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Abstract

Cancer-associated cachexia (CAC) is a complex metabolic and behavioral syndrome with multiple 

manifestations that involve systemic inflammation, weight loss, and adipose lipolysis. It impacts 

the quality of life of patients and is the direct cause of death in 20–30% of cancer patients. 

The severity of fat loss and adipose tissue remodeling negatively correlate with patients’ survival 

outcomes. To address the mechanism of fat loss and design potential approaches to prevent the 

process, it will be essential to understand CAC pathophysiology through white adipose tissue 

models. In the present study, an engineered human white adipose tissue (eWAT) model based 

on three-dimensional (3D) bioprinting was developed and induced with pancreatic cancer cell-

conditioned medium (CM) to mimic the status of CAC in vitro. We found that the CM induction 

significantly increased the lipolysis and accumulation of the extracellular matrix (ECM). The 3D 
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eWATs were further vascularized to study the influence of vascularization on lipolysis and CAC 

progression, which was largely unknown. Results demonstrated that CM induction improved the 

angiogenesis of vascularized eWATs (veWATs), and veWATs demonstrated decreased glycerol 

release but increased UCP1 expression, compared to eWATs. Many unique inflammatory 

cytokines (IL-8, CXCL-1, GM-CSF, etc) from the CM were detected and supposed to contribute 

to eWAT lipolysis, UCP1 up-regulation, and ECM development. In response to CM induction, 

eWATs also secreted inflammatory adipokines related to the metastatic ability of cancer, muscle 

atrophy, and vascularization (NGAL, CD54, IGFBP-2, etc). Our work demonstrated that the eWAT 

is a robust model for studying cachectic fat loss and the accompanying remodeling of adipose 

tissue. It is therefore a useful tool for future research exploring CAC physiologies and developing 

potential therapies.
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1. Introduction

Cancer-associated cachexia (CAC) is a multifactorial metabolic syndrome that is featured 

as systemic inflammation, weight loss, adipose tissue atrophy, and skeletal muscle wasting 

[1]. It frequently occurs in patients with pancreatic, lung, or colon cancer, during advanced 

stages [2]. CAC leads to reduced quality of life in patients and accounts for up to 30% 

of cancer deaths [3]. Currently, there are no effective early diagnosis methods for CAC 

and no effective treatments are available to reverse it once clinical signs are apparent. Fat 

loss is found to precede muscle wasting, and the intensity of fat depletion is reported to 

negatively correlate with the patients’ survival [4]. Fat remodeling caused by metabolic 

disorders, including elevated lipolysis, decreased lipogenesis, and white adipose browning, 

may happen in early stage CAC [1, 5]. Thus, fat loss and remodeling are important processes 

during CAC development. To better understand the underlying mechanisms of adipose 

tissue remodeling in CAC, it is necessary to generate a disease model that addresses the 

interactions between adipose tissue and cancer cells, identifies pathological responses, and 

discovers potential therapeutic targets.

At present, pre-clinical in vivo models that use orthotopic cancer cell inoculation are 

routinely applied to study adipose tissue remodeling in CAC [6]. For example, cancer 

cells were transplanted into mice to get tumor bearing mice, and fat tissue responses, 

including lipolysis and browning, were then analyzed [1, 7]. Although useful, these in 
vivo models are difficult to translate into CAC for humans, since either immunodeficient 

or immunocompromised mice models should be used to overcome immuno-incompatibility 

between humans and rodents. Therefore, in vitro human white adipose tissue models could 

be an effective tool to mimic native adipose tissues in CAC studies. Two-dimensional (2D) 

WAT models with adipocytes cultured in wells or dishes are simple and contribute to the 

majority of discoveries and research [8, 9]. Tumor-conditioned medium is used to induce the 

2D cultured adipocytes, mimicking the cachexia process, and cell responses are determined. 
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However, these 2D culture models cannot recapitulate the architectures of living tissues with 

abundant cell-cell interplay and cell-matrix interplay [10]. Three-dimensional (3D) WAT 

models have therefore been developed to better recapitulate the in vivo adipose environment 

with intensive cell-cell and cell-matrix interactions. Such models can be divided into two 

categories: scaffold-free and scaffold-based models [11]. For the scaffold-free WAT models, 

cells have more interactions with each other and can be fabricated by hanging droplets, 

magnetic levitation, or other cell assembly techniques [12–15]. Compared to scaffold-free 

models, scaffold-based WAT models provide a more well-established architecture for cells 

and have the advantages of easy handling, mimicking cell-matrix interactions, and providing 

tunable biophysical and biochemical microenvironments. The scaffolds can be composed 

of synthetic or natural materials, forming flexible fibers [16], hydrogels [17, 18], or 

membranes [19]. However, most of the current scaffold-based WAT models focus on model 

characterization and disease studies related to breast cancer and type II diabetes mellitus [20, 

21], while their responses and effectiveness under CAC were largely undetermined.

Human WAT is vascularized, and its vasculature is essential for maintaining its mass, 

function, and homeostasis [22, 23]. Blood flow brings the nutrition, oxygen, and cytokines 

to adipocytes and also removes metabolic byproducts [24]. Hence, vascularization is 

crucial for adipose functions and needs to be taken into consideration when designing a 

functional adipose model for a CAC study. Previous studies have extensively demonstrated 

that co-cultures of adipocytes and adipose derived mesenchymal stem cells (ADMSCs) 

with endothelial cells promoted angiogenesis [25, 26], mitigated external radiation damage 

[27], and evoked physiological responses to hyperinsulinemia compared to monocultures 

[28]. However, the roles of vascularization on WAT remodeling during CAC and cancer 

progression are largely unknown.

In this study, we aimed to develop a scaffold-based engineered WAT (eWAT) through 

3D bioprinting. We implemented methacrylated gelatin (GelMA) and methacrylated 

hyaluronic acid (HAMA) as bioinks, with encapsulated human white adipocyte progenitors 

(WAPs). After adipogenic differentiation, ADMSCs and human umbilical vein endothelial 

cells (HUVECs) were wrapped around eWATs and co-cultured with them to generate 

vascularized eWATs (veWATs) (figure 1(a)). Among all forms of malignancy, pancreatic 

ductal adenocarcinoma is the most highly associated with cachexia, with estimated 83% 

of patients suffering from CAC [29]. Conditioned cancer medium from human pancreatic 

cancer cells was used to induce CAC, and the remodeling of eWAT/veWAT, including 

lipolysis, browning, adipogenesis, and extracellular matrix (ECM) development, was studied 

(figure 1(a)). Cytokines from the cancer medium and adipokines released by the eWAT were 

also analyzed to identify potential CAC related molecules.

2. Materials and Methods

2.1 Cell culture

Immortalized human WAPs were isolated from the subcutaneous fat from one anonymous 

female and infected with an hTERT expressing retrovirus [30]. The WAPs were cultured 

with a growth medium containing Dulbecco’s Modified Eagles Medium (DMEM/high 

glucose), 10% fetal bovine serum (FBS, Gibco), and 1% penicillin/streptomycin (P/S, 
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Gibco) in 5% CO2 at 37 °C. Human ADMSCs (passage 3–5) were purchased from Lonza 

and were cultured in growth medium consisting of DMEM/F12 (Gibco), 10% FBS, and 

1% P/S. HUVECs (passage 3–5) were also obtained from Lonza and were cultured in 100 

μg/mL rat tail collagen (Advanced BioMatrix) coated flasks (3 h, at room temperature) 

and with Endothelial Cell Growth Medium v2 (ECGM v2, Cell Applications) and 1% P/S. 

BxPC-3 cells (ATCC, CRL-1678TM), a human pancreatic cancer cell line originally derived 

from a 61-year-old female with pancreas adenocarcinoma, at passages 5–6 were cultured in 

RPMI 1640 media supplemented with 10% FBS and 1% P/S.

2.2 3D bioprinting of WAP-laden scaffolds

To prepare the bioink, methacrylated hyaluronic acid (HAMA) and methacrylated gelatin 

(GelMA) were synthesized as previously described [31]. The degree of methacrylation was 

determined to be around 22.5% for HAMA and 61.1% for GelMA. For the bioink, 7.5% 

wt GelMA and 1% wt HAMA were dissolved in WAP growth medium. 1 mM tartrazine 

and 0.01 g/mL lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were added to act 

as the photoabsorber and photoinitiator, respectively.

Prior to 3D bioprinting, WAPs were digested by TrypLE Reagents (Gibco) and resuspended 

in the bioinks at a density of 5×106 cells/mL. A 3D digital light processing (DLP)-based 

bioprinter (Lumen X, CELLINK) was used for the 3D bioprinting. The temperature of 

bioink support platform was set around 37 °C, at which the bioinks were maintained in 

solution state. The bioprinting was conducted layer-by-layer through a UV projector that 

crosslinked each layer under a sterile environment. The WAP-laden scaffolds were designed 

to be 4 mm × 4 mm × 2 mm (height), with four channels through them from the top view 

and two channels through them from the side view. The diameter of the channels was 0.8 

mm, which is advantageous for nutrient infiltration and cell migration and growth. Although 

most hydrogels illustrate pores defined by polymer chains comprising the hydrogel network, 

their sizes are limited to less than ten micrometers. Microchannels were designed here to 

meet nutrition and molecule transport requirements for the large number of cells. Once the 

bioprinting was finished, the constructs were washed in WAP growth medium to remove 

excess un-crosslinked solution.

2.3 Characterization of 3D printed scaffolds

The overall structure of the 3D printed acellular scaffolds was observed by an optical 

microscope (Zeiss). After lyophilization, the scaffolds were sputter coated with gold, and the 

morphology was observed under a scanning electron microscope (SEM, FEI Quanta 200) at 

25 kV.

The rheological performance of the bioinks, as well as the 3D printed acellular scaffolds, 

was evaluated by a rheometer (HR-2, TA Instruments). The plate diameter was set as 8 mm 

with a gap of 1 mm, and the plate temperature was 37 °C. Both the oscillation strain sweep 

(0.01–10% strain, 1 rad/s) and frequency sweep (0.1–100 rad/s, 1% strain) were conducted 

to evaluate the mechanical performances of the bioinks and printed scaffolds. Their storage 

moduli (G’) and loss moduli (G”) were recorded.
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The compressive mechanical performance of scaffolds was conducted by the UniVert 

mechanical testing system (CellScale). The scaffolds were compressed to 50% of their 

height, at a speed of 0.5 mm/min. Five loading-unloading cycles were applied to investigate 

scaffold compression resilience property. Compressive modulus of scaffolds was calculated 

according to the stress-strain curve.

2.4 Differentiation of WAP-laden scaffolds

To differentiate WAPs into adipocytes, 3D bioprinted WAP-laden scaffolds were first 

cultured in growth medium for 5 days and then cultured with a differentiation medium 

consisting of DMEM/high glucose with 2% FBS, 1% P/S, 0.5 μM recombinant human 

insulin (Alfa Aesar), and 2 nM tri-iodothyronine (T3, Sigma) for 6 days, with the medium 

changed every 3 days. Induction was further conducted for another 12 days with an 

induction medium that consisted of the differentiation medium plus 33 μM biotin (Sigma), 

17 μM pantothenate (Sigma), 0.1 μM dexamethasone (Sigma), 500 μM 3-isobutyl-1-methyl 

xanthine (IBMX, Sigma), and 30 μM indomethacin (Sigma). The medium was changed 

every 3 days. After adipogenic differentiation, we obtained eWATs, and they were 

maintained in growth medium before further vascularization or cancer medium application.

Bright field images of WAP-laden scaffolds with or without adipogenic differentiation were 

taken. The cell viability was examined by a Live/Dead assay (Invitrogen). Images of Live/

Dead assays were taken by a confocal laser scanning microscope (CLSM, LSM 710, Zeiss). 

For immunofluorescent (IF) staining, samples were fixed in 4% paraformaldehyde (PFA) for 

4 h, dehydrated by 30% sucrose overnight, and cryo-sectioned. Slides were then blocked by 

1% bovine serum albumin (BSA) overnight at 4 °C. 10 μg/mL BODIPY™ 493/503 (D3922, 

Thermo Fisher Scientific) was added and incubated for 30 min at room temperature. After 

nuclear staining with DAPI (1:1000 in PBS), the slides were imaged by the 710 CLSM. The 

lipid droplet size for WAP-laden scaffolds with or without adipogenic differentiation was 

quantified by ImageJ software.

For quantitative real time polymerase chain reaction (qPCR) analysis, constructs were 

homogenized by a lysis buffer using a bead miller (Fisher Scientific). The total RNA 

was extracted through RNeasy mini-kits (QIAgen) and reverse transcribed to cDNA 

through iScript cDNA synthesis kits (BioRad Laboratories). QPCR was performed by a 

StepOnePlusTM PCR System (Thermo Fisher Scientific) with SsoAdvanced SYBR Green 

Supermix (Bio-Rad). The relative expressions of the genes of interest, like peroxisome 

proliferator-activated receptor gamma (PPARG) and CCAAT/enhancer binding protein 

epsilon (CEBPE), were quantified with 2−ΔΔCt by normalizing them to housekeeping gene 

18S. Their sequences are shown in Table S1.

2.5 Induction of eWATs with cancer-cell-conditioned medium

When BxPC-3 cells reached 100% confluence, the medium was refreshed with fresh growth 

medium and maintained for 48 hours. Then, the supernatants were collected and filtered 

by a 0.02 μm filter to remove cells and debris. To avoid the risk of nutrient deprivation 

of eWATs and over dilution of cancer cell supernatants, the obtained supernatants were 

mixed with WAP growth medium in a ratio of 1:1 (v/v), and this mixture was used as the 
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cancer-cell-conditioned medium (CM) for inducing eWATs. BxPC-3 fresh growth medium 

mixed with WAP growth medium (1:1 v/v) worked as the control growth medium (GM) for 

inducing eWATs. 3D printed scaffolds without cells were also induced with CM and served 

as the baseline.

At days 3, 5, and 7, the culture media in all groups were collected. Lipolysis levels were 

determined by measuring the amount of glycerol released into the media by a glycerol assay 

(Sigma). QPCR was conducted after 7 days as mentioned in Section 2.4. Genes related 

to adipose browning, like Uncoupling Protein 1 (UCP1), Cell Death Inducing DFFA Like 

Effector A (CIDEA), and PR/SET Domain 16 (PRDM16), were analyzed. Lipoprotein lipase 

(LPL), along with PPARG and CEBPE, were also evaluated (Table S1).

After CM application for 7 days, eWATs were fixed in 4% PFA, dehydrated, and cryo-

sectioned as mentioned in 2.4. For IF staining, slides were blocked by 1% BSA and cultured 

overnight with primary antibodies to UCP1 (1:100, Abcam). Secondary Alexa Fluor™ 568 

goat anti-rabbit antibodies (1:100 in 1% BSA) and 10 μg/mL BODIPY were cultured for 

another 2 h at room temperature. After nuclear staining with DAPI, the slides were imaged 

by a 710 CLSM. Oil Red O, hematoxylin and eosin (H&E), and immunohistochemical 

(IHC) staining of collagen I were also conducted and imaged by a microscope (Leica). 

Briefly, slides were incubated in Oil Red O working solutions for around 10 min. For 

H&E staining, slides were incubated in hematoxylin solution, to stain the nuclei, and eosin 

solution subsequently. To stain collagen I, slides were pre-incubated with 3% hydrogen 

peroxide in methanol for 15 min to deactivate the endogenous peroxidase and then blocked 

with blocking serum for 1 hour at room temperature.

The sections were then incubated overnight at 4 °C with anti-collagen type I primary 

antibodies (Col I, NB600–408, Novus Biologicals). After washing three times with PBS, 

biotinylated goat anti-rabbit IgG (1:150, Vector Laboratories) was added and cultured for 

30 min at room temperature. After washing with PBS, avidin-biotin complex conjugated 

to peroxidase (Vector Laboratories) was applied for 30 min. The bound complexes were 

visualized by adding DAB substrate (3,3’-diaminobenzidine, Vector Laboratories) to the 

sections for 5 minutes. Then, counterstaining in hematoxylin was finally conducted. Semi-

quantitative analysis of the eosin-stained intensity in H&E images and collagen I in IHC 

images were evaluated by Fiji software. The mean optical density was calculated as log 

(255/mean intensity).

2.6 Induction of HUVECs with CM

Proliferation, tube formation, and wound healing assays were conducted to evaluate the 

influence of CM on 2D cultured HUVEC behaviors in vitro. For the proliferation test, a 

96-well plate was coated with 100 μg/mL of rat tail collagen prior to the experiments. 

HUVECs were seeded at a density of 1×104 cells/100 μL into each well. The CM consisted 

of BxPC-3 supernatants, prepared as described in Section 2.5, and fresh Endothelial Cell 

Growth Medium (ECGM) (1:1, v/v), while fresh BxPC-3 growth medium mixed with 

ECGM served as the control GM. The media were changed every 2 days. HUVEC 

proliferation was measured by a Cell Counting Kit 8 (CCK8, Abcam) at days 3 and 7, 

following manufacturer’s instructions.
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For the tube formation, 50 μL of Matrigel was added into each well of a 96-well plate and 

incubated at 37 °C for 1 h. HUVECs (2×104 cells/100 μL) were then seeded into the wells 

and cultured with CM or GM. After 24 and 48 h, the formed HUVEC tubes were observed, 

and three images of each well were randomly taken by an inverted microscope (Leica). The 

tube nodes were counted afterwards [32].

For the wound healing assay, a 24-well plate was first coated with 100 μg/mL of rat tail 

collagen. HUVECs were then seeded (3×104 cells/well) and grew until 70% confluency. 

A 200 μL pipette tip was used to make a scratch among the cells. After washing three 

times with PBS, CM and GM were added. Images at t= 0 h and t= 24 h were taken by an 

inverted microscope. The wound healing rate (%) was calculated as: [(wound length at t=0 

h)− (wound length at t=24 h)/wound length at t= 0 h] × 100% [32]. Five samples of each 

group and three images from each sample were included.

2.7 Development of veWATs and induced with CM

Mixed collagen and fibrin solutions were used to encapsulate HUVECs (2×106 cells/mL) 

and ADMSCs (5×105 cells/mL) for vascularization of eWATs. ADMSCs were used to 

support HUVEC growth. The pH of type I human collagen solution (3.1 mg/mL, Advanced 

BioMatrix) was adjusted to 7.5, and its ionic strength was neutralized by adding 1/10 final 

volume of 10×PBS. Human fibrinogen (EMD Millipore Corporation) was dissolved in PBS 

at a concentration of 20 mg/mL. HUVECs and ADMSCs were suspended in 2 units/mL of 

thrombin (Thermo Fisher Scientific) in ECGM v2 medium. To pre-vascularize eWATs, type 

I human collagen solution, fibrinogen, and cell-encapsulated thrombin were mixed in equal 

volume, wrapped around the eWAT (50 μL per scaffold), and cultured at 37 °C for 1 h [33]. 

ECGM and WAP growth medium (1:1, v/v) were then added and changed every 2 days. 

After 7 days of culture, CM consisting of BxPC-3 supernatants, ECGM, and WAP growth 

medium (2:1:1, v/v/v) was used to induce vascularized eWAT (veWAT) for another 7 days 

(timeline is shown in figure 1(b)). A mixture of fresh BxPC-3 growth medium, ECGM, and 

WAP growth medium (2:1:1, v/v/v) was used as the control GM. IF staining was conducted 

after scaffold fixation (4% PFA, 4 h) and blocking to determine the CM influence on veWAT 

angiogenesis. A primary antibody to CD31 (1:100, eBioscience™) was incubated overnight 

at 4 °C. Secondary Alexa Fluor™ 568 goat anti-mouse antibodies (1:100 in 1% BSA) and 

10 μg/mL BODIPY were applied for another 2 h at room temperature. After nuclear staining 

with DAPI, the constructs were imaged by a 710 CLSM.

To compare lipolysis and browning related gene expressions of eWAT and veWAT after CM 

induction, the media from eWAT, veWAT, and vascularized 3D bioprinted acellular scaffolds 

(vScaffolds) were collected, and the released glycerol was tested as described in Section 2.5. 

At day 7, the expressions of adipocyte browning related genes (UCP1, CIDEA, PRDM16) 

were also evaluated by qPCR.

2.8 Human cytokine and adipokine array analyses

The relative amounts of cytokines in BxPC-3 fresh growth medium and supernatants 

were evaluated by a Human Cytokine Array Kit (ARY005B, R&D Systems) by following 

the manufacturer’s protocol. Briefly, 1 mL of fresh BxPC-3 growth medium or BxPC-3 
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supernatants was mixed with a cocktail of biotinylated detection antibodies and incubated 

with the array membrane overnight at 4 °C. After washing three times with washing buffer 

(10 min each time), streptavidin-horseradish peroxidase solution and chemiluminescent 

detection reagents were added to the membrane in sequence. Then, the array membranes 

were imaged and scanned. The pixel density of each dot was analyzed with ImageJ software.

Adipokines released from the eWAT after being induced with CM and control GM were also 

evaluated. The relative amount of adipokines was calculated as the ratio of the adipokine 

pixel density/positive control pixel density from the CM induced samples to the adipokine 

pixel density/positive control pixel density from the GM.

2.9 Statistical analysis

All quantitative data were expressed as the mean ± standard deviation (SD). Statistical 

analysis was also performed. In experiments with two groups, student t-tests were used, 

while in experiments with more than two groups, one-way analysis of variance ANOVA was 

used with Tukey post-hoc tests for statistical analysis. Differences with p<0.05 were denoted 

as *, while p<0.01 was denoted as **, p<0.001 was denoted as ***, p<0.0001 was denoted 

as ****, and ns indicated not significant.

3. Results

3.1 3D printing and characterization of scaffolds

We implemented HAMA and GelMA based bioinks to 3D bioprint WAP-laden scaffolds. 

The printed scaffolds had four channels through them from the top view and two from 

the side view (figure 2(a)), which were designed to help nutrition transportation and keep 

high cell viability. SEM images of the scaffolds showed an interconnected and porous 

structure (figure 2(b)). Under oscillation strain sweep, bioinks before crosslinking and 

printed scaffolds showed almost constant G’ and G” during a 1–10% strain range (figure 

2(c)). 1% strain was chosen for the frequency sweep later. The bioinks before crosslinking 

demonstrated similar storage and loss modulus values (figure 2(c)). After crosslinking 

during the 3D printing process, scaffolds showed an around ten times higher storage 

modulus compared to loss modulus, indicating successful hydrogel formation (figure 2(c)). 

The compressive stress of printed scaffolds at 50% strain decreased from 54±1.8 kPa to 

34±2.3 kPa after 5 cycles of compression-release. The modulus of scaffolds was calculated 

to be 0.9±0.3 kPa in the first cycle of compression process, which is comparable to that of 

the native fat tissue tested in the previous literature [34].

3.2 Adipogenic differentiation of WAP-laden scaffolds

After adipogenic differentiation, the eWATs accumulated more cytoplasmic lipids, compared 

to undifferentiated constructs (figure 3(a). The WAPs encapsulated within 3D bioprinted 

constructs showed high cell viability with or without adipogenic differentiation (figure 

3(a)). Undifferentiated WAPs had a spindle-like morphology and were weakly stained 

by BODIPY, which is a lipophilic bright green dye for non-polar lipids (figure 3(a)). 

In contrast, WAPs after adipogenic differentiation showed a round shape and had much 

more and brighter BODIPY-stained lipid droplets localized around the nuclei (figure 
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3(a)). In addition, the adipogenic differentiation process significantly increased the lipid 

droplet size, compared to WAPs without differentiation (figure 3(b)). QPCR results also 

illustrated significant upregulation of PPARG and CEBPE (figure 3(c)), which are two major 

transcription factors that drive terminal adipocyte differentiation [35, 36].

3.3 eWAT remodeling induced by CM induction

The cachexia process was mimicked in vitro by using CM to induce eWATs. The 3D 

printed acellular scaffolds induced with CM (scaffold/CM) and eWATs induced with growth 

medium (eWAT/GM) served as controls. Most cells within eWATs were alive after 7 days of 

treatment, as shown in figure S1. The lipolysis of eWATs in response to CM was evaluated 

by quantifying the free glycerol released in the media at days 3, 5, and 7. As shown in figure 

4(a), at each time interval, eWATs induced with CM had a significantly higher degree of 

glycerol release than other groups. The cumulative release of glycerol was also evaluated, 

and the amount of glycerol was the highest in CM-induced eWATs (figure 4(b)).

Adipogenic differentiation-related genes, PPARG and CEBPE, did not show significant 

changes after CM induction, while the gene related to triacylglycerol hydrolysis, LPL, 

increased significantly in the eWAT/CM group (figure 4(c)). The induction of eWATs 

with CM significantly upregulated the expressions of browning genes (i.e., UCP1, CIDEA, 
PRDM16) (figure 4(d)). The expression of UCP1 was increased by about 15-fold after the 

induction with CM (figure 4(d)). IF staining demonstrated that the eWATs induced with CM 

showed more positive UCP1 expression than those induced by GM (figure 4(e)), which was 

consistent with the qPCR results. CM-induced eWATs did illustrate a weaker signal and less 

and smaller lipids.

To further evaluate the eWAT remodeling, Oil Red O, H&E, and collagen I staining were 

examined (figure 5). According to the Oil Red O staining images, a limited distribution of 

lipids (red) was shown in CM-induced eWAT groups, which confirmed that CM contributed 

to the adipocytes’ lipid loss (figure 5(a)). The hematoxylin stains cell nuclei blue, and eosin 

stains the ECM and cytoplasm pink [37]. We found that CM-induced eWATs presented 

a higher distribution of pink stained ECM (figure 5(a)), and semi-quantitative analysis of 

the mean optical density of the H&E images also confirmed that the eWATs induced with 

CM had higher eosin-stained optical density than their counterparts with GM induction 

(figure 5(b)). The stained ECM was composed of crosslinked HAMA and GelMA in the 

3D printed scaffolds, as well as adipocyte-secreted collagens, fibronectin, glycoproteins, and 

proteoglycans. Since the same material recipe was applied in all groups, we speculated that 

CM might induce extensive ECM development. To further confirm our hypothesis, collagen 

I was stained by IHC. CM-induced eWATs exhibited a higher distribution of collagen I and a 

higher collagen I optical density than the GM-induced eWAT group (figure 5(a) and 5(c)).

3.4 Influence of CM induction on HUVECs and veWATs

Angiogenesis is a crucial event in pancreatic cancer development, progression, and 

metastasis [38]. Previous studies have demonstrated that a co-culture of BxPC-3 and 

HUVECs significantly enhanced angiogenesis and vascular endothelial growth factor 

(VEGF) secretion [39, 40]. However, it is largely unknown how CAC affects adipose tissue 
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angiogenesis and crosstalk between endothelial cells and adipocytes. We first investigated 

the influence of CM induction on 2D HUVEC proliferation, migration, and cellular 

angiogenesis capacity. As shown in figure 6(a), CM induction was found to significantly 

enhance HUVEC proliferation after 3 and 7-day cultures (figure 6(a)). A tube formation 

assay was conducted to evaluate the in vitro angiogenesis of HUVECs in response to CM. 

HUVECs that were seeded onto Matrigel coated wells developed vascular tubular structures 

(figure 6(b)). Although no statistical difference was observed after 24 h culture (figure 6(c)), 

the node density of the HUVECs was significantly increased after CM induction for 48 h. 

HUVEC migration was assessed by a scratch wound assay (figure 6(d)). HUVECs migrated 

to heal the gap, and CM induced HUVECs showed significantly higher healing rate than 

cells cultured in GM (figure 6(e)).

To better simulate native vascularized adipose tissue, HUVECs and ADMSCs in mixed 

collagen and fibrin hydrogels were wrapped around 3D eWATs and cultured for 7 days 

to undergo angiogenesis. The obtained veWATs were further induced with CM or GM for 

another 7 days. Their viabilities are shown in figure S2. Consistent with the 2D results, 

we found that CM induction enhanced angiogenesis within veWATs. As shown in figure 

6(f), pre-vascularized constructs induced by CM illustrated denser and more interconnected 

capillaries, while veWATs in GM showed weak and partial CD31 distribution. In addition, 

less BODIPY stained lipids were detected in CM induced veWATs, indicating augmented fat 

loss.

Quantitative evaluation of glycerol release and lipolysis showed that both eWATs and 

veWATs responded to CM induction with increased glycerol release after 3, 5, and 7-day 

culture, compared to the vScaffold (figure 6(g) and 6(h)). Interestingly, we also found that 

veWATs had a significantly lower glycerol release but an upregulated expression of UCP1, 

compared to their counterparts without pre-vascularization (i.e., eWATs) (figure 6(i)). The 

expressions of CIDEA and PRDM16 were comparable in both eWATs and veWATs with 

CM induction but were significantly downregulated in veWATs under GM conditions (figure 

6(i)). This indicated that the pre-vascularization process might decrease the lipolysis but 

increase the browning process in response to CM induction.

3.5 Pro-inflammatory cytokines in CM and alteration of adipokines released from eWATs 
after CM induction

We hypothesized that cytokines in CM contributed to the lipolysis, UCP1 up-regulation, 

and ECM enhancement in eWATs and veWATs. A cytokine array assay was performed 

with BxPC-3 fresh growth medium and supernatants. As expected, no cytokines were 

detected in BxPC-3 growth medium per se (figure 7(a)). In contrast, 8 different cytokines 

were identified in the supernatant of BxPC-3 cells. Among them, interleukin (IL)-8 and 

C-X-C motif chemokine ligand (CXCL) 1 were the two most abundant cytokines, as 

reflected by dot pixel intensity (figure 7(b)). IL-8 is an inflammatory cytokine, and its 

level is reported to have stronger positive correlation with cachexia status, weight loss, and 

sarcopenia in pancreatic patients than other pro-inflammatory cytokines like IL-1β, IL-6 

and tumor necrosis factor alpha (TNF-α) [41]. IL-8 was also found to promote HUVEC 

proliferation and tube formation [42]. Thus, IL-8 can be used as a prognostic indicator 
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in pancreatic CAC [43]. CXCL1, a major member of the chemokine family, was also 

identified and reported to promote diverse biological activities, including tumor growth 

and angiogenesis, in former research [39]. Other present cytokines included plasminogen 

activator inhibitor-1 (PAI-1), granulocyte-macrophage colony stimulating factor (GM-CSF), 

macrophage migration inhibitory factor (MIF), IL-18, granulocyte colony-stimulating factor 

(G-CSF), and cluster of differentiation (CD) 54 (figure 7(a) and 7(b)). GM-CSF and G-CSF 

are known to induce myeloid progenitor differentiation and myeloid-derived suppressor cell 

(MDSC) expansion [44, 45]. MDSCs can suppress antitumor T cell responses and promote 

tumor angiogenesis and metastasis [46]. While IL-6 and IL-8 have been extensively studied 

in CAC, the effects of IL-18 were largely undiscovered [47]. Andrew et. al. reported that 

IL-18 was activated by Caspase-1 in inflammasome complexes and had anti-obesity effects. 

They found that mice with increased plasma IL-18 concentrations strikingly led to adipose 

tissue lipolysis, which could be prevented by genetic deletion of IL-18 [48]. PAI-1, MIF, and 

CD54 also play roles in the maintenance of an inflammatory state and tumor aggressiveness 

in cancer disease [49, 50].

Adipose tissue is a crucial endocrine organ that produces and releases a variety of 

adipokines and bioactive factors [51]. Previous studies suggested that during CAC 

progression, pathological alterations of WAT may precede muscle wasting [4, 52]. This 

indicates that WAT may not only be a victim of the CAC but also an important contributing 

factor to muscle atrophy and further vicious CAC cycle formation. Therefore, inflammatory 

cytokines in the CM may trigger adipocytes to express and secrete various adipokines. The 

adipokine array analysis was conducted to evaluate eWATs in response to CM and GM 

induction (figure 7(c)). As shown in figure 7(d), neutrophil gelatinase-associated lipocalin 

(NGAL), a glycoprotein belonging to the lipocalin family, was the most upregulated 

adipokine after CM induction and has been demonstrated to be an inflammatory marker 

closely interrelated with insulin resistance and hyperglycemia [53]. The secretions of several 

insulin-like growth factor-binding protein (IGFBP) family members were also increased. 

The proteins from the IGFBP family serve as transport proteins for insulin-like growth 

factor, and their increased expressions were reported to correlate with cancer’s metastatic 

ability and muscle atrophy [54, 55]. The synthesis and secretion of pro-inflammatory 

adipokines, like leukemia inhibitory factor (LIF) and IL-6, have been observed, and those 

molecules may promote lipid depletion, inhibit lipid synthesis, and drive the expression 

of UCP1 [51, 56]. The increased secretions of VEGF, endocan, and angiopoietin 1 

contribute to the regulation of angiogenesis [57]. Enhanced secretion of Entactin after 

CM induction may help collagen synthesis and ECM remodeling [58]. Among six down-

regulated adipokines, angiopoietin-like (ANGPTL) 2 was determined to be the most 

downregulated (figure 7(e)). ANGPTL2 maintains tissue homeostasis and displays both 

physiological and pathological functions [59]. A reduction of the ANGPTL2 expression was 

reported to inhibit adipogenesis and induce insulin resistance [60]. Despite the upregulation 

of several inflammatory adipokines in eWAT/CM samples, IL-8 and PAI-1, which were 

highly expressed in CM, were downregulated (figure 7(e)). Most current studies have been 

restricted to assessing systemic inflammation by investigating the parameters of the plasma, 

while neglecting local tissue inflammation [61]. It is speculated that IL-8 and PAI-1 in CM 
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may bind with the receptors on adipocytes within eWATs and thus showed the decreased 

secretion.

4. Discussion

In this study, we applied 3D bioprinting technology to develop scaffold-based WAT models 

with interconnected channels. The human WAPs were encapsulated in HAMA and GelMA 

bioinks and underwent UV crosslinking to obtain WAP-laden constructs. The interconnected 

channel structure was designed to facilitate the nutrient transportation, and it was generated 

in a single 3D bioprinting process, rather than involving any sacrificial materials or 

further washing step in traditional molding method. After adipogenic differentiation, WAPs 

exhibited increased lipid droplet size and augmented PPARG and CEBPE expression, 

establishing a human 3D eWATs system in vitro. Then, a pancreatic cancer-cell-conditioned 

medium was used to induce eWATs to study their remodeling during cancer-associated 

cachexia in vitro.

After CM induction, a series of functional, gene expression, and morphological alterations 

happened in the eWAT models. Lipolysis, with increased free glycerol release, was detected 

in the media of eWATs after CM induction (figure 4(a) and 4(b)). Morphologically, a 

smaller lipid size and fewer lipids in CM-induced eWATs were shown by IF staining 

and Oil Red O images, compared to control groups (figure 4(e) and figure 5). This all 

indicated adipose lipolysis, where lipid triglycerides were hydrolyzed into glycerol and 

three fatty acids [62], under CM inducement. The underlying mechanisms that control 

the adipose atrophy and lipolysis were found to be related to adipose triglyceride lipase 

(ATGL) and hormone-sensitive lipase (HSL), according to Das [63]. ATGL or HSL deficient 

mice showed resistance to WAT lipolysis and proteasomal muscle degradation by CAC. 

Adipose browning-related genes (UCP1, CIDEA, PRDM16) and proteins (UCP1) were also 

up-regulated in CM-induced eWATs (figure 4(c) and 4(e)). Browning is the conversion of 

white adipocytes into brown adipocytes and has been found to be associated with CAC 

[1, 64]. WAT browning will lead to lipid mobilization and increased energy expenditure, 

through the characteristic protein, UCP1 [65]. Inflammatory molecules were found to cause 

an increase in UCP1 expression in CAC [1]. In addition, eWATs illustrated obvious ECM 

development after CM induction (figure 5). The ECM of WAT is mainly composed of 

collagens, fibronectin, glycoproteins, and proteoglycans, and its remodeling happens under 

physiological or pathological conditions [64]. During adipogenic differentiation, there is 

a reduction of the fibronectin matrix and a formation of basal lamina [66]. Under CAC, 

collagen fiber content augmentation, elastic fiber synthesis, and fibrosis were reported [67, 

68]. In our study, we also found an enhancement of ECM distribution in eWATs after 

CM induction, especially with the increase of collagen I deposition, demonstrated by IHC 

staining (figure 5).

It is currently believed that CAC is a chronic inflammatory syndrome related to cytokines 

from the tumor and the host, including IL-8, CXCL-1, IL-18, PAI-1, MIF, and CD54, 

as we found in BxPC-3 supernatants (figure 7(a) and 7(b)) [69]. Those pro-inflammatory 

cytokines could promote tumor growth, angiogenesis, and tissue inflammation [39]. As 

a complex tissue, WAT is susceptible to those cytokines and remodels itself through 
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lipolysis, browning, ECM accumulation, and adipose inflammation [70, 71]. Adipose 

tissue inflammation is characterized by the infiltration of macrophages and neutrophils, as 

reported by previous studies [72]. The dysfunctional WAT also secretes various adipokines, 

like NGAL, CD54, IGFBP-2, etc., as we reported (figure 7(c) and 7(d)), to promote 

tumorigenesis and cancer progression via oncogenic signaling or indirect mechanisms, such 

as angiogenesis and immunomodulation [73, 74]. Crosstalk between inflamed WAT and 

muscle tissue may also further promote muscle atrophy and wasting [75].

WAT is highly vascularized, with adipocytes close to capillaries in vivo [76]. A change 

of the vasculature can be induced by numerous physiological and pathological stimuli 

and is an important step in disease progression [77]. CM induction was applied then 

[78]. For the 2D cultured cells, we found that CM could improve the proliferation, tube 

formation, and wound healing rate of HUVECs, compared to GM (figure 6(a)-(e)). The 

angiogenesis of 3D veWATs was also promoted under CM induction (figure 6(f)). The 

results were highly related to pro-inflammatory cytokines in the CM and correspondingly 

released adipokines from adipocytes, like IL-8, GM-CSF, G-CSF, and VEGF, which 

could improve HUVEC growth and capillaries. Interestingly, pre-vascularization of eWATs 

provoked a decrease of glycerol release and an increase of UCP1 gene expression under 

CM induction, compared to eWATs without vascularization (figure 6(g)-(i)). Previous 

studies also reported that the incorporation of HUVECs in the coculture models decreased 

adipogenesis and isoproterenol-stimulated lipolysis [79, 80]. In addition, endothelial cells 

and angiogenesis were also reported to promote the browning of WATs [81, 82]. All 

these results indicate that endothelial cells play a complicated role in the pathological 

remodeling of WATs. Meanwhile, the adipokines secreted by adipocytes can also affect 

angiogenesis and endothelial cell functions [83, 84]. The underlying process includes not 

only the crosstalk between endothelial cells and adipocytes but also their interactions and 

remodeling under a cancerous environment, like CM induction in this study. Tissue crosstalk 

during CAC remains a subject of debate and is not well understood. We speculate that both 

cytokines in CM and adipokines from adipocytes increased WAT vasculature, and they also 

alter the inflammatory states of adipocytes and HUVECs [85].

Thus, we successfully developed an engineered WAT model that could recapitulate typical 

CAC manifestations to study adipose tissue loss in vitro. The eWATs were also combined 

with HUVECs to evaluate the effects of vascularization on adipose remodeling under a 

cancer medium environment. The eWAT is therefore an ideal model system for future 

research to uncover the biology of CAC pathophysiology and to develop potential therapies. 

One limitation of the current eWAT model is that the adipocyte density is low compared to 

that of adipose tissue in vivo, and the adipocytes may not have enough interactions within 

the scaffolds, which is hoped to be resolved in our future research. Besides, cancer cells 

cultured in different environments, like 3D instead of 2D conditions, may have a different 

secretome composition and level. It can thus lead to altered cachexia remodeling of the 

adipose tissue, which can be studied in the future. In this study, BxPC-3 was used as an 

example to investigate the model feasibility in cachexia related research, and more cancer 

cell lines or primary pancreatic cancer cells can be investigated in the future.
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5. Conclusion

In this study, we developed scaffold-based 3D bioprinted eWATs for studying the underlying 

mechanisms of adipose tissue atrophy during the development of cancer cachexia. The 

GelMA and HAMA-based bioink and 3D printed scaffolds successfully supported the 

differentiation of adipocytes. The developed 3D eWATs demonstrated the biology of cancer 

cachexia, exhibiting an increase of glycerol release, upregulation of browning-related gene 

and protein expressions, and enhancement of ECM deposition after CM induction. To 

further mimic native WATs and understand the role of vascularization in adipose remodeling 

under CAC, eWATs were vascularized into veWATs. CM was found to promote the 

angiogenesis of 2D cultured HUVECs as well as 3D veWATs. In addition, compared to 

eWATs, veWATs had decreased glycerol release but increased UCP1 expression under CM 

induction. Inflammatory cytokines, like IL-8, CXCL-1, GM-CSF, etc., were found in CM 

and are thought to induce the remodeling of eWATs/veWATs. Inflammatory cytokines in the 

CM also altered the adipokine secretion of eWATs and increased the secretion of various 

cancer metastasis and vascularization related adipokines.
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Abbreviations:

2D two-dimensional

3D three-dimensional

ADMSCs adipose derived mesenchymal stem cells

BSA bovine serum albumin

CAC cancer-associated cachexia

CEBPE CCAAT/enhancer binding protein epsilon

CIDEA Cell Death Inducing DFFA Like Effector A

CLSM confocal laser scanning microscope

CM conditioned medium

DLP digital light processing

ECGM Endothelial Cell Growth Medium

ECM extracellular matrix
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GelMA methacrylated gelatin

GM growth medium

HAMA methacrylated hyaluronic acid

H&E hematoxylin and eosin

HUVECs human umbilical vein endothelial cells

IF immunofluorescent

IHC immunohistochemical

LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate

LPL lipoprotein lipase

PFA paraformaldehyde

PPARG peroxisome proliferator-activated receptor gamma

PRDM16 PR/SET Domain 16

qPCR quantitative polymerase chain reaction

SEM scanning electron microscope

UCP1 uncoupling Protein 1

vScaffold vascularized acellular scaffolds

WAPs human white adipocyte progenitors

WAT human white adipose tissue

eWAT engineered human white adipose tissue

veWATs vascularized eWATs
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Figure 1. 
Schematic of the experimental design. (a) Schematic of human white adipocyte progenitor 

(WAP)-laden scaffold 3D printing, adipogenic differentiation, pre-vascularization, and 

conditioned medium (CM) induction. Adipose remodeling was evaluated in the aspects of 

lipolysis, browning gene expression, extracellular matrix (ECM) development, and cytokine/

adipokine release. (b) Timeline of each process, with 5 days of WAP culture, 18 days of 

adipogenic differentiation, 7 days of pre-vascularization, and 7 days of CM induction.
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Figure 2. 
Characterization of 3D printed acellular scaffolds. (a) Microscopic images of 3D printed 

acellular scaffolds. Scale bar=1 mm. (b) Scanning electron microscope (SEM) images of 3D 

printed acellular scaffolds. Scale bar=2 mm. (c) Oscillation strain sweep (top) and frequency 

sweep performance (bottom) of the bioink and acellular scaffolds. (d) Stress-strain curve 

(top) and modulus (bottom) of acellular scaffolds under compression.

Xue et al. Page 22

Biofabrication. Author manuscript; available in PMC 2023 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Characterization of the adipogenic differentiation of white adipocyte progenitors (WAPs) 

within 3D bioprinted constructs. (a) Optical images, Live/Dead staining, and lipid staining 

of WAP-laden constructs after differentiation and without differentiation. Scale bar=50 μm, 

100 μm, and 20 μm for bright field, Live/Dead, and BODIPY/DAPI images, respectively. 

(b) Single lipid size in differentiated and undifferentiated constructs (n=3, 20–30 lipids from 

each sample were evaluated). (c) Relative adipogenic gene expression (PPARG and CEBPE) 

of differentiated and undifferentiated constructs (n=3–4).
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Figure 4. 
The effects of conditioned medium (CM) on glycerol release and browning of engineered 

human white adipose tissues (eWATs). (a) Glycerol release of acellular scaffolds and 

eWATs under treatments with CM and growth medium (GM) at different time intervals 

(n=5). (b) Accumulative glycerol release of acellular scaffolds and eWATs (n=5). (c) Gene 

expressions of eWATs after induction with CM and GM (n=3–4). (d) Adipocyte browning 

gene expressions (UCP1, CIDEA, PRDM16) of eWATs after induction with CM and GM 

(n=3–4). (e) Immunofluorescent staining of eWATs induced with CM and GM. Scale bar=20 

μm.
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Figure 5. 
Oil Red O, H&E, and Collagen I staining of engineered human white adipose 

tissues (eWATs) induced by growth medium (GM) and conditioned medium (CM). (a) 

Microscopical images of Oil Red O, H&E, and Collagen I staining of eWATs induced with 

CM and GM. Scale bar=100 μm. (b) Mean optical density of eosin in H&E staining (n=3). 

(c) Mean optical density of collagen I (n=3–5).
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Figure 6. 
The effects of growth medium (GM) and conditioned medium (CM) on 2D cultured 

human umbilical vein endothelial cells (HUVECs) and vascularized engineered human 

white adipose tissues (veWATs). (a) Proliferation of HUVECs after CM and GM induction 

(n=4–5). (b) Tubular structures of HUVECs after CM and GM induction. Scale bar=500 μm. 

(c) Node density of HUVECs after CM and GM induction for 24 h and 48 h (n=5, 3 images 

from each sample were evaluated). (d) Wound healing images of HUVECs after CM and 

GM induction for 24 h. Scale bar=500 μm. (e) Healing rate of HUVECs after CM and GM 

induction for 24 h (n=5, 3 images from each sample were evaluated). (f) Immunofluorescent 

staining of veWAT after induction with CM and GM for 7 days. Scale bar=100 μm. (g) 

Glycerol release of vascularized acellular scaffolds (vScaffolds), engineered human white 

adipose tissue (eWATs), and veWATs under CM induction at different time intervals (n=5). 

(h) Cumulative glycerol release of vScaffold, eWATs, and veWATs under CM treatment 

(n=5). (i) Browning gene expressions (UCP1, CIDEA, PRDM16) of eWATs and veWATs 

under CM and GM induction for 7 days (n=3–4).
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Figure 7. 
Human cytokine and adipokine arrays. (a) Cytokine array of BxPC-3 growth medium 

and BxPC-3 supernatants. (b) Dot pixel density of cytokines in BxPC-3 supernatants. 

(c) Adipokine arrays of engineered human white adipose tissue (eWATs) induced with 

growth medium (GM) or conditioned medium (CM). Red rectangles represent up-regulated 

adipokines, and blue rectangles represent down-regulated adipokines (1: Angiopoietin-1; 2: 

Angiopoietin-like 2; 3: Cathepsin L; 4: Cathepsin S; 5: Endocan; 6: CD54; 7: IGFBP-2; 8: 

IGFBP-3; 9: IGFBP-4; 10: IGFBP-6; 11: IGFBP-7; 12: IL-6; 13: IL-8; 14: LAP; 15: LIF; 

16: Lipocalin-2/NGAL; 17: M-CSF; 18: MIF; 19: Nidogen-1/Entactin; 20: Pappalysin-1/

PAPP-A; 21: PAI-1; 22: TIMP-1; 23: VEGF). (d) Relative amount of up-regulated 

adipokines in eWATs induced with CM. (e) Relative amount of down-regulated adipokines 

in eWATs induced with CM.
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