001; MIX vs all treatments ###p ≤ 0.001. (C) Images of cells (Bar: 5 μm) stained 
simultaneously with BODIPY 493/503, phalloidin-aberrior STAR 580 and Hoechst 33342. Images were acquired with a Nikon's A1R MP confocal laser scanning 
microscope, using an Apo TIRF 60 × 60/1.49 oil immersion objective lens (Nikon, Tokyo, Japan), sequentially and then merged. 
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conditioned medium from adipocyte cells (ACM) (Fig. 1). Different 
ACMs were then collected, spin to remove cells and debris, and used to 
treat FaO cells which had grown until 80 % confluence. Cells were 
incubated as follows: (i) fresh unconditioned F12 medium was added to 
FaO as negative control; (ii) ACMs recovered from differently treated 3 
T3 cells was added to FaO cells. Then FaO cells were grown for 48 h. 

2.4. Protein quantification 

The protein content was determined by the Bradford assay using BSA 
as a standard [15]. 

2.5. Apoptosis 

Cell apoptosis was determined using the FITC-Annexin V Apoptosis 
Detection Kit (Becton Dickinson Canto II, BD Biosciences, San Jose, CA). 
After treatments, FaO cells were scraped and stained for 15 min at room 
temperature in the dark. To discriminate between early and late 
apoptosis, cells were also stained with 7-amino-actinomycin d (7-AAD). 
Measurements were performed using a FACS instrument (Becton Dick
inson Canto II) and apoptotic fractions were identified and quantified in 
dot plots using the BD FACSDiva software [16]. 

2.6. Quantification of triglycerides 

Cells were scraped, collected, and lysed. Lipids were extracted in 
chloroform/methanol (2:1), after evaporation TG content was deter
mined using the ‘Triglycerides liquid’ kit (Sentinel Diagnostic, Milan, 
Italy) [17]. Spectrophotometric reading was performed with a Varian 
Cary-50Bio UV-VIS spectrophotometer (Agilent, Milan, Italy). Values 
were normalized for the protein content. 

2.7. Quantification of intracellular ROS 

The oxidation of the cell-permeant 2′-7′ dichlorofluorescin diacetate 
(DCF-DA, Fluka, Germany) to 2′-7′dichlorofluorescein (DCF) allowed to 
quantify the production of H2O2 and other ROS [18]. Stock solution of 
DCF-DA (10 mM in DMSO) was prepared and stored at − 20 ◦C in the 
dark. At the end of treatment, cells were scraped and gently spun down 
(600 ×g for 10 min at 4 ◦C). After washing, cells were loaded with 10 
mM DCF-DA in PBS for 30 min at 37 ◦C in the dark. Then, cells were 
centrifuged, suspended in PBS and the fluorescence was measured flu
orometrically (λex = 495 nm; λem = 525 nm) [19]. All measurements 
were performed in a Cary Eclipse Fluorescence Spectrophotometer at 
25 ◦C using a water-thermostated cuvette holder. The fluorescence 
signal was normalized for the protein content. Values were normalized 
for the protein content. 

2.8. Analysis of lipid peroxidation 

Lipid peroxidation was determined through the thiobarbituric acid 
reactive substances (TBARS) assay which is based on the reaction of 
malondialdehyde (MDA; 1,1,3,3-tetramethoxypropane) with thio
barbituric acid (TBA) [20]. Briefly, 1 vol. of cell suspension was incu
bated for 45 min at 95 ◦C with 2 vol. of TBA solution (0.375 % TBA, 15 % 
trichloroacetic acid, 0.25 N HCl). Then, 1 vol. of N-butanol was added, 
and spectrophotometric analyses were carried out at 25 ◦C recording 
absorbance at read at 532 nm. The MDA level was expressed as pmol 
MDA/mL/mg protein [13]. 

2.9. RNA extraction and real-time qPCR 

RNA was isolated using Trizol reagent, cDNA was synthesized, 
quantitative real-time PCR (qPCR) was performed in quadruplicate 
using 1× IQ™SybrGreen SuperMix and Chromo4™ System apparatus 
(Bio-Rad, Milan, Italy) as previously described [13]. The relative 

quantity of target mRNA was calculated by using the comparative Cq 
method using the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
as reference gene. The choice of GAPDH gene depends on its central role 
in the glucose metabolism, and GAPDH was reported to be the optimum 
gene in mouse models of liver injury [21]. The expression of the target 
genes was then calculated as relative quantity of mRNA (fold induction) 
with respect to pre-adipocytes. Primer pairs were designed ad hoc 
starting from the coding sequences of Rattus norvegicus and Mus musculus 
(http:// www.ncbi.nlm.nih.gov/Genbank/GenbankSearch.html) and 
are listed in Table 1. 

2.10. Immunofluorescence staining 

Cells grown on collagen-coated coverslips were rinsed with phos
phate buffered saline (PBS) at pH 7.4 and fixed with 4 % para
formaldehyde in PBS for 15 min. After three times washing in PBS, fixed 
cells were permeabilized with 0.15 % Triton X-100 and nonspecific 
binding was blocked with 3 % Albumin from Bovine Serum (BSA) for 1 h 
at room temperature (RT) [22]. After several washing (3 times for 10 
min), slides were incubated at RT for 45 min with 1 μg/mL BODIPY 493/ 
503 (Molecular Probes, Life Technologies, Monza, Italy), to visualize 
lipid droplets, and phalloidin-aberrior STAR 580 (Aberrior, Göttingen, 
Germany) to visualize F-actin, in PBS. Then, the cells were incubated 
with Hoechst 33342 (Invitrogen, Thermo Fisher Scientific, Massachu
setts, USA) to detect the nuclear structure. Finally, slides were sealed, 
and images were acquired with a Nikon's A1R MP confocal laser scan
ning microscope, using an Apo TIRF 60 × 60/1.49 oil immersion 
objective lens (Nikon, Tokyo, Japan) and processed by using ImageJ 
software (https://imagej.net/Fiji/Downloads). 

2.11. Oil-Red O staining 

Neutral lipids were visualized using the selective Oil-Red O (ORO) 
dye. Cells grown on collagen-coated coverslips were rinsed PBS and 
fixed as described above. After fixation, cells were washed with PBS, 
stained for 20 min with 0.3 % ORO solution prepared from a stock 0.5 % 
in isopropanol. After washing, slides were examined by Leica DMRB 
light microscope equipped with a Leica CCD camera DFC420C (Leica, 
Wetzlar, Germany) using a using a PL FLUOTAR 40×/0.70 PH2 objec
tive lens. Lipid droplets (LDs) analysis was conducted using the free 
ImageJ software (https://imagej.net/Fiji/Downloads [13]. Briefly, the 
acquired colour images were converted into 8-bit grayscale images. 
Then, a threshold was selected to convert the grayscale image to a binary 
image. Finally, “Analyze Particle” function was used to run the auto
mated analysis. A separate “Results” window provided the area and size 
of each particle. 

2.12. Cytokines analysis 

The conditioned medium was collected from adipocytes in different 
conditions (pre-adipocytes, mature and hypertrophic) after 48 h of in
cubation. The profiling of the main pro-inflammatory cytokines released 
into the conditioned media was quantitatively assessed using the mouse 
obesity enzyme-linked immunosorbent assay (ELISA) Strip I (Signosis, 
Sunnyvale, CA, USA), according to the manufacturer's instructions. The 
assay compared the protein expression level of the following eight cy
tokines: leptin, TNFα, IGF-1, IL-6, VEGF, IL-1α, IL-1β, and MCP-1. 
Absorbance of each well was measured with a microplate reader Var
ian Cary-50Bio UV-VIS spectrophotometer (Agilent, Milan, Italy) at 450 
nm within 30 min. Values were normalized for the protein content. 

2.13. Statistical analysis 

Data were expressed as means ± standard deviation (S.D.) of at least 
three independent experiments in triplicate. Statistical analysis was 
performed using ANOVA with Tukey's post-hoc test (GraphPad 
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Software, Inc., San Diego, CA, USA). 

3. Results 

3.1. Lipid accumulation during maturation and hypertrophy of adipocytes 

As a model of adipogenesis in vitro, the 3T3-L1 pre-adipocytes were 
exposed to a differentiating mix to induce maturation into adipocytes, 
and then they were treated with long chain fatty acids to induce hy
pertrophy [13]. The lipid accumulation during adipocyte differentiation 
and hypertrophy was quantified spectrophotometrically showing a 
progressive significant increase in the intracellular TG content from pre- 
adipocytes to mature (+110 %, p ≤ 0.001) and to hypertrophic (+225 %; 
p ≤ 0.001) adipocytes (Fig. 1A). 

Staining of adipocytes with phalloidin, BODIPY and Hoechst allowed 
us to selectively label actin filaments, LDs and nuclear DNA, respec
tively, for confocal microscopy analysis. The representative images of 
pre-adipocytes, mature and hypertrophic adipocytes (Fig. 1C) attest 
appreciable morphological changes during the process of in vitro adi
pogenesis and hypertrophy. In particular, the progressive fat accumu
lation resulted in increased size and number of cytosolic LDs during 
adipogenesis and even more in hypertrophic cells. Moreover, LDs 
biogenesis led to modifications of whole cell and nuclear morphology. 
Indeed, during maturation and hypertrophy adipocytes became more 
spread on the substrate and these morphometric changes of the cells 
reflected on the nuclei which became more elongated assuming an 
ellipsoidal shape and were encircled by numerous lipid droplets. 

Lipid accumulation typically results in increased fat oxidation pro
ducing excess of ROS which, if not counteracted, may damage different 

cellular components, such as membranes. In our model we observed an 
increase in the MDA levels in mature adipocytes with respect to pre- 
adipocytes (+98 %; p ≤ 0.01), and an even larger increase (+161 %, 
p ≤ 0.01) in hypertrophic cells (Fig. 1B). 

Adipogenesis and hypertrophy of adipocytes promote lipid accu
mulation and oxidative stress in co-cultured hepatocytes. 

To mimic the crosstalk between adipose tissue and liver during 
normal or overweight/obesity conditions, cultured hepatocytes were 
incubated with the (ACM) collected from the different stages of adipo
genesis/hypertrophy (Fig. 2). 

The microscopy analysis showed that treatment with ACM promoted 
steatosis in hepatocytes in a manner depending on the adipocyte status 
(Fig. 3A). In detail, co-culture with mature adipocytes promoted large 
lipid accumulation in FaO cells (about +40 %; p ≤ 0.05) compared to 
control cells (namely, FaO cells co-cultured with pre-adipocytes). A 
more remarkable increase was evident in FaO cells co-cultured with 
hypertrophic adipocytes (+98 %; p ≤ 0.001) (Fig. 3B). 

Accumulation of cytosolic LDs in FaO cells was visualized and 
analyzed by ORO staining and optical microscopy (Fig. 4A). Both the 
number and size of LDs increased in hepatocytes co-cultured with 
mature adipocytes compared to control (FaO co-culture with pre- 
adipocytes). In details, in hepatocytes co-cultured with mature adipo
cytes the LDs average size increased of +43 % (p ≤ 0.05) compared to 
control cells, and of +75 % (p ≤ 0.05) in hepatocytes co-cultured with 
hypertrophic adipocytes (Fig. 4B). The increase in LDs size was 
accompanied with an increase in the number of LDs/cell (Fig. 4C). In 
details, about 361 LDs/100 μm2 were detected in FaO cells co-cultured 
with mature adipocytes (p ≤ 0.001 vs pre-adipocyte-ACM) and about 
640 LDs/100 μm2 in FaO cells co-cultured with hypertrophic adipocytes. 

Table 1 
Primer pair sequences. Characteristics of the primer pairs used for the RT-qPCR analysis.  

Primer name Primer sequence 5′- > 3′ Annealing temperature (◦C) Accession ID 

GAPDH Fwd GACCCCTTCATTGACCTCAAC 60 DQ403053 
GAPDH Rev CGCTCCTGGGAAGATGGTGATGGG 
IkBip Fwd CAGAACAGTGAGCAGGCAAG 60 NM_001009430.2 
IkBip Rev ACGGCATTCTCTATGGTTGG 
PPARα Fwd CCCCACTTGAAGCAGATGACC 60 NM_013196 
PPARα Rev CCCTAAGTACTGGTAGTCCGC 
Atg7 Fwd CCTCAGCGGATGTATGGACC 60 NM_001012097.1 
Atg7 Rev AGCCACATTACACCCCAAGG 
UCP2 Fwd CGTCGGACCTAGCCGTCTGCA 60 NC_013669.1 
UCP2 Rev CGGAGTCGGGAGGGTGCTTTG 
Adiponectin Fwd GCTCTCCTGTTCCTCTTAATCC 60 NC_000082.6 
Adiponectin Rev GCAATCTCTGCCATCACG  

Fig. 2. Representative scheme for co-culture 
protocol of adipocytes and hepatocytes using 
conditioned medium. Adipocytes (3T3L1 
cells) were firstly differentiated to induce 
adipogenesis and later incubated with oleate 
and palmitate to induce hypertrophy. After 
treatment, adipocytes well left for 72 h to 
release into the medium differently media
tors. Then, the adipocyte conditioned me
dium (ACM) from pre-adipocytes, mature 
and hypertrophic adipocytes, was collected, 
centrifuged, and used to treat cultured FaO 
cells (~ 80 % confluency) for 48 h. Image 
created with Biorender.com   

F. Baldini et al.                                                                                                                                                                                                                                  

http://Biorender.com


Life Sciences 317 (2023) 121464

5

Fig. 3. ACM from differently treated adipocytes trigger different lipid accumulation in hepatocytes. FaO cells were incubated for 72 h with the adipocyte conditioned 
medium (ACM) collected from pre-adipocytes, mature and hypertrophic adipocytes. (A) Images of cells (Bar: 5 μm) stained simultaneously with BODIPY 493/503, 
phalloidin-aberrior STAR 580 and Hoechst 33342. Images were acquired as previously described using a Nikon's A1R MP confocal laser scanning microscope, with an 
Apo TIRF 60 × 60/1.49 oil immersion objective lens (Nikon, Tokyo, Japan). (B) TG content expressed as percent TG content relative to control, normalized for 
proteins determined with Bradford assay. Values are mean ± S.D. from at least five images from random fields in each treatment. Statistical significance between 
groups was assessed by ANOVA followed by Tukey's test. Symbols: Ctrl-ACM vs all treatments * p ≤ 0.05, ** p ≤ 0.01, ***p ≤ 0.001. 

Fig. 4. Adipogenesis and hypertrophy of adipocytes promote lipid accumulation and oxidative stress in hepatic cells. (A) Images of cells stained with Hoechst 33342 
and Oil Red-O (ORO) (Bar: 10 μm). Images were acquired sequentially with a Leica DMRB light microscope equipped with a Leica CCD camera DFC420C, using a PL 
FLUOTAR 40×/0.70 PH2, and then merged. The average size (B) and number (C) of Lipid Droplets calculated using ImageJ free software (http://imagej.nih.gov/ij/). 
(D) Intracellular MDA level was quantified by TBARS assay as pmol MDA/mL x mg of sample protein. 
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The enlargement of LDs was statistically significant (p ≤ 0.001). 
In the liver, excess fat accumulation is commonly associated with 

increased production of oxygen radicals (ROS). We measured the level of 
membrane lipid peroxidation as a marker of fat-induced ROS production 
and oxidative stress. As shown in Fig. 4D, FaO cells incubated with ACM 
from hypertrophic adipocytes showed an increased oxidative stress as 
indicated by the increase in MDA level (+81 %; p ≤ 0.01) compared to 
FaO cells incubated with ACM from mature adipocytes, where the lipid 
peroxidation did not show significant differences with respect to control 
FaO cells. 

3.2. Adipogenesis and hypertrophy of adipocytes modulate gene 
expression in co-cultured hepatocytes 

The changes in gene transcription profile of hepatocytes co-cultured 
with adipocytes have been assessed by real time PCR focusing on a panel 
of genes potentially involved in the liver dysfunction (Fig. 5). 

Atg7 is a key gene involved in promoting autophagy, which repre
sents one of the initial mechanisms of protection in the liver during 
steatosis. The mRNA expression of Atg7 was markedly up-regulated in 
hepatocytes co-cultured with ACM from mature adipocytes, and fur
therly increased by co-culture with ACM from hypertrophic adipocytes 
compared to control (1.65- and 2.23-fold induction, respectively; p ≤
0.01) (Fig. 5A). 

PPARα is a nuclear transcription factor involved in the control of 
lipid metabolism; in particular, it regulates fatty acids uptake, catabo
lism and turnover. Similarly, PPARα mRNA expression showed a 
remarkable up-regulation in hepatocytes incubated with both mature- 
ACM (1.36-fold induction; p ≤ 0.05 vs control) and hypertrophic-ACM 
(1.41-fold induction; p ≤ 0.05 vs control) adipocytes (Fig. 5B). 

IkBip, a serine kinase which plays a role in NF- κB pathway, is a 
classical marker of liver dysfunction. IkBip mRNA expression increased 
significantly only in hepatocytes co-cultured with ACM from mature 
adipocytes (1.46-fold induction; p ≤ 0.05 vs control), but not in 

hepatocytes co-cultured with ACM from hypertrophic adipocytes 
(Fig. 5C). 

By contrast, UCP2 mRNA expression was up-regulated in hepato
cytes exposed to mature adipocytes-ACM (1.59-fold induction; p ≤ 0.05 
vs control), but this up-regulation dramatically decreased when hepa
tocytes were treated with hypertrophic adipocytes-ACM (0.45-fold in
duction; p ≤ 0.05 vs control) (Fig. 5D). UCP2, a protein involved in 
uncoupling mitochondrial respiration from ATP synthesis, is known to 
be involved in various stages of NAFLD progression. 

3.3. The panel of soluble factors released by adipocytes changes during 
adipogenesis and hypertrophy 

Adipocyte hypertrophy is often associated with an increase in TG 
secretion as an attempt to counteract excessive fat accumulation. We 
observed this increase in mature adipocytes respect to pre-adipocytes 
(+237 %; p ≤ 0.05) and even more evident in hypertrophic adipocytes 
(+237 %; p ≤ 0.05) (Fig. 6A). 

The expression of adiponectin, a classical marker for adipogenesis, 
was assessed by qPCR. Mature adipocytes showed a significant over
expression of adiponectin mRNA (2341-fold induction vs pre- 
adipocytes; p ≤ 0.001) compared to pre-adipocytes, without further 
rise in hypertrophic adipocytes (2542-fold induction vs pre-adipocytes; 
p ≤ 0.001) (Fig. 6B). This result confirms that reliability of our in vitro 
model of adipogenesis and indicates that we mimicked a condition of 
early hypertrophy. 

The possible changes in the release of eight pro-inflammatory cyto
kines (leptin, TNFα, IGF-1, IL-6, VEGF, IL-1α, IL-1β, and MCP-1) were 
assessed by ELISA assay. As shown in Fig. 6C, a general trend to increase 
was observed for almost all cytokines, some more than others, during in 
vitro differentiation and hypertrophy. In details, going from pre- 
adipocytes to mature and hypertrophic adipocytes a significant in
crease was measured in the release of leptin (+90 % and + 87 %; p ≤
0.01), VEGF (+97 % and + 104 %; p ≤ 0.001) and IL-1β (+88 % and +

Fig. 5. Adipogenesis and hypertrophy of adipocytes modulate gene expression in hepatic cells. Real-time qPCR analysis of: (A) Atg7; (B) PPARa; (C) IkBip; (D) UCP2 
transcriptional expression in FaO cells exposed to different ACMs. The relative quantity of target mRNA was calculated by the comparative Cq method using 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as housekeeping gene and expressed as fold induction with respect to controls. Values are mean ± S.D. from at 
least three independent experiments. Statistical significance between groups was assessed by ANOVA followed by Tukey's test. Symbols: Ctrl-ACM vs. all treatments 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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83 %; p ≤ 0.01). Notably, the level of TNFα, one of the main inflam
matory cytokines, was significantly increased in mature adipocytes 
(+62 %; p ≤ 0.05) and even more in hypertrophic adipocytes (+92 %; p 
≤ 0.001). An opposite result was observed for IL-1α that showed a 
marked release in mature adipocytes (+109 %; p ≤ 0.001), but the 
release was reduced by half in hypertrophic cells (+54 %, p ≤ 0.001). On 
the other hand, only a slight and no significant increase was observed in 
the release of IGF-1, IL-6 and MCP-1 during the adipogenic and hyper
trophic processes. 

4. Discussion 

Adipose tissue is the main energy-storing reservoir, but it contributes 
to other physiological functions such as control of energy homeostasis, 
food intake, inflammatory response [23]. The close interplay between 
the adipose tissue and the liver might explain the complex and multiple 
dysfunctions occurring in obesity [24]. 

Our in vitro model allowed to unveil the mechanisms of crosstalk 
between adipocytes and hepatocytes, thus improving the understanding 
of the obesity-dependent liver dysfunction. The main findings of the 
present study highlighted how the extent of fat accumulation at single 
adipocytes level may distinctively govern hepatocyte dysfunction at a 
cellular and molecular level without cell-to-cell interactions. 

We adopted an in vitro model of crosstalk by incubating hepatocytes 
with conditioned culture medium collected from adipocytes in different 
status (mature vs hypertrophic). The model of adipogenesis and hyper
trophy mimics what happens in vivo when pre-adipocytes differentiate in 
mature adipocytes through accumulation of lipids and rearrangement of 
cell machinery, and then progress toward an early hypertrophic 
phenotype in overnutrition condition [13]. Lipid accumulation typically 
results in increased production of oxidant species that can damage 
different cellular compartments, as for examples membranes. In our 

model, we could observe an increase in MDA level, a marker for lipid 
peroxidation, in mature adipocytes and more in hypertrophic cells. 

Paralleling the in vivo adipogenesis we observed an increase in the 
TG content in mature adipocytes and a further increase in hypertrophic 
adipocytes being accompanied by an increase in average size and 
number of lipid droplets. Moreover, both differentiation and hypertro
phy trigger deep phenotypical rearrangements of adipocytes. Adipose 
cells spread on the substrate during adipogenesis; a larger spreading 
occurred when the fat depots enlarged in the hypertrophic cells. Inter
estingly, changes in nuclear morphometry reflected those occurring in 
the whole cells, with hypertrophic adipocytes showing nuclei more 
elongated and with ellipsoidal shape compared to mature adipocytes 
and pre-adipocytes. Further studies are in progress to decipher how 
adipocyte maturation and hypertrophy can remodel the nuclear 
architecture. 

When hepatocytes were co-cultured with adipocytes in vitro we 
observed the formation and enlargement of cytosolic LDs to store the 
lipids released by mature and hypertrophic adipocytes. Indeed, an in
crease in TG release was observed in mature adipocytes, and even more 
in hypertrophic cells as a probable attempt to overcome the lipid 
accumulation occurred during the differentiation and hypertrophy 
process. We highlighted that a different adipocyte condition (mature vs 
hypertrophic) can determine progressive steatotic features in hepato
cytes. The number and size of LDs in hepatocytes reached the maximum 
in hepatocytes co-cultured with hypertrophic adipocytes. This obser
vation agrees with the fact that hepatocytes start to play adipocyte-like 
functions when the capacity of adipose tissue to store excess energy is 
diminished [25]. 

The excessive accumulation of lipids in the liver is known to result in 
hepatic dysfunction, which is mediated by oxidative imbalance [26]. 
Oxidative stress is one of the principal pathogenic mechanisms of liver 
injury in steatohepatitis and other complications [27]. We found that 

Fig. 6. Soluble factors released by adipocytes changes during adipogenesis and hypertrophy. (A) The extracellular triglyceride (TG) content released into the ad
ipocytes medium. TG content was expressed relative to controls. (B) Real-time qPCR analysis of Adiponectin transcriptional expression in FaO cells exposed to 
different ACMs. The relative quantity of target mRNA was calculated and expressed as previously described. (C) The level of following soluble cytokines was 
determined using an enzyme-linked immunosorbent assay: Leptin, TNF alpha, IGF-1, IL-6, VEGF, IL-1 alpha, IL-1 beta, and MCP-1. Results were normalized for 
proteins content determined with Bradford assay. Values are mean ± S.D. from at least three independent experiments. Statistical significance between groups was 
assessed by ANOVA followed by Tukey's test. Symbols: Ctrl vs. all treatments *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; MIX vs. all treatments #p ≤ 0.05. 
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lipid peroxidation, a downstream effect of excess fat-dependent ROS 
production, was significantly increased in hepatocytes co-cultured with 
hypertrophic adipocytes. This result indicates that hepatocytes suffer of 
an oxidative imbalance when exposed to soluble signaling released by 
hypertrophic adipocytes, and this suggests that, also in vivo, crosstalk 
mechanisms without cell-to-cell contact might be responsible of pro
moting hepatic steatosis, dysfunction and oxidative stress as a response 
to obesity and adipocyte hypertrophy. 

For a deeper understanding, hepatocytes co-cultured with adipocytes 
were assessed for their transcription profile focusing on a panel of genes 
implicated in liver metabolism and dysfunction. Autophagy is one of the 
earliest defense mechanisms against excess fat accumulation [28,29]. 
Indeed, expression of Atg7, a key autophagy-promoting gene, was pro
gressively up-regulated in hepatocytes co-cultured with adipocytes, thus 
indicating a stimulation of autophagy. PPARs are a family of nuclear 
transcription factors acting as main controller of lipid metabolism. 
PPARα typically regulates the expression of genes involved in fatty acid 
uptake, catabolism, and turnover [30]. Our findings show that ACM 
from both mature and hypertrophic adipocytes up-regulated PPARα 
expression in hepatocytes. It is worth noting that LDs biogenesis repre
sents one of the main defense mechanisms against the excess of free fatty 
acids in the cell, but if intracellular lipids exceed the cellular capacity, 
the LDs enlargement may deform the hepatocytes leading to dysfunction 
and consequent metabolic disorder [31]. In this context, the observed 
PPARα over-expression may represents an attempt of the cells to keep 
under control an excessive lipid storage through the stimulation of lipid 
catabolism [32]. As a marker of liver dysfunction, we assessed IkBip, a 
serine kinase acting in the NF-κB signaling, which is activated by mul
tiple stimuli such as inflammatory cytokines, DNA damages, and other 
stressors [33]. IkBip expression showed a trend similar to that of PPARα, 
as it was up-regulated similarly in hepatocytes co-cultured with both 
mature and hypertrophic adipocytes. This suggests that the crosstalk 
with adipocytes in different conditions lead to a similar level of 
dysfunction in hepatocytes. Obesity is known to affect mitochondria 
which are the main site for fatty acid degradation; steatotic hepatocytes 
typically enhance mitochondrial β-oxidation to limit excess lipid accu
mulation. UCP proteins are located in the mitochondrial inner mem
brane where they act in uncoupling mitochondrial respiration from ATP 
synthesis. UCP2 has been found to be involved in various stages of 
NAFLD progression [34]. Interestingly, we observed an up-regulation of 
UCP2 expression in hepatocytes co-cultured with mature adipocytes, but 
a drastic reduction in hepatocytes co-cultured with hypertrophic cells. 
Such a decrease in UCP2 expression may be a sign of mitochondrial 
dysfunction leading to oxidative stress and cell death. Taken together, 
both the increase in lipid peroxidation and the inhibition of UCP2 up- 
regulation point out an impairment of mitochondrial functionality in 
hepatocytes in a context of obesity characterized by the hypertrophy of 
adipocytes. 

In our experimental approach, the effects of adipocytes on hepato
cytes depend exclusively on soluble factors released by adipocytes. It is 
known that obesity, and mainly the adipocyte hypertrophy, alters the 
panel of secreted adipokines [35]. Adiponectin is the main adipokine of 
adipose tissue which regulates glucose levels, lipid metabolism, and 
insulin sensitivity [36]. We observed an increased adiponectin expres
sion in both mature and hypertrophic adipocytes without differences 
between these conditions. Of note, adiponectin seems to display in vivo 
opposite effects depending on the subject conditions. Some evidence 
shown adiponectin reduction in obesity-related diseases, including in
sulin resistance, type 2 diabetes and cardiovascular disease. In diabetic 
patients, adiponectin displays protective effects [37], while in the 
nondiabetic population it shows an inverse association with the risk for 
diabetes [38]. 

Other adipokines sustain the endocrine function of adipose tissue 
and are relevant to the development of metabolic syndrome, diabetes, 
and cardiovascular disease associated with impairment of adipogenesis 
[39]. In our study, both adipogenic and hypertrophic processes 

stimulate in vitro the release of a panel of pro-inflammatory cytokines, 
but no significant differences could be appreciated between the two 
conditions, except for TNFα and IL-1α. 

TNFα is the main pro-inflammatory cytokine in the body and it was 
markedly boosted in mature adipocytes and even more in hypertrophic 
cells. TNFα is a key regulator of adipose tissue mass, and it seems to 
interfere with metabolism and endocrine functions of adipose tissue 
[40]. In the liver, TNFα triggers numerous biological responses and 
multiple signaling pathways involved in inflammation, apoptosis, and 
proliferation. Moreover, TNFα has been implicated in the progression to 
hepatocellular carcinoma [41], in the pathogenesis of chronic liver 
inflammation leading to liver fibrosis by promoting the activation of 
resident hepatic stellate cells into fibrogenic myofibroblast [42]. On that 
basis, our findings indicate that TNFα, among all the cytokines evalu
ated, can represents a crucial “soluble” bridge between different 
adipocyte conditions occurring during obesity status and liver 
dysfunction. 

An opposite change was observed for the cytokine IL-1α resulting 
markedly secreted by mature adipocytes but, surprisingly, its release 
was reduced in hypertrophic cells. IL-1 family is mainly involved in 
inflammatory pathways, tissue remodeling, and cell adhesion, but the 
involvement in overweight and obesity is still under debate. In vivo 
studies reported a correlation between IL-1α levels and body fat mass 
[43]. On the other hand, IL-1α seems to impair the adipogenesis through 
inhibition of PPAR-γ and lipogenic pathways [44]. At hepatic level, 
different studies highlighted the role of this interleukin in both the early 
fibrogenesis and the maintenance of fibrosis. In particular, IL-1α is 
involved in the progression from liver injury to fibrosis [45]. Our finding 
of a reduction in IL-1α release by hypertrophic adipocytes may suggest 
that the decrease of this adipokine is a consequence of cell impairment 
and dysfunction due to the hypertrophy. 

In conclusion, our in vitro model of adipocyte-hepatocyte crosstalk 
can mirror the events occurring in vivo. This is of interest since this 
model is a simplified system to dissect complex molecular events that are 
difficult to investigate in vivo. Our findings suggest that both mature and 
hypertrophic adipocytes modulate hepatocyte functions in terms of LDs 
biogenesis and accumulation, ROS production and oxidative stress, fatty 
acid catabolism and mitochondrial impairment. At a molecular level, the 
conditioned medium from differently treated adipocytes can affect the 
functionality of hepatic cells through changes in the panel of soluble 
factors released. Among these factors, the main role seems played by 
secretion of triglycerides, TNFα and adiponectin from mature and hy
pertrophic adipocytes. Therefore, the extent of fat accumulation in the 
adipocytes distinctively triggers liver dysfunction. However, further 
studies are needed to depict the exact cascade of mechanisms involved 
to outline potential directions for further research. 
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