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Abstract 

Expanding adipose tissue upon obesity induces remodeling of the surround extracellular matrix, a 

process in which preadipocytes are exposed to pro-inflammatory conditions. In addition, remodeling 

of the extracellular matrix takes place in the atherosclerotic lesions but only limited number of studies 

investigating the role of preadipocytes in atherosclerosis exists. Our preliminary data from in vivo 

mouse model showed an increased fibrotic activity of mesenchymal stem cells in adipose tissue when 

the mice were subjected to high-fat diet for 3 months. In the present study, human Simpson-Golabi-

Behmel syndrome (SGBS) preadipocytes were treated with ligands predicted to be involved in the 

obesogenic and atherogenic environment. In addition, we silenced SERPINE1, a gene involved in the 

atherogenesis. Using high-throughput RNA sequencing, we validated the expression of genes in 

SGBS preadipocytes that were expressed in our preliminary data and identified differentially 

expressed genes in SGBS cells in response to the treatments. We found several genes related to 

adipogenesis, extracellular matrix, and atherosclerosis differentially expressed. In response to the 

obesogenic/atherogenic factors, the AGE-RAGE signaling pathway associated with atherosclerosis 

was enriched. Collectively, these results suggest that preadipocytes might be one potential contributor 

to the progression of atherosclerosis, either directly through the AGE-RAGE signaling pathway or 

paracrine signaling, or indirectly via adipogenesis and remodeling of the extracellular matrix. Hence, 

their adipogenic and extracellular matrix remodeling potential, as well as interaction with other cell 

types, may provide new insights into understanding the obesity-related cardiovascular diseases. 

 

 

 



Introduction 

Adipose tissue is known to affect cardiovascular health and disease. Healthy adipose tissue is 

important for metabolic homeostasis, as it has an endocrine function and can affect many organs in 

either autocrine, paracrine, and/or endocrine way. However, when adipose tissue turns dysfunctional, 

it acts as a contributing factor to metabolic disease pathogenesis. For example, an excessive caloric 

intake and the subsequent obesity causes lipid accumulation in adipocytes, adipose tissue 

inflammation, fibrosis, and oxidative stress, all of which promote metabolic dysfunction and can 

predispose to the development of cardiovascular diseases (CVD; Ha & Bauer, 2018; Oikonomou & 

Antoniades, 2019). Previously, our research group has discovered that a specific cell population, 

putatively preadipocytes, of visceral adipose tissue (VAT) from high-fat diet fed LDLR-/-/ApoB100/100 

mice undergoes changes in their gene expression during the progression of atherosclerosis 

(unpublished results). More specifically, in the late stage of the disease, this cell population developed 

a pro-fibrotic phenotype characterized by increased expression of genes related to the organization 

and remodeling of the extracellular matrix (ECM) as well as to collagen biosynthesis and degradation. 

Hence, our findings suggested that this cell population undergoes a switch from the (pre)adipocytic 

features to the pro-fibrotic features under high-fat diet thus establishing a link between obesity, ECM 

remodeling, and atherosclerosis. As our preliminary data arise from mouse studies and differences in 

gene expression between species might exist, the aim of this thesis work was to validate genes whose 

expression has changed during the atherosclerosis progression in vivo using an experimental in vitro 

model of human preadipocytes. In addition, we investigated which ligands predicted to be present in 

the atherosclerotic environment could be responsible for the gene expression changes in 

preadipocytes, what are the reported functional roles of ECM remodeling genes in preadipocytes 

based on literature, and how does perturbation of selected candidate genes affect downstream gene 

expression. 

The emerging knowledge of adipose tissue and its function in cardiovascular health has revealed that 

the biological profile of the adipose tissue widely depends on its expansion, body distribution, as well 

as the quality and differences in local biology. White adipose tissue (WAT), the predominant type of 

adipose tissue in the human body, is usually divided into two main anatomical depots, subcutaneous 

adipose tissue (SAT) and VAT (Oikonomou & Antoniades, 2019), among which particularly the 

visceral adiposity is associated with incident CVD (Britton et al, 2013). In addition, VAT can be 

further classified based on its anatomical location. For example, intrathoracic VAT can be divided 

into epicardial and perivascular adipose tissue (PVAT) which are important for cardiovascular risk 

(Ouwens et al, 2010). The majority of adipose tissue is composed of adipocytes responsible for energy 



storage, although adipose tissue also contains, for example, inflammatory cells, fibroblasts, vascular 

cells, preadipocytes, and multipotent mesenchymal stem-like cells (Oikonomou & Antoniades, 

2019). During obesity, adipose tissue expands through enlargement of individual adipocytes as they 

accumulate lipids (hypertrophy), or by forming of new adipocytes through differentiation of 

preadipocytes (hyperplasia, adipogenesis). In general, hypertrophic adipose expansion is associated 

with unfavorable outcomes as it is characterized by necrosis-like adipocyte death, increased 

expression and secretion of pro-inflammatory cytokines, local adipose tissue hypoxia, and elevated 

basal lipolysis. The latter leads to increased leakage of free fatty acids from adipose tissue which are 

taken up by other tissues, thus causing ectopic lipid accumulation. In contrast, hyperplastic adipose 

expansion can provide additional capacity to store lipids due to de novo differentiation of 

preadipocytes and therefore, ameliorate for example insulin resistance (Choe et al, 2016). Increasing 

fat mass induces a strong structural remodeling of the adipose tissue that is required to provide enough 

space for the enlargement of adipocytes, and to form new adipocytes (Ruiz-Ojeda et al, 2019). The 

remodeling contains alterations in the adipose tissue structure, size, and shape, as well as in the 

stromal part and ECM (Divoux & Clément, 2011). During the adipose expansion and remodeling, 

angiogenesis is required to ensure the accessibility of oxygen, nutrients, cytokines, and growth factors 

to the tissue (Corvera & Gealekman, 2014). If angiogenesis does not increase at a similar rate to that 

of WAT, it may result in tissue dysfunction and hypoxia, the latter of which has been assumed to be 

the major initiating factor for the ECM induction and fibrosis (Sun et al, 2013). 

The adipose ECM, first observed by Napolitano et al in 1963, is a complex three-dimensional network 

that has an important role in the adipose tissue by providing structural and biochemical support to 

surrounding cells and the whole tissue. As both adipocytes and preadipocytes exist within the ECM 

network, ECM proteins are able to regulate the adipose tissue function through physical interactions 

(Chun, 2012). For example, the ECM can control cell proliferation, adhesion, migration, polarity, 

differentiation, and apoptosis. Additionally, it is a reservoir of growth factors and different bioactive 

molecules, such as fibroblast growth factor and transforming growth factor β (TGF-β; Yue, 2014). 

The ECM is composed of extracellular carbohydrate and protein components that are connected to 

the cells through different receptors, such as integrins, CD36, and CD44 (Ruiz-Ojeda et al, 2019; 

Yue, 2014). Due to broad ligand-binding specificities, integrins have the major role in the ECM-cell 

adhesion and signaling into the cells (Ruiz-Ojeda et al, 2019). Some of the integrin subunits have also 

been associated with obesity and insulin resistance (Lin et al, 2016; Ruiz-Ojeda et al, 2021). In turn, 

CD36 can bind several ligands, including collagen, thrombospondin, lipoproteins, and fatty acids, 

and it is involved in free fatty acid transportation into the adipose tissue (Lin et al, 2016). Unlike 



integrins and CD36, CD44 functions as a receptor mainly for hyaluronan and osteopontin. The CD44 

expression is positively correlated with adipose tissue inflammation and insulin resistance and thus, 

it has been suggested that osteopontin, also known as secreted phosphoprotein 1 (Spp1), could 

mediate macrophage infiltration and activation in adipose tissue and/or systemic insulin resistance 

through CD44 (Liu et al, 2015). 

The most important components of ECM are collagens which also contribute to cell adhesion, 

migration, differentiation, morphogenesis, and wound healing. Both fibrillar (type I, III) and non-

fibrillar (type IV, VI, VII) collagens are found in the adipose tissue ECM. For example, type I 

collagen is the most abundant component of the ECM, while type VI collagen is found in greater 

amounts in adipose tissue compared to other tissue types. In turn, type IV collagen together with 

laminin form a major part of the adipocytes’ basement membrane and thus, they are necessary for 

adipocytes’ survival. Although collagens are vital for the adipose ECM, their increased expression 

and deposition in obesity creates a physical barrier against adipocyte hypertrophy. This may further 

inhibit angiogenesis and predispose to tissue dysfunction and fibrosis (Lin et al, 2016; Ruiz-Ojeda et 

al, 2019). In addition to collagen, the ECM of adipose tissue contains glycoproteins, such as 

fibronectin, fibrillin, laminin, thrombospondin, and Spp1. Fibronectin is another major component of 

the ECM that, in addition to the regulation of tissue and ECM architecture, has been shown to inhibit 

adipogenesis and may contribute to obesity (Chun, 2012; Divoux & Clément, 2011; Lee et al, 2013). 

In turn, fibrillin is a component of ECM microfibrils that are required for elastic fiber formation and 

to provide structural elasticity for the tissue (Muthu & Reinhardt, 2020), whereas Spp1 is an ECM 

glycoprotein and pro-inflammatory cytokine which deficiency has shown to attenuate the 

development of atherosclerosis in mice (Matsui et al, 2003). Besides Spp1, thrombospondin is another 

ECM component with pro-inflammatory properties (Divoux & Clément, 2011). It can also interact 

with a variety of ECM components, among which the interaction with type V collagen has been 

assumed to be a biological modifier of adipocyte function (Chun, 2012). 

In the ECM remodeling, matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases 

(TIMPs) are enzymes responsible for the deposition, degradation, and modification of the ECM 

components (Ruiz-Ojeda et al, 2019). As the remodeling of the ECM takes place not only in the 

adipose tissue but also in the vasculature and atherosclerotic plaques, the local balance of MMP and 

TIMP activity is important for maintaining healthy conditions, as well as for the progression of 

atherosclerosis (Galis & Khatri, 2002). In addition, remodeling of the ECM during obesity has a 

major role in the development of adipose tissue fibrosis, characterized by an accumulation of ECM 

components, particularly insoluble collagen fibrils, fibronectin, and elastin (Halberg et al, 2009). 



Although the obesity-associated adipose tissue fibrosis is well characterized, its metabolic outcomes 

are controversial. One assumption is that excess deposition of collagen or ECM leads to loss of ECM 

flexibility and provide shear stress to expanding adipocytes, resulting in adipocyte death and 

inflammation. On the other hand, ECM deposition may limit the excessive growth of adipocytes and 

therefore, lead to reduced adipocyte hypertrophy (Datta et al, 2018). In the former case, decreased 

ECM flexibility may hinder adipocyte expansion and lead to lipid accumulation into other tissues 

(Suganami et al, 2012), such as skeletal muscle, liver or blood vessels, and predispose to insulin 

resistance or CVD. 

As preadipocytes express the majority of ECM components, they are assumed to play a role in the 

ECM production and the adipose tissue fibrosis (Datta et al, 2018). Moreover, Keophiphath et al 

(2009) have shown that preadipocytes accumulate in the fibrotic areas within WAT of obese 

individuals, and preadipocytes can acquire pro-inflammatory properties in the presence of 

inflammatory stimuli. When stimulated with macrophage-secreted factors, inflammatory 

preadipocytes have shown highly ordered and abundant synthesis of ECM components, including 

type I collagen and fibronectin (Henegar et al, 2008; Keophiphath et al, 2009). Although adipocyte 

progenitors consist of multiple subsets with different functional roles (Raajendiran et al, 2019), 

PDGFRα+ preadipocytes, as characterized also in our study, can adopt a myofibroblast-like 

phenotype during obesity. Marcelin et al (2017) have shown that PDGFRα+ preadipocytes are a 

source of fibrotic components and pro-inflammatory factors and therefore, obesity and adipose 

fibrosis seems to affect preadipocytes’ adipogenic capacity and limit the adipose lipid uptake 

following ECM deposition (Marcelin et al, 2017). In addition to preadipocytes, dedifferentiation of 

mature adipocytes into fibroblast-like cells has been characterized. They have also been shown to 

express both pro-inflammatory factors and genes associated with the ECM remodeling (Lessard et al, 

2015). Altogether, ECM has an extensive influence on the adipose tissue biology, and it is “a ripe 

area both for mechanistic investigative research and for therapeutic drug development” as concluded 

in the review of Datta et al (2018). 

Besides fibrosis, inflammation plays an important role in the obese adipose tissue, as the hypertrophic 

adipocytes cause hypoxia that leads to adipocyte death and attracts macrophages. Communication 

between adipose tissue and immune cells is bi-directional, as the activated immune cells secrete pro-

inflammatory cytokines that affect adipocytes’ function, differentiation, and adipokine secretion, 

further promoting the inflammatory state itself (Guzik et al, 2017). Moreover, inflammation and 

fibrosis are partly connected, as discussed in the review of Datta et al (2018). Although the 



relationship between fibrosis and inflammation is complex, both are suggested to form a link between 

obesity and CVD (Chun, 2012). In example, Carrol & Tyagi (2005) have demonstrated that obesity 

and high-fat intake induce cardiovascular fibrosis and hypertrophy in rabbits by increasing collagen 

and TGF-β expression (Carrol & Tyagi, 2005). Obesity is also associated with arterial stiffness that 

is partly mediated by ECM remodeling, adipocyte-derived factors, as well as by immune and 

inflammatory responses. Especially PVAT, that in normal conditions have cardioprotective effects, 

loses its vascular protective effect in obesity, and can therefore contribute to vascular stiffness and 

CVD (Aroor et al, 2018). In turn, the review of León-Pedroza et al (2015) shows that obesity is 

associated with not only local but also systemic inflammation that is an important contributor to CVD 

(León-Pedroza et al, 2015). Particularly VAT is able to secrete varying pro-inflammatory factors that 

are linked to the development of atherosclerosis and/or other CVD (Berg & Scherer, 2005). Taken 

together, obesity is an independent risk factor for CVD as it promotes tissue fibrosis through ECM 

accumulation and remodeling (Buechler et al, 2015) and reduces the ability of preadipocytes to 

differentiate into mature adipocytes and store lipids, thus promoting ectopic lipid deposition 

(Gustafson & Smith, 2006). Furthermore, obesity causes changes in the adipokine secretion (Zorena 

et al, 2020), promotes systemic low-grade inflammation through secretion of pro-inflammatory 

factors from enlarged adipocytes that further attracts macrophages in adipose tissue (León-Pedroza 

et al, 2015), and predisposes to insulin resistance and dyslipidemia (Libby et al, 2002). 

In atherosclerosis, lipids, inflammatory cells, and ECM accumulate into the vessel wall (Libby et al, 

2002). The atherosclerotic plaques consist of a lipid core covered by a thin fibrous cap in which large 

amounts of ECM are deposited. Among the ECM components, collagen makes up to 60 % of the total 

protein content of the fibrous cap, and the collagen content increases in parallel with plaque formation 

and progression. In addition to collagen, elastin, glycoproteins i.e., fibronectin, thrombospondin-1 

(THBS1), and Spp1, as well as proteoglycans are included in the plaque formation (Katsuda & Kaji, 

2003). Vascular smooth muscle cells are considered to be responsible for the ECM production in the 

atherosclerotic plaques, although also fibroblasts and myofibroblasts of the vascular adventitia can 

participate in the neo-intima formation (Sartore et al, 2001). This raises questions whether 

(pre)adipocytes, that are also located in the vascular adventitia and able to adopt the myofibroblast-

like phenotype, could also participate in the plaque formation. In any case, the excess deposition of 

the ECM in the cap makes the outer layer more strength, whereas enhanced ECM degradation in the 

lipid core makes the plaque more fragile and vulnerable to rupture (Katsuda & Kaji, 2003). Like in 

the adipose tissue, remodeling of the ECM in the atherosclerotic lesions is carried out by MMPs and 

TIMPs, although the outcome of MMP activity is not clear. On one hand, increased MMP activity 



can promote the plaque rupture as it degrades collagen in the cap, whereas on the other hand, 

inhibition of the MMP activity may also lead to progression of atherosclerosis as it allows the excess 

ECM deposition (Heeneman et al, 2003). 

Despite obesity and adipose biology playing an important role in CVD, there are only a limited 

number of studies investigating the relationship between preadipocytes and atherosclerosis. 

Altogether, a few studies indicate that preadipocytes of PVAT are likely to affect the development of 

CVD. Rittig et al (2012) have shown that PVAT preadipocytes exhibit a higher level of angiogenic, 

growth stimulatory, inflammatory, and metabolic factors compared to preadipocytes of subcutaneous 

or visceral fat (Rittig et al, 2012). Moreover, secretion of pro-inflammatory cytokines and chemokines 

are higher in preadipocytes than mature adipocytes of PVAT (Berti et al, 2016). In the study of Parvizi 

et al (2021), endothelial cells, smooth muscle cells, and macrophages induced an inflammatory 

phenotype when cultured with inflammatory/senescent preadipocytes. Additionally, the studied 

vascular cells demonstrated decreased viability, disrupted proliferation and migration, and impaired 

metabolic function. Thus, they suggest that senescent preadipocytes in PVAT or in close proximity 

to blood vessels can trigger phenotypic and functional changes in the cellular components of 

vasculature, therefore possibly contributing to vascular disease (Parvizi et al, 2021). Finally, the 

communication between the adipose tissue and vasculature seems to be bi-directional, as the 

inflammatory mediators produced in the vascular wall are able to inhibit the differentiation of PVAT 

preadipocytes, and reduce their lipid accumulation through paracrine signaling in vitro, ex vivo, and 

in vivo (Antonopoulos et al, 2017). Hence, understanding the (pre)adipocyte function and 

development are required for understanding the alterations in adiposity and its direct links to 

morbidity, mortality, and many disorders. Additionally, not much are known about the role of 

preadipocytes in ECM remodeling associated with atherosclerosis, or the specific changes in the 

atherosclerotic environment that drive preadipocytes into disease-promoting phenotype. Thus, studies 

within human preadipocytes could provide an important information about their contribution to ECM 

remodeling in both obesity and atherosclerosis progression. 

Here, using an experimental in vitro model of human Simpson-Golabi-Behmel syndrome (SGBS) 

preadipocytes, we validated the expression of 38 genes that were differentially expressed during the 

atherosclerosis progression in vivo. Importantly, these genes were predicted to be regulated by TGF-

β1, IL-1β, angiotensin II (Agt II), or Spp1 ligands. In addition, we showed that stimulation of 

preadipocytes with the above-mentioned factors contributing to the atherosclerotic environment 

induces the expression of genes related to atherogenesis, adipogenesis, and ECM remodeling. Finally, 

we observed an enrichment of the AGE-RAGE signaling pathway involved in inflammation, vascular 



remodeling, and atherosclerosis. These results suggest that preadipocytes may be involved in the 

atherogenesis and thus, their adipogenic and ECM-remodeling potential may provide new insights to 

understand the obesity-related cardiovascular diseases. 

Materials and methods 

Materials 

The recombinant proteins used include: Angiotensin II (Agt II; Novus Biologicales, Cat: NBP1-

99199), Interleukin-1β (IL-1β; Sino Biological, Cat: 10139-HNAE), Osteopontin (Spp1; R&D 

Systems, Cat: 1433-OP), and Transforming growth factor β1 (TGF-β1; Sino Biological, Cat: 10804-

HNAC). The siRNAs used were Serpin Family E Member 1 (SERPINE1; Ambion, Lot: ASO2FTIP, 

ASO2FTIQ), Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH; Invitrogen, Cat: 4390849), and 

control siRNA (Ambion, Cat: 4390843). 

Cell culture 

Human SGBS preadipocytes (Wabitsch et al, 2001), were cultured in T175 flasks in Dulbecco’s 

Modified Eagle Medium (DMEM)/F12 Nut mix (Lonza) containing 33 µM biotin (Sigma), 17 µM 

pantothenic acid (Sigma), 100 µg/ml of Penicillin/Streptomycin (P/S; Lonza), and 10 % Fetal bovine 

serum (FBS; Lonza) at 37 °C in 5 % CO2. The growth medium was changed every 3rd day until the 

cells reached approx. 80 % confluency. 

Adipogenic differentiation 

SGBS preadipocytes were differentiated into mature adipocytes to assess the typical gene expression 

pattern of both SGBS preadipocytes and SGBS adipocytes. Briefly, near confluent SGBS 

preadipocytes were given adipogenic differentiation for 14 days using QuickDiff medium containing 

DMEM/F12 Nut mix medium supplemented with 33 µM biotin, 17 µM pantothenic acid, 100 µg/ml 

P/S, 0.01 mg/ml human transferrin (Sigma), 20 nM human insulin (Sigma), 0.1 µM hydrocortisone 

(Sigma), 0.2 nM triiodothyronine (Sigma), 25 nM dexamethasone (Sigma), 0.5 µM 3-isobutyl-1-

methylxanthine (Sigma), and 2 µM rosiglitazone (Cayman Chemical). The differentiation medium 

was changed every 3rd day. 



Optimization of treatment conditions 

Ligand stimulations 

SGBS preadipocytes were seeded in 6-well plates at a density of approximately 1.8x105 cells/well 

and cultured in growth medium until they reached 70-80 % confluency. Before treatments, SGBS 

preadipocytes were washed with Phosphate buffered saline (PBS) and serum starved in OF medium 

(DMEM/F12 Nut mix, 33 µM biotin, 17 µM pantothenic acid, 100 µg/ml P/S) for 24 hours. Cells 

were treated with TGF-β1, IL-1β, Spp1 or Agt II (Table 1) dissolved in OF medium at 37 °C, 5 % 

CO2. The ligands used were chosen based on their regulatory potential on the target genes predicted 

using NicheNet analysis (Browaeys et al, 2020), and the concentrations were selected based on 

previous publications by choosing a range from lowest to highest concentration (n=2). 

Table 1. Recombinant proteins, concentrations, and time points used in the preliminary experiments to optimize the 
treatment conditions. The concentrations were selected based on previous publications by choosing a range from lowest 
to highest concentration. As results from the 6-h time point were inconsistent when exposed to TGF-β1 and IL-1β, only 
24-h time point was used for Spp1 and Agt II. 

Treatment Concentrations used in preliminary treatments Duration 

TGF-β1 1 ng/ml, 5 ng/ml, 10 ng/ml 6 h, 24 h 

IL-1β 0.5 ng/ml, 1 ng/ml, 5 ng/ml, 10 ng/ml, 15 ng/ml, 20 ng/ml 6 h, 24 h 

Spp1 1	µg/ml, 5	µg/ml, 10 µg/ml 24 h 

Agt II 0.5 µM, 1 µM, 5 µM 24 h 

siRNA transfections 

SGBS preadipocytes were seeded in 6-well plates at a density of approximately 1x105 cells/well and 

cultured in growth medium until they reached approximately 50 % confluency. RNAimax 

lipofectamine and siRNAs were diluted separately in Opti-MEM containing 10 % FBS, 33 µM of 

biotin, and 17 µM of pantothenic acid. Transfection mixes were prepared by mixing the RNAimax 

lipofectamine containing Opti-MEM and the siRNA containing Opti-MEM in ratio 1:1 as follows: 

for 10 nM concentration, 0.4 μl siRNA was diluted in 200 μl Opti-MEM and mixed with a double 

volume (0.8 μl) of RNAimax lipofectamine diluted in the same volume (200 μl) of Opti-MEM and 

incubated for 20 mins at room temperature. Concentrations of 10 nM, 30 nM, and 60 nM were tested. 

Prior adding the RNAi mix, cells were washed once with PBS and the medium was changed to growth 

medium without P/S. Cells were then transfected with SERPINE1 I, SERPINE1 II, GAPDH or 



control siRNA and incubated for 24 h (37 °C, 5 % CO2), followed by a PBS wash and 24-h serum 

starvation as described previously (n=2). 

RNA isolation 

Total RNA of SGBS preadipocytes was isolated using RNeasy Mini Kit according to the 

manufacturer’s instructions (Qiagen). For better RNA yield, additional washing steps in the protocol 

were included. The RNA was eluted in 30 μl of RNase-free water and incubated 1 min before the 

final centrifugation. RNA concentrations, A260/A280, and A60/A230 ratios were quantified with 

NanoDrop ND-1000 spectrophotometer. 

cDNA synthesis 

To generate cDNA, 0.2 μg/μl of 20X Random Hexamer Primer (ThermoFisher Scientific) was added 

to 10 μl of 100 ng/μl RNA, incubated at 65 °C for 5 min, and chilled on ice for 1 min. cDNA mix in 

total volume of 9 μl containing 1.5 μl H2O, 4 μl 5X Reaction buffer (250 mM Tris-HCl (pH 8.3 at 25 

°C), 250 mM KCl, 20 mM MgCl2, 50 mM DTT; ThermoFisher Scientific), 20 U of RiboLock RNase 

inhibitor (ThermoFisher Scientific, Cat: EO0382), 1 mM dNTP mix ThermoFisher Scientific, Cat: 

R0194), and 200 U of Revert Aid Reverse Transcriptase (ThermoFisher Scientific, Cat: EP0442) was 

then added to each sample and incubated for 10 min at 25 °C, 60 min at 42 °C, and 10 min at 70 °C. 

Lastly, 5 U of RNaseH (ThermoFisher Scientific, Cat: AM2293) was added to each sample and 

incubated at 37 °C for 20 minutes. 

Real-Time qPCR 

Real-time quantitative PCR (RT-qPCR) with SYBR Green chemistry (Roche) using StepOnePlus 

analyzer (Applied Biosystems) was used for the determination of mRNA expression levels of the 

selected genes (Table 2). Amplifications were carried out in 17 μl reaction solutions, containing 1x 

FastStart SYBR Green master mix (Roche), 10 ng/μl cDNA, 10 μM of each specific primer, and 6 μl 

water. PCR conditions were as follows: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 

60 °C for 15 s, and 72 °C for 30 s; 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. Each assay 

was performed with technical triplicates for each of the biological samples. Relative gene expression 

level for each target gene was calculated with the ΔΔCT method (Livak & Schmittgen, 2001) and 

normalized to the expression of GAPDH housekeeping gene. 

 



Table 2. Primer sequences of target genes used in the RT-qPCR. The target genes used were selected based on our 
preliminary results of differentially expressed genes during the atherosclerosis progression in vivo. All primers were 
purchased from Sigma-Aldrich. 

Gene Sequence Direction 

COL1A2 5’-GTGGTTACTACTGGATTGAC forward 

5’-CTGCCAGCATTGATAGTTTC reverse 

FBN1 5’-AAAGATCTTGATGAGTGTGC forward 

5’-GTATGGTGTTGGGTAAATCC reverse 

FN1 5’-CCATAGCTGAGAAGTGTTTTG forward 

5’-CAAGTACAATCTACCATCATCC reverse 

MEG3 5’-ACCCAAGTCTTCTTCCTG forward 

5’-CTGTGGAGGGATTTCGAG reverse 

SERPINE1 5’-ATCCACAGCTGTCATAGTC forward 

5’-CACTTGGCCCATGAAAAG reverse 

GAPDH 5’-TCGGAGTCAACGGATTTG forward 

5’-CAACAATATCCACTTTACCAGAG reverse 

Experimental setup for RNA sequencing 

Based on the preliminary results, the concentration giving the maximum response in each ligand 

treatment was selected to use in the final experiments to RNA-seq. Similarly, the siRNA 

concentrations showing the maximum knockdown efficiency were chosen. SGBS preadipocytes were 

seeded in 6 cm dishes and cultured as described previously. Cells were then exposed to either 5 ng/ml 

of TGF-β1, 10 ng/ml of IL-1β,	10 µg/ml of Spp1, or 0.5 µM of Agt II for 24 hours (37 °C, 5 % CO2) 

in OF medium (n=4). siRNA transfections were conducted as described previously with the 

concentrations of 30 nM SERPINE1 I and 60 nM SERPINE1 II (Table 3). The RNAi mixes were 

prepared as follows: for 30 nM transfection mix, 3 μl of siRNA was diluted in 250 μl of Opti-MEM 

and mixed with 6 μl of RNAimax lipofectamine diluted in 250 μl of Opti-MEM. For 60 nM 

concentration, a double volume (12 μl) of siRNA and RNAimax lipofectamine was used (n=4). 



RNeasy Plus Micro Kit (Qiagen) was used to extract the total RNA of SGBS preadipocytes and 

adipocytes to achieve better RNA yield and purity. Cell lysates were homogenized with QIAshredder 

spin column by centrifuging for 2 min at full speed. RNA extraction was done according to the 

manufacturer’s instructions, in addition to which two washes with 80 % ethanol were included. 

Finally, RNA was eluted in 18 μl of RNase-free water, after which the RNA concentration, 

A260/A280, and A60/A230 ratios were quantified using NanoDrop spectrophotometer (DeNovix 

DS-11 FX) to check the yield and purity. 

Table 3. siRNA target sequences used to silence SERPINE1 expression. 

siRNA Sequence (5’-3’) 

SERPINE1 I CCAACAUUCUGAGUGCCCATT 

SERPINE1 II AAGCAGCUAUGGGAUUCAATT 

Library preparation and RNA sequencing  

RNA-seq libraries were prepared using Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit according 

to the manufacturer’s instructions. The optimal cycle number for endpoint PCR was determined using 

the following PCR program: 98 ℃ 30 s, followed by 35 cycles of 98 ℃ 10 s, 65 ℃ 20 s, and 72 ℃ 

30 s; 72 ℃ 1 min, and finally cooled down to 10 ℃. Subsequently, the library amplification was 

performed using the same PCR conditions for 17 cycles. To ensure the quality, high-sensitivity DNA 

concentrations of prepared libraries were measured using Qubit 2.0 Fluorometer (Life Technologies), 

after which the size distribution and successful library preparation of pooled libraries were quantified 

using Agilent 2100 Bioanalyzer according to the manufacturer’s instructions. The sequencing was 

ran using Illumina NextSeq 500/550. 



Data analysis 

RNA-seq gene expression quantifications were carried out with R packages under R version 3.5.3. 

Briefly, cutadapt version 2.8 (Martin, 2011) was used to trim the reads for poly(A), Illumina adapter, 

and low-quality bases. Following the nf-core RNA-seq pipeline version 1.4.2 (Ewels et al, 2020), 

reads were aligned to the GRCh37/hg19 human genome with the STAR aligner and counted in 

transcripts according to Ensembl GRCh37 release 87 gene annotations. The gene biotypes “protein 

coding”, “lincRNA”, and “antisense” were retained in the gene expression matrix. To exclude genes 

with low expression, the filterByExpr function of the EdgeR package version 3.24.3 (Robinson et al, 

2010; minimum count: 5; minimum total count: 15) was used. Differential gene expression analysis 

between treatments was carried out with DESeq2 package version 1.22.2 (Love et al, 2014) using 

default parameters. Finally, the differentially expressed genes (DEGs) with adjusted p-value (padj) 

<0.05 and log2fold change (FC) >1.0 or < -1.0 were included in the functional enrichment analysis 

using g:Profiler. In the functional enrichment analysis, Kyoto Encyclopedia of Genes and Genomes 

(KEGG) and Reactome (REAC) pathways were assessed using the default parameters. 

Results 

Optimization of ligand stimulations and RNAi gene knockdowns 

Our preliminary data from in vivo atherogenic mouse model showed an increased expression of pro-

fibrotic genes of mesenchymal stem cells in adipose tissue when the mice were subjected to high-fat 

diet for 3 months. NicheNet analysis (Browaeys et al, 2020) of the data predicted 228 ligands to have 

regulatory potential on the 71 DEGs that could thus be responsible for the activation of the fibrotic 

response (Supplementary Fig. 1). Among the predicted ligands, we selected TGF-β1, IL-1β, Spp1, 

and Agt II ligands to validate their role in the regulation of target genes in SGBS preadipocytes (Fig. 

1). These four ligands were chosen as they showed the highest regulatory potential on the DEGs 

(Supplementary Fig. 1). First, the ligand concentration and time of stimulation were optimized. Our 

results showed that the relative gene expression levels measured using RT-qPCR were more 

consistent at the 24-hour time point compared to 6-hour, as the effect on FC was stronger at the later 

time point. The highest relative gene expression levels were achieved with the following 

concentrations: 5 ng of TGF-β1, 10 ng of IL-1β, 10 μg of Spp1, and 0.5 μM of Agt II. At higher 

concentrations, the FC began to decrease (Supplementary Fig. 2). In RNAi experiments, 30 nM of 

SERPINE1 I and 60 nM of SERPINE1 II siRNAs showed the highest knockdown efficiency 

(Supplementary Fig. 3B). These conditions were thus selected for the RNA-seq experiment. 



Characterization of common gene expression pattern of mature SGBS adipocytes and SGBS 

preadipocytes 

Differential gene expression analysis between fully differentiated SGBS adipocytes and untreated 

SGBS preadipocytes was performed to identify basic gene expression profile of both preadipocytes 

and adipocytes and to see which of the genes are related to adipogenic differentiation. As a result, in 

total of 2159 genes were upregulated and 2178 genes were downregulated (padj<0.05, log2FC>1.0 

or <-1.0, respectively). The functional enrichment analysis of upregulated genes showed the highest 

enrichment of KEGG pathway “Metabolic pathways” (p=4.3x10-49), while the most enriched REAC 

pathway was “Metabolism” (p=1.4x10-76, Supplementary Table 1). The top 15 upregulated genes 

included mostly lipid and fatty acid metabolism-associated genes such as GPAM, ACLY, FASN, and 

ME1, as well as genes associated with vitamin and cofactor metabolism including VKORC1L1, 

RETSAT, and CYB5A (Supplementary Table 3). In regard to downregulated genes, i.e., genes 

expressed predominantly in SGBS preadipocytes, the most enriched KEGG pathway was “Regulation 

of actin cytoskeleton” (p=4.48x10-14), while “Signaling by Rho GTPases” (p=2.05x10-13) was the 

most enriched in REAC (Supplementary Table 2), respectively. The most significant preadipocyte-

like genes were associated with extracellular matrix organization or remodeling (THBS1, FGF2, 

TIMP3), signal transduction (BDNF, SMURF2), and various heterogeneous functions 

(Supplementary Table 3). 

TGF-β1 induced the expression of genes associated with the extracellular matrix 

Next, we studied each ligand stimulation in more detail. In response to TGF-β1, 751 genes were 

significantly upregulated (padj<0.05, log2FC>1.0) whereas 895 genes were downregulated 

(padj<0.05, log2FC<-1.0), respectively. The functional enrichment analysis of upregulated genes 

showed the highest enrichment of KEGG pathway “AGE-RAGE signaling in diabetic complications” 

(p=4.65x10-7) and “Extracellular matrix organization” (p=2.50x10-3) in REAC (Supplementary Table 

4). The top 15 upregulated genes were mostly associated with extracellular matrix organization 

(ADAM19, ACTN1, SH3PXD2A, FBLN5) and signal transduction (CDKN2B, ACTA2, PMEPA1; 

Table 4). Regarding the predicted target genes selected for this study, 33 significant genes were 

differentially expressed in response to TGF- β1, among which 27 genes were upregulated and seven 

genes were downregulated (padj<0.05, Fig. 1A, Fig. 2). The most enriched pathways related to 

downregulated genes were “TNF signaling pathway” (p=5.28x10-7) in KEGG, and “Cell cycle, 

mitotic” (p=2.61x10-7) in REAC, respectively (Supplementary Table 4). Consequently, the top 15 

downregulated genes were mostly associated with immune system (PTX3, SMAD3, IFIT3; Table 4). 



Table 4. DEGs and the observed change in log2FC of SGBS preadipocytes exposed to 5 ng/ml of TGF-β1. Results are 
shown for the 15 most significant genes (padj<0.05, log2FC>1.0 or <-1.0). 

GENE LOG2FC P.ADJ GENE LOG2FC P.ADJ 

CDKN2B 5.35 1.44E-114 PTX3 -4.76 7.04E-92 

PPME1 3.63 3.41E-113 KIAA1199 -4.63 1.50E-67 

ADAM19 3.38 1.68E-94 SMAD3 -3.48 9.63E-64 

ACTA2 4.41 1.60E-93 USP53 -4.35 1.16E-62 

CTPS1 3.82 6.32E-88 TGFBR3 -3.47 2.24E-56 

FAM101B 3.00 7.54E-87 ARL4C -2.85 6.77E-45 

TSPAN2 5.95 2.98E-74 IFIT3 -4.11 5.36E-43 

TPM1 3.01 3.08E-71 CDC42EP4 -3.90 4.37E-42 

ACTN1 2.32 4.18E-70 CYP1B1 -2.59 4.40E-42 

MRAS 2.04 9.98E-68 TFPI -2.61 1.74E-35 

GADD45B 4.14 5.76E-66 PDE7B -4.83 7.48E-33 

SH3PXD2A 2.13 1.53E-63 SLC7A14 -3.80 4.41E-32 

NUAK1 3.80 2.25E-62 ALDH1A3 -2.47 2.61E-30 

FBLN5 1.94 1.01E-54 SEMA3A -4.14 2.65E-29 

GLIPR2 2.57 7.99E-54 PHLDA1 -3.82 3.46E-29 



Figure 1. Scatter plots showing the differentially expressed predicted ligand target genes for each ligand. The absolute 
log2FC is shown in the x-axis, while the predicted weight of each gene is shown in the y-axis. The predicted weight of 
each gene is based on the NicheNet analysis of DEGs obtained from in vivo atherosclerosis progression and the putative 
ligand interactions. Upregulated genes are shown in red (padj<0.05, log2FC>0), downregulated genes in blue (padj<0.05, 
log2FC<0), and non-significant genes (padj>0.05) are shown in gray. A 33 genes were differentially expressed in response 
to TGF-β1. A slight positive correlation was detected between the predicted weight and log2FC (Spearman’s correlation 
rs = 0.18). B 14 genes were differentially expressed in response to IL-1β; a slight positive correlation was detected 
(Spearman’s correlation rs = 0.23). C 3 genes were differentially expressed in response to Agt II, and they showed a strong 
negative correlation (Spearman’s correlation rs = -1). D 3 genes were differentially expressed in response to Spp1, and 
they showed a strong positive correlation (Spearman’s correlation rs = 0.87). 

IL-1β induced an inflammatory phenotype in SGBS preadipocytes 

IL-1β upregulated in total of 380 genes (padj<0.05, log2FC>1.0) and downregulated 253 genes 

(padj<0.05, log2FC<-1.0), respectively. In terms of upregulated genes, the most enriched pathways 

were “IL-17 signaling” (p=6.88x10-13) in KEGG and “Interleukin-10 signaling” (p=8.16x10-11) in 

REAC (Supplementary Table 5). Consequently, the most significant upregulated genes were related 

to cytokine signaling (MMP3, HIF1A, MMP1, PTGS2, EGR1), although MMP3, MMP1, and 

ADAM12 were also associated with extracellular matrix organization (Table 5). In addition, 14 

predicted ligand target genes were differentially expressed in response to IL-1β, among which CCL7, 

TNFAIP6, CXCL1, BGN, TIMP1, COL3A1, HAS1, THBS1, HERPUD1, ADAMTS2, COL5A2, and 

MGP were upregulated, while LMNA and PRSS23 were downregulated (padj<0.05; Fig. 1B, Fig. 2). 

The most enriched pathways associated with the downregulated genes were “Steroid biosynthesis” 



(p=5.12x10-9) in KEGG and “Cholesterol biosynthesis” (p=4.40x10-16) in REAC (Supplementary 

Table 5), respectively. Accordingly, the most significant downregulated genes were mostly associated 

with lipid and cholesterol metabolism or biosynthesis, including MSMO1, LIPA, HMGCS1, FDFT1, 

LDLR, and ACAT2 (Table 5). 

Table 5. DEGs and the observed change in log2FC of SGBS preadipocytes exposed to 10 ng/ml of IL-1β. Results are 
shown for the 15 most significant genes (padj<0.05, log2FC>1.0 or <-1.0). 

GENE LOG2FC P.ADJ GENE LOG2FC P.ADJ 

LRRC15 3.59 8.94E-54 MSMO1 -2.14 2.39E-54 

AMIGO2 3.28 2.02E-45 KRT19 -4.62 5.59E-30 

MMP3 3.89 1.32E-43 IGFBP5 -2.43 1.46E-29 

PAPPA 1.97 1.22E-40 LIPA -2.12 1.11E-27 

HIF1A 1.51 2.82E-36 HMGCS1 -2.02 1.35E-25 

CXCL5 5.20 5.84E-36 FDFT1 -1.27 9.41E-23 

STEAP2 2.78 2.83E-34 KRT18 -2.60 1.07E-22 

MMP1 3.87 7.14E-31 LDLR -1.36 3.36E-21 

CXCL6 4.96 2.25E-29 SCUBE3 -2.29 2.36E-20 

CCL5 3.90 5.46E-29 ACAT2 -2.12 7.87E-19 

ADAM12 1.78 1.04E-27 ADAMTSL1 -1.82 9.56E-19 

CHAC1 2.47 1.22E-24 C11ORF87 -3.57 1.06E-18 

PTGS2 4.82 6.03E-22 GDF5 -3.88 3.40E-18 

NFKBIZ 2.87 2.59E-21 TRNP1 -1.46 3.65E-18 

EGR1 2.67 1.38E-20 THSD4 -1.89 1.06E-17 



 
Figure 2. A Venn diagram showing the predicted target genes differentially expressed in response to the ligand 
treatments. In total of 38 genes were differentially expressed (padj<0.05). 

Agt II attenuated cell cycle progression and response to inflammatory factors 

In response to Agt II, 106 genes were upregulated (padj<0.05, log2FC>1.0), while 121 genes were 

downregulated (padj<0.05, log2FC<-1.0), respectively. The most significant upregulated genes were 

mainly associated with cellular developmental processes (LBH, ACTA2, MYH10, NEDD9, SEMA5A, 

CHAC1, SHROOM3, DFNA5; Table 6), and the most enriched KEGG pathway was “Vascular 

smooth muscle contraction” (p=6.76x10-3; Supplementary Table 6). Regarding the predicted ligand 

target genes, COL4A1 was upregulated, whereas C3 and CXCL1 were downregulated in response to 

Agt II (padj<0.05, Fig. 1C, Fig. 2). No REAC pathways were associated with the upregulated genes. 

In turn, the downregulated genes were more heterogeneous including e.g., genes associated with cell 

cycle (CDC25B, HMGA2), and response to molecules of bacterial origin (TNFAIP3, PTGFR, 

BDKRB1, CXCL1, SOD2; Table 6). The most enriched pathways were “IL-17 signaling pathway” 

(p=2.21x10-5) in KEGG and “Cell cycle, mitotic” (p=1.98x10-2) in REAC (Supplementary Table 6). 



Table 6. DEGs and the observed change in log2FC of SGBS preadipocytes exposed to 0.5 μM of Agt II. Results are 
shown for the 15 most significant genes (padj<0.05, log2FC>1.0 or <-1.0). 

GENE LOG2FC P.ADJ GENE LOG2FC P.ADJ 

KCTD20 2.23 6.85E-23 ALDH1A3 -1.75 1.90E-14 

LBH 1.97 2.37E-17 TNFAIP3 -1.84 6.18E-10 

ACTA2 1.95 1.19E-16 PTGFR -1.25 2.58E-07 

MYH10 1.53 1.67E-12 C6ORF1 -1.21 4.82E-07 

NEDD9 2.17 5.74E-12 RGMB -1.13 6.75E-07 

FAM126A 1.13 2.43E-09 MT2A -1.42 1.35E-06 

SEMA5A 1.01 6.63E-09 BDKRB1 -2.04 1.56E-06 

CHAC1 1.54 1.95E-08 CDC25B -1.17 3.47E-06 

SHROOM3 2.27 3.54E-08 SMYD3 -1.10 8.75E-06 

NID2 1.85 1.32E-07 RIN1 -1.45 1.13E-05 

FNIP2 1.06 2.58E-07 THSD4 -1.13 1.32E-05 

CTGF 1.61 2.58E-07 CXCL1 -3.07 2.32E-05 

TNS1 1.11 3.08E-07 HMGA2 -1.46 2.42E-05 

C1ORF198 1.46 4.79E-07 COL13A1 -1.33 3.81E-05 

DFNA5 1.07 4.82E-07 SOD2 -1.79 3.91E-05 

 

Spp1 induced the expression of genes related to insulin signaling 

In response to Spp1, 91 genes were upregulated (padj<0.05, log2FC>1.0), while 49 genes were 

downregulated (padj<0.05, log2FC<-1.0), respectively. The most significant upregulated genes were 

associated with heterogeneous functions, such as signal transduction (AKAP12, PDE4D), DNA 

biosynthesis, nucleosome assembly, and cell cycle (TERC, HIST1H4C, FBXO4), or insulin signaling 

(PDK4, ANGPTL4, EPHA5; Table 7). Additionally, two predicted ligand target genes (C3, 

SERPINH1) were downregulated, whereas one gene, ANGPTL4, was upregulated (p<0.05, Fig. 1D, 

Fig. 2). The most enriched KEGG pathway was “TGF-beta signaling pathway” (p=1.05x10-3), while 

no REAC pathways were identified (Supplementary Table 7). In turn, the most significant 

downregulated genes were mostly related to interleukin signaling (SOD2, TP53, ICAM1, CCL2, 



VCAM1; Table 7), and the enriched pathways included “Malaria” (p=1.42x10-2) in KEGG and 

“Interleukin-4 and Interleukin-13 signaling” (p=7.15x10-3) in REAC (Supplementary Table 7). 

Table 7. DEGs and the observed change in log2FC of SGBS preadipocytes exposed to 10 μg/ml of Spp1. Results are 
shown for the 15 most significant genes (padj<0.05, log2FC>1.0 or <-1.0). 

GENE LOG2FC P.ADJ GENE LOG2FC P.ADJ 

SEMA5A 1.09 1.02E-09 DRAM1 -1.66 5.58E-09 

FAM43A 1.42 6.46E-08 GPR174 -18.92 4.87E-07 

AKAP12 1.45 7.82E-07 SOD2 -2.05 2.07E-06 

PDK4 4.22 2.07E-06 ARNT2 -1.88 3.42E-05 

WWTR1 1.11 9.93E-06 WTAP -1.01 3.84E-05 

AHRR 1.57 1.12E-05 TP53 -1.03 6.08E-05 

PDE4D 2.86 1.29E-05 ICAM1 -2.12 1.07E-04 

ANGPTL4 1.97 2.75E-05 NUPR1 -1.17 1.37E-04 

FBXO5 2.33 2.75E-05 KIAA1199 -1.25 2.66E-04 

TERC 3.66 4.22E-05 C3 -2.03 7.30E-04 

HIST1H4C 2.30 5.53E-05 CPA4 -1.29 1.18E-03 

RP11-485G4.2 1.18 1.37E-04 FAM101A -2.17 1.46E-03 

HAS2 1.10 1.66E-04 SOX13 -1.61 1.64E-03 

EPHA5 1.28 1.66E-04 CCL2 -1.74 1.64E-03 

BZW1 1.09 1.66E-04 VCAM1 -6.26 1.71E-03 

 

SERPINE1 knockdown upregulated genes related to inflammatory response 

Finally, we investigated the effects of SERPINE1 knockdown on downstream gene expression to see 

if any genes related to coronary artery disease (CAD) were expressed. SERPINE1 was chosen as it 

was one of the predicted target genes that has been linked to obesity and CVD (Kaur et al, 2010; 

Liang et al, 2006). As a result, the knockdown of SERPINE1 upregulated the expression of 17 genes 

(padj<0.05, log2FC>1.0), while 59 genes were downregulated (padj<0.05, log2FC<-1.0), 

respectively. No data regarding KEGG or REAC pathways were provided in g:Profiler. Both up- and 

downregulated genes were associated with widely heterogeneous functions; the upregulated genes 

were related to processes such as inflammatory response (CRORF30, PTGER2), metabolic processes 



(AKR1B10, MOCS3), and transcriptional regulation (LCOR, HOXA9, HMGA; Table 8). In turn, the 

downregulated genes were associated with, e.g., cell cycle (CKAP5, TXNIP), cell adhesion (NRXN3, 

PCDHGA12), and neurotransmitter transport (SV2A, SLC6A9; Table 8). 

For unknown reason, SERPINE1 II RNAi did not reduce the SERPINE1 expression significantly 

(padj=0.1, log2FC=-0.6). 

Table 8. DEGs and the observed change in log2FC of SGBS preadipocytes in response to SERPINE1 knockdown. Results 
are shown for the 15 most significant genes (padj<0.05, log2FC>1.0 or <-1.0). 

GENE LOG2FC P.ADJ GENE LOG2FC P.ADJ 

HMGA2 1.72 3.40E-07 SERPINE1 -2.61 2.17E-24 

HOXA9 1.33 4.24E-06 CKAP5 -2.46 6.19E-24 

MET 1.53 1.11E-05 MACF1 -1.15 1.04E-07 

MT2A 1.31 3.39E-05 NRXN3 -1.26 1.17E-06 

RMND5A 1.50 2.83E-04 MTRNR2L2 -6.90 7.16E-06 

PPP2R1B 1.04 1.02E-03 MTDH -1.06 1.26E-05 

PODXL 1.86 3.77E-03 SULF1 -1.09 1.33E-05 

ARRDC3 1.01 3.77E-03 FRMD8 -1.17 3.83E-05 

LCOR 1.13 8.38E-03 TBC1D13 -1.29 8.10E-05 

AKR1B10 2.17 1.15E-02 BTBD2 -1.21 1.69E-04 

C5ORF30 1.03 1.85E-02 AKAP12 -1.18 2.11E-04 

PTGER2 2.06 1.94E-02 TXNIP -1.12 2.82E-04 

ZCCHC3 1.10 3.51E-02 SV2A -1.57 1.05E-03 

MOCS3 1.09 3.64E-02 SLC6A9 -2.17 1.15E-03 

POLE2 1.80 4.06E-02 PCDHGA12 -3.08 1.15E-03 

Discussion 

In pro-inflammatory conditions, preadipocytes contribute to the remodeling of the ECM 

(Keophiphath et al, 2009), a process that happens constantly during obesity and might lead to tissue 

fibrosis (Halberg et al, 2009). Besides adipose tissue, remodeling of the ECM takes place in the 

atherosclerotic lesions (Katsuda & Kaji, 2003). Here, we validated the expression of 38 genes, some 



of which were associated with the ECM remodeling, in human SGBS preadipocytes that were 

differentially expressed during the atherosclerosis progression in vivo. Moreover, we found that 

stimulation of SGBS preadipocytes with factors contributing to obesity and atherosclerosis has a wide 

effect on genes related to adipogenesis, atherosclerosis, and ECM. Together, our findings suggest 

preadipocytes might be a one potential contributor to the progression of atherosclerosis either directly 

or indirectly. 

One major regulator of remodeling the ECM is TGF-β, as it can reduce the synthesis of ECM-

degrading proteases and increase the synthesis of their inhibitors (Roberts et al, 1992). In line with 

this, TGF-β1 upregulated 14 predicted target genes associated with the ECM, among which COL4A2, 

COL4A1, and SERPINH1 have recently been proposed as a risk genes or loci for CAD (Howson et 

al, 2017; Zheng et al, 2020). Furthermore, among the predicted target genes, THBS1, SERPINE1, and 

BGN are highly expressed in atherosclerotic plaques of both mice and human (Moura et al, 2008; 

Riessen et al, 1994; Schneiderman et al, 1992). In turn, elevated plasma SPARC levels have been 

detected in patients with CAD (Takahashi et al, 2001), whereas FBN1 is suggested to be a potential 

biomarker for predicting the severity of acute coronary syndrome with unstable angina pectoris 

(Acara et al, 2018). Besides their contribution to ECM and atherosclerosis, these genes are 

upregulated in obesity and contribute to adipogenesis. For example, FBN1 is proposed to mediate 

changes in the ECM required for lipid deposition, and mutations in FBN1 gene are associated with 

depletion of SAT (Davis et al, 2016). THBS1 stimulates preadipocyte proliferation and may thus 

increase the adiposity via hyperplasia (Kong et al, 2013), whereas BGN may reduce the proliferation 

of preadipocytes (Ward & Ajuwon, 2011). In addition, both SERPINE1 and SPARC are able to 

inhibit adipogenic differentiation (Liang et al, 2006, Nie & Sage, 2009). Overall, these results suggest 

that during obesity, preadipocytes produce ECM-associated factors, such as THBS1, FBN1, BGN, 

SPARC, and SERPINE1, that may further promote lipid deposition into the adipose and/or other 

tissues through ECM accumulation and remodeling, and/or affecting the differentiation capacity of 

preadipocytes and reducing the number of lipid-storing mature adipocytes. Altogether, ectopic lipid 

deposition promotes obesity-related comorbities and increases the risk of atherosclerosis and CVD 

(Lim & Meigs, 2014). Moreover, THBS1, FBN1, BGN, SPARC, COL4A2, COL4A1, SERPINH1, and 

SERPINE1 are associated with atherosclerosis, although it remains unclear what is the role of 

preadipocytes expressing these factors during the disease progression. 

In addition, we observed an enrichment of the AGE-RAGE signaling pathway when SGBS 

preadipocytes were exposed to TGF-β1, IL-1β, or Agt II. It is noteworthy that the enrichment of 

AGE-RAGE signaling pathway was already detected in the preliminary data on preadipocytes during 



the atherosclerosis progression in vivo (unpublished data). In the present study, differentially 

expressed predicted ligand target genes involved in this pathway contained COL1A1, COL1A2, 

COL3A1, COL4A1, COL4A2, and SERPINE1. The AGE-RAGE axis has been shown to regulate 

adipocyte-ECM crosstalk (Strieder-Barboza et al, 2019) and adiposity, and it is also associated with 

atherosclerosis in non-diabetic conditions (Ueno et al, 2010). Thus, this pathway could be one 

potential mechanism explaining the involvement of preadipocytes in the development obesity-related 

complications and atherosclerosis. Another example of genes included in the AGE-RAGE axis is 

EGR1, a transcription factor induced by IL-1β that is a master regulator of CVD related genes 

(Khachigian, 2006) and contributes to vascular dysfunction in the AGE-RAGE signaling pathway. 

Therefore, the expression of EGR1 under pro-inflammatory and/or obesogenic conditions can 

promote adipose tissue dysfunction that may further lead to systemic consequences (Zhang et al, 

2013) not only through adipose dysfunction, but also inducing the expression of other genes related 

to CVD. 

Visceral adipose tissue inflammation may be considered as a causative factor for CVD (Ohman et al, 

2008), and adipose tissue is able to synthesize cytokines that participate in the atherosclerotic process 

(Berg & Scherer, 2005). Here, we detected an enrichment of inflammatory pathways when SGBS 

cells were exposed to IL-1β. In addition to pro-inflammatory chemokines and cytokines, the 

expression of some of the predicted target genes, such as BGN, correlates with adipose tissue 

inflammation (Adapala et al, 2012). Moreover, MMP1 and MMP3 that were associated with IL 

signaling not only contribute to the remodeling of adipose tissue ECM but are also involved in the 

atherosclerotic process. MMPs degrade the matrix between vascular intima and media that allows the 

migration of smooth muscle cell to the intima and promoting the plaque expansion (Vacek et al, 

2015). Human preadipocytes have been shown to express MMP1 and MMP3 in pro-inflammatory 

conditions in vitro (Gao & Bing, 2011), but whether preadipocytes can contribute to vascular 

remodeling through MMP activation is unclear. We also found an increased expression of PAPPA, 

another pro-inflammatory factor and an extracellular enzyme, that contributes to the development of 

atherosclerosis indirectly via regulating the bioavailability of insulin-like growth factor. Conover et 

al (2013) have shown that visceral preadipocytes are more prone to express PAPPA compared to 

subcutaneous preadipocytes, and they proposed that PAPPA may regulate depot-specific 

adipogenesis in a paracrine manner similarly as it participates in the progression of atherosclerosis. 

It would be relevant to investigate if there is any correlation between the PAPPA expression of 

visceral preadipocytes and atherogenesis, as the PAPPA expression has been proposed as a candidate 

marker for the early plaque instability (Bayes-Genis et al, 2001). 



Even though both Agt II and Spp1 affected only few of the predicted target genes, we found that Agt 

II induced the expression of CTGF that is an important regulator of fibrinogenesis and positively 

correlated with adiposity and insulin resistance (Yoshino et al, 2019). Also, endothelin-1 (EDN1) that 

promotes adipocyte lipolysis during obesity (Eriksson et al, 2009) was upregulated, although earlier 

studies have reported the antilipolytic potential of Agt II (Goossens et al, 2004). Nonetheless, EDN1 

is widely known to be involved in the atherogenic process via its vasoconstrictive, mitogenic, and 

proliferative properties, as well as its interactions with other atherogenic factors, such as cytokines 

and growth factors (Mathew et al, 1996). Although we found an upregulation of EDN1 in 

preadipocytes, it is mainly produced by endothelial cells (Thorin & Webb, 2013). As the vascular 

inflammation plays a pivotal role in atherosclerosis, pro-inflammatory preadipocytes capable to 

signal endothelial cells could have disease-promoting effects on the vasculature, as reported by 

Parvizi et al (2021). Thus, even though preadipocytes could not produce EDN1 or other factors 

contributing to the vascular inflammation themselves, they may affect these processes indirectly via 

communicating with endothelial cells. In terms of atherosclerosis, we also found an upregulation of 

SEMA5A, a risk locus for CAD (Van der Harst & Verweij, 2018), when preadipocytes were exposed 

to Agt II or Spp1. As SEMA5A can mediate the ECM degradation through activation of MMP9 in 

endothelial cells (Sadanandam et al, 2010) it would be of interest to know if it has similar effects on 

preadipocytes. However, there are no previous publications concerning (pre)adipocytes and 

SEMA5A and thus, further studies would be needed to clarify its functionality on preadipocytes. 

Obesity is associated with both insulin resistance and dyslipidemia that are commonly known risk 

factors for CVD (Ormazabal et al, 2018). When exposed to Spp1, we observed an upregulation of 

ANGPTL4, one of the predicted target genes, that is involved in both insulin signaling and lipid 

metabolism. ANGPTL4 inhibits lipoprotein lipase activity which prevents the uptake of triglycerides 

into adipose tissue (Cushing et al, 2017). This results in increased plasma triacylglycerol level which 

is a risk factor for CVD. In turn, ANGPTL4 deficiency in adipose tissue leads to increased lipid 

uptake by adipocytes that reduces the ectopic lipid accumulation and may prevent the development 

of atherosclerosis (Aryal et al, 2018). Although upregulation of ANGPTL4 has earlier been reported 

at the late stage of adipogenic differentiation (Yin et al, 2014), our data suggest it is also expressed 

by preadipocytes in obesogenic/atherogenic conditions. Hence, whether ANGPTL4 expression by 

preadipocytes under atherogenic conditions affects their ability to accumulate lipids during the 

differentiation would be an interesting topic to research, especially in the context of obesity and 

insulin resistance. Furthermore, SERPINE1, one of the predicted target genes, is associated with 

obesity, inflammation, and atherosclerosis (Alessi & Juhan-Vague, 2006). Besides the induction of 



SERPINE1 in response to TGF-β1 exposure, we performed SERPINE1 knockdown to investigate its 

effects on downstream gene expression. In terms of adipogenesis, our results show controversy as 

several adipogenesis-associated genes were both up- and downregulated, including HMGA2, LCOR, 

MTDH, and TXNIP. Instead, earlier studies suggest that SERPINE1 deficiency promotes the 

development of obesity (Liang et al, 2006). The controversy observed here might be due to original 

study by Liang et al (2006) being conducted in both differentiating primary (pre)adipocytes from 

PAI-1 null mice and mouse 3T3-L1 (pre)adipocytes. Instead of differentiating mouse (pre)adipocytes, 

we used human SGBS preadipocytes not induced to differentiate and hence, it cannot be concluded 

what is the biological importance of these genes in human preadipocytes. However, it seems plausible 

that SERPINE1 mediates downstream effects on adipogenesis, although whether it promotes or 

attenuates the preadipocyte differentiation remains controversial. 

Although we have shown that SERPINE1 expression is induced in preadipocytes during the 

atherosclerosis progression in vivo (unpublished data), we did not find major downstream effects of 

SERPINE1 knockdown on atherogenesis or CAD. An exception was the upregulation of HOXA9 

which overexpression has been shown to inhibit the expression of adhesion molecules, such as 

ICAM-1 and VCAM-1 (Trivedi et al, 2007), and TXNIP, which upon gene knockout has shown to be 

protective against atherosclerosis development in vivo (Byon et al, 2015). Nonetheless, Chatterjee et 

al (2013) have shown that perivascular adipocytes highly express SERPINE1 and hence, they 

suggested that PVAT adipocytes might have potential to modulate vascular inflammation through 

their ability to signal to both endothelial and inflammatory cells in atherosclerosis (Chatterjee et al, 

2013). Therefore, it will require further studies to investigate the potential effects of SERPINE1 and 

preadipocytes on atherosclerosis. In addition, it cannot be ignored that SERPINE1 expression by 

mature adipocytes may play more important role in the atherosclerosis compared to preadipocytes, 

as increased SERPINE1 expression has been characterized during the adipogenic differentiation and 

in mature adipocytes (Serrano et al, 2009). However, data from human adipose tissue suggest that 

SERPINE1 is predominantly expressed by the stromal vascular fraction of the adipose tissue 

(Bastelica et al, 2002). Additionally, the two SERPINE1 siRNAs used showed different knockdown 

efficiency. It is known that siRNAs targeting different regions of a gene can have different 

knockdown efficiencies (Han, 2018), and the second SERPINE1 siRNA was less effective already in 

the optimization stage. Considering the differences between the knockdown efficiency and thus the 

downstream gene expression of the two SERPINE1 siRNAs used, a deeper investigation is needed to 

assess the downstream effects of SERPINE1 knockdown in SGBS preadipocytes. 



Collectively, using an experimental in vitro model of human SGBS preadipocytes, we validated the 

expression of 38 genes out of 71 predicted ligand target genes differentially expressed during the 

atherosclerosis progression in vivo. Furthermore, we showed that exposure of SGBS preadipocytes 

to obesogenic/atherogenic factors induces changes in their gene expression associated with the ECM, 

adipogenesis, and atherosclerosis. Some of the DEGs were included in the AGE-RAGE signaling 

pathway that is proposed to be a one contributor to atherosclerosis. Hence, we propose that 

preadipocytes might have atherogenesis-promoting effects under obesogenic and/or atherogenic 

conditions, possibly through the AGE-RAGE signaling pathway and/or via paracrine signaling to 

vascular cells. Nevertheless, more studies are needed to elucidate the biological importance of the 

AGE-RAGE signaling in human preadipocytes and the possible interactions of preadipocytes with 

other cell types in the atherosclerotic environment. In brief, our results suggest that preadipocytes 

may be involved in the atherogenesis and thus, their adipogenic and ECM-remodeling potential, as 

well as interaction with other cell types, may provide new insights to understand the obesity-related 

cardiovascular diseases. 
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Supplementary material 

Supplementary Figure 1. NicheNet analysis showing prioritized ligands based on their potential to regulate DEGs 
observed in mesenchymal stem cells of LDLR-/-/ApoB100/100 mice subjected to high-fat diet for 3 months. A Ligand 
activity prediction on the DEGs. Results are shown for the 20 (of 228) ligands best predicting the DEGs. Pearson 
correlation coefficient indicating the ability of each ligand to regulate the differentially expressed target genes are shown. 
B Ligand-target interactions denoting the regulatory potential between ligands and the target genes. In total of 79 genes 
were upregulated in mesenchymal stem cells, among which 71 genes were present as targets in the overall ligand-target 
matrix. Results are shown for the 38 (of 71) predicted target genes. The NicheNet analysis and image generation courtesy 
of Dr. Tiit Örd. 



 
Supplementary Figure 2. Relative gene expression of COL1A2, FBN1, FN1, and MEG3 of SGBS preadipocytes treated 
with A-B TGF-β1, C-D IL-1β, E Agt II, and F Spp1. The concentrations used were selected based on previous 
publications by choosing a concentration range from lowest to highest. For Spp1 and Agt II, only 24-hour time point was 
tested. The following concentrations from 24 h treatments were selected for further experiments: TGF-β1 5 ng, IL-1β 10 
ng, Agt II 0.5 μM, Spp1 10 μg. The relative gene expression levels of technical triplicates for each of the biological 
samples were measured using RT-qPCR and the ΔΔCT method. n=2, mean+SEM. 



 
Supplementary Figure 3. Relative gene expression of A GAPDH and B SERPINE1 of SGBS preadipocytes treated with 
the respective RNAi. Two different siRNAs were tested for SERPINE1, of which concentrations of 30 nM and 60 nM 
showed the most efficient knockdown of SERPINE1. n=2, mean+SEM. 

Supplementary Table 1. Enriched KEGG and REAC pathways related to DEGs that were upregulated (padj<0.05, 
log2FC>1.0) between fully differentiated SGBS adipocytes and untreated SGBS preadipocytes. Results are shown for the 
15 most enriched pathways. The functional enrichment analysis was performed using g:Profiler with default parameters. 

GO.ID DESCRIPTION P.VAL GO.ID DESCRIPTION P.VAL 

KEGG:01100 Metabolic pathways 4.34E-49 REAC:R-HSA-1430728 Metabolism 1.45E-76 

KEGG:00280 Valine, leucine and 
isoleucine degradation 

3.04E-24 REAC:R-HSA-1428517 The citric acid (TCA) cycle and 
respiratory electron transport 

1.47E-35 

KEGG:01200 Carbon metabolism 2.35E-15 REAC:R-HSA-611105 Respiratory electron transport 3.30E-26 

KEGG:01212 Fatty acid metabolism 1.86E-14 REAC:R-HSA-556833 Metabolism of lipids 7.25E-26 

KEGG:00640 Propanoate metabolism 6.47E-14 REAC:R-HSA-163200 Respiratory electron transport, 
ATP synthesis by chemiosmotic 
coupling, and heat production by 
uncoupling proteins 

1.26E-23 

KEGG:00071 Fatty acid degradation 8.80E-14 REAC:R-HSA-8978868 Fatty acid metabolism 4.19E-16 

KEGG:04714 Thermogenesis 1.51E-13 REAC:R-HSA-71406 Pyruvate metabolism and Citric 
Acid (TCA) cycle 

3.17E-13 

KEGG:04932 Non-alcoholic fatty liver 
disease 

1.93E-12 REAC:R-HSA-196854 Metabolism of vitamins and 
cofactors 

1.95E-12 

KEGG:00020 Citrate cycle (TCA cycle) 5.97E-12 REAC:R-HSA-191273 Cholesterol biosynthesis 1.15E-10 

KEGG:00620 Pyruvate metabolism 7.12E-12 REAC:R-HSA-6799198 Complex I biogenesis 4.93E-10 

KEGG:03320 PPAR signaling pathway 9.36E-12 REAC:R-HSA-70895 Branched-chain amino acid 
catabolism 

1.73E-09 

KEGG:00190 Oxidative phosphorylation 7.27E-11 REAC:R-HSA-77289 Mitochondrial Fatty Acid Beta-
Oxidation 

4.46E-09 

KEGG:04146 Peroxisome 6.88E-09 REAC:R-HSA-8957322 Metabolism of steroids 2.60E-07 



KEGG:05012 Parkinson disease 7.39E-08 REAC:R-HSA-2426168 Activation of gene expression by 
SREBF (SREBP) 

2.98E-07 

KEGG:05020 Prion disease 2.06E-07 REAC:R-HSA-71403 Citric acid cycle (TCA cycle) 1.78E-06 

 

Supplementary Table 2. Enriched KEGG and REAC pathways related to DEGs that were downregulated (padj<0.05, 
log2FC<-1.0) between fully differentiated SGBS adipocytes and untreated SGBS preadipocytes. Results are shown for 
the 15 most enriched pathways. The functional enrichment analysis was performed using g:Profiler with default 
parameters. 

GO.ID DESCRIPTION P.VAL GO.ID DESCRIPTION P.VAL 

KEGG:04810 Regulation of actin 
cytoskeleton 

4.21E-14 REAC:R-HSA-194315 Signaling by Rho GTPases 1.95E-13 

KEGG:05205 Proteoglycans in cancer 1.10E-09 REAC:R-HSA-69278 Cell Cycle, Mitotic 9.57E-11 

KEGG:04510 Focal adhesion 4.27E-09 REAC:R-HSA-195258 RHO GTPase Effectors 1.39E-10 

KEGG:05200 Pathways in cancer 1.03E-08 REAC:R-HSA-1640170 Cell Cycle 3.83E-09 

KEGG:05135 Yersinia infection 2.72E-08 REAC:R-HSA-5663220 RHO GTPases Activate Formins 5.86E-09 

KEGG:04015 Rap1 signaling pathway 3.18E-08 REAC:R-HSA-109582 Hemostasis 3.49E-08 

KEGG:04668 TNF signaling pathway 4.82E-08 REAC:R-HSA-2500257 Resolution of Sister Chromatid 
Cohesion 

3.72E-08 

KEGG:04390 Hippo signaling pathway 2.78E-07 REAC:R-HSA-9648025 EML4 and NUDC in mitotic 
spindle formation 

6.00E-08 

KEGG:04933 AGE-RAGE signaling 
pathway in diabetic 
complications 

5.21E-07 REAC:R-HSA-68877 Mitotic Prometaphase 2.75E-07 

KEGG:04010 MAPK signaling pathway 2.77E-06 REAC:R-HSA-141444 Amplification of signal from 
unattached kinetochores via a 
MAD2 inhibitory signal 

3.06E-07 

KEGG:05130 Pathogenic Escherichia coli 
infection 

5.14E-06 REAC:R-HSA-141424 Amplification of signal from the 
kinetochores 

3.06E-07 

KEGG:05163 Human cytomegalovirus 
infection 

7.15E-06 REAC:R-HSA-69618 Mitotic Spindle Checkpoint 2.12E-06 

KEGG:04218 Cellular senescence 7.62E-06 REAC:R-HSA-69620 Cell Cycle Checkpoints 1.81E-05 

KEGG:04014 Ras signaling pathway 9.18E-06 REAC:R-HSA-1280215 Cytokine Signaling in Immune 
system 

3.56E-05 

KEGG:04151 PI3K-Akt signaling pathway 1.22E-05 REAC:R-HSA-1474244 Extracellular matrix organization 6.66E-05 

 

 

 

 

 



Supplementary Table 3. DEGs and the observed change in log2FC between fully differentiated SGBS adipocytes and 
SGBS preadipocytes. Results are shown for the 15 most significant genes (padj<0.05, log2FC>1.0 or <-1.0). 

GENE LOG2FC P.ADJ GENE LOG2FC P.ADJ 

STOM 4.79 2.96E-257 CKAP4 -2.18 1.33E-87 

GPAM 6.54 1.84E-228 TIMP3 -3.6 4.83E-84 

ACLY 3.99 3.10E-228 RAB3B -2.97 4.02E-81 

PRDX6 2.94 5.41E-210 ALCAM -2.78 1.41E-76 

ECHDC1 4.20 4.73E-207 THBS1 -2.57 1.58E-76 

VKORC1L1 3.81 1.01E-206 MYADM -3.38 1.02E-73 

RETSAT 4.53 3.65E-203 BDNF -3.40 1.69E-71 

MKNK2 4.47 1.35E-192 SMURF2 -3.02 3.18E-68 

CYB5A 5.31 4.99E-171 PRRX1 -2.38 9.98E-67 

FASN 5.74 9.09E-168 TPM1 -2.88 1.47E-65 

ME1 4.36 1.35E-166 FGF2 -3.35 7.70E-65 

MME 5.50 4.65E-143 RAI14 -2.35 1.00E-64 

SERPINF1 5.31 1.01E-136 BEX1 -2.89 1.56E-63 

ACSS2 6.71 1.17E-133 EMP1 -3.16 4.40E-63 

IDH1 4.23 1.38E-130 PPP1R18 -2.7 7.27E-63 

 

Supplementary Table 4. Enriched KEGG and REAC pathways related to DEGs in SGBS preadipocytes exposed to 
TGF-β1. Results are shown for the 10 most enriched pathways. Pathways related to upregulated genes (padj<0.05, 
log2FC>1.0) are shown on the left, and pathways related to downregulated genes (padj<0.05, log2FC<-1.0) are shown 
on the right. The functional enrichment analysis was performed using g:Profiler with default parameters. 

GO.ID DESCRIPTION P.VAL GO.ID DESCRIPTION P.VAL 

KEGG:04933 AGE-RAGE signaling pathway in 
diabetic complications 

4.65E-07 KEGG:04668 TNF signaling pathway 5.28E-07 

KEGG:04350 TGF-beta signaling pathway 5.65E-06 KEGG:04110 Cell cycle 3.35E-04 

KEGG:04015 Rap1 signaling pathway 3.20E-05 KEGG:04621 NOD-like receptor 
signaling pathway 

7.57E-04 

KEGG:05200 Pathways in cancer 4.68E-05 KEGG:04064 NF-kappa B signaling 
pathway 

1.50E-03 

KEGG:04550 Signaling pathways regulating 
pluripotency of stem cells 

1.69E-04 KEGG:04657 IL-17 signaling pathway 2.26E-03 



KEGG:04390 Hippo signaling pathway 1.75E-04 KEGG:05200 Pathways in cancer 3.40E-03 

KEGG:04510 Focal adhesion 1.78E-04 KEGG:04061 Viral protein interaction 
with cytokine and 
cytokine receptor 

3.76E-03 

KEGG:05205 Proteoglycans in cancer 2.74E-04 KEGG:04010 MAPK signaling 
pathway 

7.78E-03 

KEGG:04810 Regulation of actin cytoskeleton 7.21E-04 KEGG:05418 Fluid shear stress and 
atherosclerosis 

1.75E-02 

KEGG:05230 Central carbon metabolism in 
cancer 

1.07E-03 KEGG:05323 Rheumatoid arthritis 2.04E-02 

REAC:R-HSA-1474244 Extracellular matrix organization 2.50E-03 REAC:R-HSA-69278 Cell Cycle, Mitotic 2.61E-07 

REAC:R-HSA-446353 Cell-extracellular matrix 
interactions 

4.21E-03 REAC:R-HSA-2500257 Resolution of Sister 
Chromatid Cohesion 

8.57E-07 

REAC:R-HSA-9006936 Signaling by TGFB family 
members 

1.14E-02 REAC:R-HSA-68877 Mitotic Prometaphase 1.27E-06 

REAC:R-HSA-9006934 Signaling by Receptor Tyrosine 
Kinases 

1.33E-02 REAC:R-HSA-1640170 Cell Cycle 9.94E-06 

REAC:R-HSA-170834 Signaling by TGF-beta Receptor 
Complex 

1.40E-02 REAC:R-HSA-141444 Amplification of signal 
from unattached 
kinetochores via a 
MAD2  inhibitory signal 

1.65E-05 

REAC:R-HSA-445355 Smooth Muscle Contraction 1.65E-02 REAC:R-HSA-141424 Amplification of signal 
from the kinetochores 

1.65E-05 

REAC:R-HSA-9031628 NGF-stimulated transcription 1.89E-02 REAC:R-HSA-69618 Mitotic Spindle 
Checkpoint 

4.93E-05 

REAC:R-HSA-162582 Signal Transduction 2.34E-02 REAC:R-HSA-69620 Cell Cycle Checkpoints 5.26E-05 

REAC:R-HSA-3000178 ECM proteoglycans 3.38E-02 REAC:R-HSA-1280215 Cytokine Signaling in 
Immune system 

7.29E-05 

REAC:R-HSA-2173793 Transcriptional activity of 
SMAD2/SMAD3:SMAD4 
heterotrimer 

3.50E-02 REAC:R-HSA-68882 Mitotic Anaphase 1.04E-04 

 

Supplementary Table 5. Enriched KEGG and REAC pathways related to DEGs in SGBS preadipocytes exposed to IL-
1β. Results are shown for the 10 most enriched pathways. Pathways related to upregulated genes (padj<0.05, log2FC>1.0) 
are shown on the left, and pathways related to downregulated genes (padj<0.05, log2FC<-1.0) are shown on the right. 
The functional enrichment analysis was performed using g:Profiler with default parameters. 

GO.ID DESCRIPTION P.VAL GO.ID DESCRIPTION P.VAL 

KEGG:04657 IL-17 signaling pathway 6.88E-13 KEGG:00100 Steroid biosynthesis 5.12E-09 

KEGG:04668 TNF signaling pathway 2.37E-11 KEGG:00900 Terpenoid backbone 
biosynthesis 

5.65E-07 

KEGG:05323 Rheumatoid arthritis 5.17E-10 KEGG:01100 Metabolic pathways 1.46E-03 

KEGG:04060 Cytokine-cytokine receptor 
interaction 

8.31E-06 REAC:R-HSA-191273 Cholesterol biosynthesis 4.40E-16 



KEGG:04061 Viral protein interaction with 
cytokine and cytokine receptor 

1.73E-05 REAC:R-HSA-2426168 Activation of gene 
expression by SREBF 
(SREBP) 

6.15E-11 

KEGG:04933 AGE-RAGE signaling pathway 
in diabetic complications 

2.20E-05 REAC:R-HSA-8957322 Metabolism of steroids 7.70E-11 

KEGG:04064 NF-kappa B signaling pathway 1.22E-03 REAC:R-HSA-1655829 Regulation of cholesterol 
biosynthesis by SREBP 
(SREBF) 

1.04E-10 

KEGG:05167 Kaposi sarcoma-associated 
herpesvirus infection 

1.89E-03 REAC:R-HSA-6807062 Cholesterol biosynthesis 
via lathosterol 

1.45E-05 

KEGG:05134 Legionellosis 2.83E-03 REAC:R-HSA-6807047 Cholesterol biosynthesis 
via desmosterol 

1.45E-05 

KEGG:04978 Mineral absorption 3.66E-03 REAC:R-HSA-556833 Metabolism of lipids 1.16E-04 

REAC:R-HSA-6783783 Interleukin-10 signaling 8.16E-11 
   

REAC:R-HSA-449147 Signaling by Interleukins 1.73E-10 
   

REAC:R-HSA-6785807 Interleukin-4 and Interleukin-
13 signaling 

4.55E-09 
   

REAC:R-HSA-1280215 Cytokine Signaling in Immune 
system 

4.39E-08 
   

REAC:R-HSA-380108 Chemokine receptors bind 
chemokines 

6.88E-07 
   

REAC:R-HSA-5661231 Metallothioneins bind metals 1.43E-05 
   

REAC:R-HSA-375276 Peptide ligand-binding 
receptors 

5.50E-05 
   

REAC:R-HSA-5660526 Response to metal ions 8.82E-05 
   

REAC:R-HSA-373076 Class A/1 (Rhodopsin-like 
receptors) 

5.83E-04 
   

REAC:R-HSA-9031628 NGF-stimulated transcription 5.98E-03 
   

 

Supplementary Table 6. Enriched KEGG and REAC pathways related to DEGs in SGBS preadipocytes exposed to Agt 
II. Pathways related to upregulated genes (padj<0.05, log2FC>1.0) are shown on the left, and pathways related to 
downregulated genes (padj<0.05, log2FC<-1.0) are shown on the right. The functional enrichment analysis was 
performed using g:Profiler with default parameters. 

GO.ID DESCRIPTION P.VAL GO.ID DESCRIPTION P.VAL 

KEGG:04270 Vascular smooth muscle 
contraction 

6.76E-03 KEGG:04657 IL-17 signaling pathway 2.21E-05 

KEGG:04933 AGE-RAGE signaling pathway 
in diabetic complications 

1.70E-02 KEGG:04668 TNF signaling pathway 1.03E-03 

   
KEGG:04610 Complement and coagulation 

cascades 
2.59E-02 

   
KEGG:05323 Rheumatoid arthritis 3.21E-02 



   
KEGG:04750 Inflammatory mediator regulation 

of TRP channels 
5.00E-02 

   
REAC:R-HSA-69278 Cell Cycle, Mitotic 1.98E-02 

   
REAC:R-HSA-373076 Class A/1 (Rhodopsin-like 

receptors) 
3.52E-02 

 

Supplementary Table 7. Enriched KEGG and REAC pathways related to DEGs in SGBS preadipocytes exposed to 
Spp1. Pathways related to upregulated genes (padj<0.05, log2FC>1.0) are shown on the left, and pathways related to 
downregulated genes (padj<0.05, log2FC<-1.0) are shown on the right. The functional enrichment analysis was 
performed using g:Profiler with default parameters. 

GO.ID DESCRIPTION P.VAL GO.ID DESCRIPTION P.VAL 

KEGG:04350 TGF-beta signaling 
pathway 

1.05E-03 KEGG:05144 Malaria 1.42E-02 
   

KEGG:05418 Fluid shear stress and atherosclerosis 2.00E-02 
   

REAC:R-HSA-6785807 Interleukin-4 and Interleukin-13 
signaling 

7.15E-03 
   

REAC:R-HSA-449147 Signaling by Interleukins 1.37E-02 
   

REAC:R-HSA-6803207 TP53 Regulates Transcription of 
Caspase Activators and Caspases 

4.74E-02 
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