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Abstract 

 

Tissue organoids are proving valuable for modeling tissue health and disease in a variety of 

applications. This is due, in part, to the dynamic cell-cell interactions fostered within the 3D 

tissue-like space. To this end, the more that organoids recapitulate the different cell-cell 

interactions found in native tissue, such as that between parenchyma and the microvasculature, 

the better the fidelity of the model. The microvasculature, which is comprised of a spectrum of 

cell types, provides not only perfusion in its support of tissue health, but also important cellular 

interactions and biochemical dynamics important in tissue phenotype and function. Here, we 

incorporate whole, intact human microvessel fragments isolated from adipose tissue into 

organoids to form both MSC and adipocyte vascularized organoids. Isolated microvessels retain 

their native structure and cell composition, providing a more complete representation of the 

microvasculature within the organoids. Microvessels expanded via sprouting angiogenesis within 

organoids comprised of either MSCs or MSC-derived adipocytes and grew out of the organoids 

when placed in a 3D collagen matrix. In MSC organoids, a ratio of 50 MSCs to 1 microvessel 

fragment created the optimal vascularization response. We developed a new differentiation 

protocol that enabled the differentiation of MSCs into adipocytes while simultaneously 

promoting microvessel angiogenesis. The adipocyte organoids contained vascular networks, 

were responsive in a lipolysis assay, and expressed the functional adipocyte markers adiponectin 

and PPARγ. The presence of microvessels promoted insulin receptor expression by adipocytes 

and modified IL-6 secretion following a TNF- challenge. Overall, we demonstrate a robust 

method for vascularizing high cell-density organoids with potential implications for other tissues 

as well.  



Introduction 

Tissue organoids are being used to study cellular behavior, interrogate tissue biology 

dynamics, and develop new pharmaceuticals [1, 2]. In some cases, organoids may also serve as 

building blocks for larger engineered tissues to be implanted [3]. As the utility of organoids 

expands, the composition of and approaches to building organoids has also progressed. 

Importantly, the inclusion of vascular cells, typically endothelial cells (ECs), into the organoid is 

seen as necessary to recapitulate more of the relevant native tissue biology, and potentially a 

precursor to engraftment and perfusion. In addition to endothelial cells, other cell types, such as 

smooth muscle cells, macrophages, stem cells, pericytes, and other immune cells can comprise 

and/or associate with the microvessel wall, and coordinate with ECs to influence angiogenesis, 

network formation, and vascular function [4-11]. These vascular cells also interact with other 

cellular components within the tissue to establish homeostasis, function, and, when dysregulated, 

disease.  

Efforts to vascularize organoids in vitro have primarily focused on incorporating ECs as 

precursors to forming vessel segments [12-15]. In these cases, ECs self-assembled into a small 

number of capillary-like structures within organoids. While capturing some aspects of the 

vasculature, these single-EC type structures lack the structural and cellular complexity of the 

native microvasculature. Reflecting this, more complex vascular elements within organoids have 

been produced by incorporating multiple microvascular cell types derived from induced 

pluripotent stem cells [16]. This, however, required lengthy, complicated, differentiation 

procedures [16]. There is still a strong need for an organoid vascularization solution that is 

robust, simple to implement, and translatable to multiple tissue systems.  



Isolated microvessel fragments harvested from adipose tissue have proven effective at 

deriving new microvasculatures in a variety of applications. Microvessels are derived from all 3 

general microvascular compartments (i.e. arterioles, venules, and capillaries), retain their intact 

native structure (including lumen) and cellular composition, and readily recapitulate 

angiogenesis and tissue vascularization when placed in 3D environments [17-22]. This is true for 

microvessels derived from mouse, rat, and human [19]. Importantly, as neovessels sprout and 

grow from the parent microvessels, they locate and inosculate with each other creating a network 

of neovessels that fills the tissue space [23]. Additionally, the microvasculatures derived from 

the isolated microvessels is adaptive, capable of acquiring an organotypic phenotype in the 

presence of tissue-specific parenchyma and stromal cells [24]. When implanted, microvessels 

rapidly inosculate with host vasculature to perfuse the implanted region [18, 19, 25, 26]. 

Recently, we have shown that stromal cells are important in guiding neovessels across tissue 

boundaries such as that present between a graft and the implant tissue [27]. Given these 

dynamics and vascularization capabilities, we hypothesized that isolated microvessel fragments 

would prove effective at vascularizing organoids.  

To do this, we developed a simple protocol for co-seeding microvessels with 

mesenchymal stem cells (MSCs) in a self-assembled organoid format. MSCs are advantageous 

because they can be easily harvested and are conducive to creating patient-specific tissues and 

disease models. They can be differentiated into a variety of tissue types, including adipose, bone, 

smooth muscle, and cartilage [28-30]. MSCs are also highly pro-angiogenic [31], and others 

have shown that MSC organoids alone can increase tissue vascularization in vivo [32]. To 

demonstrate the versatility of our vascularization system and show its effectiveness in other 

tissues, we then incorporated microvessels into adipose-like organoids. Adipose plays a key role 



in several metabolic diseases, including diabetes and obesity [33, 34]. Better understanding the 

complex changes in function and signaling that occur in diseased states may accelerate 

development and testing of new treatment and therapies. Others have been developing adipose 

spheroids for this purpose, but, as discussed above, none have achieved the vascular complexity 

found in vivo [35-38]. As the vasculature plays such an essential role in most metabolic diseases 

[39], this component should not be ignored. Here, we demonstrated that microvessels can be 

used to fabricate functional, vascularized, adipose-like organoids. 

 

Methods 

Microvessel isolation 

Microvessels were isolated from discarded human lipoaspirates, similarly to previously 

reported protocols [19, 40]. Briefly, adipose tissue is subjected to a limited collagenase digestion, 

followed by selective screening to remove remaining pieces of tissue and single cells. Each 

isolation of microvessels is subject to quality control testing, where angiogenic potential is 

assessed based on neovessel growth in a given amount of time. To reduce the effects of donor-to-

donor variation, only lots with similar angiogenic potentials are used.  

Cell culture  

Bone marrow-derived human Mesenchymal Stem Cells (MSCs) were purchased from 

Rooster Bio. Cells were expanded in DMEM/F12 (Gibco) with 10% fetal bovine serum (FBS; 

Gibco) in T75 flasks coated with 0.1% gelatin. After 2 passages, cells are used for MSC 

organoid formation, or differentiated into pre-adipocytes following previously described 

protocols, with slight modifications [41, 42]. Adipocyte differentiation medium (ADM) 



contained DMEM supplemented with 100µM dexamethasone (Sigma), 0.5mM (IBMX; Sigma), 

100µM indomethacin (Sigma), 5µg/ml insulin (Sigma), and 0.5% FBS. Cells were cultured for 

17 days, with medium changed every 2-3 days. On day 17, cells were either used for adipose-like 

organoid formation or continued in 2D culture. At this point, organoids or cells were switched to 

adipocyte maintenance medium (AMM). AMM contained 50:50 RPMI:DMEM supplemented 

with B27, 5µg/ml insulin, 100µM indomethacin, and 0.5% FBS. After 7 days of AMM, cultures 

were either fixed, flash frozen, or used for functional assays. 

Transwell Assay  

 Microvessels were plated in wells of a 24 well plate at a density of 100k/ml in 3mg/ml 

collagen (Corning). MSCs were then trypsinized and resuspended in 3mg/ml collagen at 900k 

cells per ml and pipetted into transwell inserts (270k cells per well). After the collagen gelled, 

transwell inserts with MSCs were moved into half of the microvessel containing wells of the 24 

well plate, so microvessel growth with and without microvessels could be compared. Groups 

were tested in serum free microvessel medium containing DMEM/F12, 10µg/ml insulin (Sigma), 

100µg/ml transferrin (Sigma), 30nM sodium selenite (Sigma), 100µM putrescine (Sigma), 20nM 

progesterone (Sigma), and with or without the addition of 50ng/ml vascular endothelial growth 

factor (VEGF; Peprotech). Microvessels were cultured for 6 days prior to fixing overnight in 

10% neutral buffered formalin (NBF; Fisher Scientific), with a medium change on day 4. 

Organoid formation 

MSCs or pre-adipocytes were trypsinized and resuspended at 2 million cells per ml (50k 

cells/organoid in all cases). In experiments containing microvessels, microvessels were mixed 

with the cell suspension prior to seeding. Then 25µl of the combined suspension was seeded per 



organoid in a non-adherent V-bottom 96 well plate. In experiments evaluating the inclusion of 

collagen, a 3mg/ml solution of collagen was prepared, and a volume was added to the cell 

suspension such that 30% of the total cell suspension volume was collagen. Microvessel 

incorporation was evaluated at microvessel:MSC ratios of 1:100, 1:50, 1:25, or 1:12.5. 

Subsequent experiments were all seeded using the 1:50 ratio (1k microvessels and 50k cells per 

organoid). All undifferentiated MSC organoids were cultured in our standard microvessel 

angiogenic medium, which contains RPMI supplemented with B27, 0.5% FBS, and 50 ng/ml 

VEGF. Adipose-like organoids were instead cultured in AMM. Culture medium was changed 

every 2 days.  

Measuring Angiogenic Potential 

Organoids were embedded in 3mg/ml collagen after 2 or 5 days of culture. During 

embedded culture, angiogenic microvessels invade the collagen surrounding the organoid. After 

2 days, the embedded organoids were fixed overnight in 10% NBF. After embedded organoids 

are cultured and fixed, they are stained with lectin as described below. The number of 

microvessels growing out of each organoid was counted and normalized to organoid 

circumference, measured in ImageJ. Organoid diameter was calculated from circumference. 

Lipolysis Assay 

A lipolysis assay was performed on 2D (after 24 days of 2D culture) and 3D cultures 

(after 17 days of 2D and 7 days of 3D culture), using a commercially available kit (Sigma). 

Samples were treated with 1µM isoproterenol for 4 hours. For 2D cultures, supernatants were 

then mixed with the reaction solution and incubated according to manufacturer’s instructions. 

For 3D cultures, organoids were homogenized in the supernatant after isoproterenol incubation 



using a plastic pestle, to release glycerol trapped inside the organoid. The homogenized sample 

was briefly centrifuged, and supernatants were used for the remainder of the manufacturer’s 

protocol. Samples were read at 570nm using a plate reader (BioTek Instruments). For 2D 

cultures, samples cultured in FBS were used as control samples that will not undergo lipolysis. 

For 3D samples, negative controls were not treated with isoproterenol.  

Tumor Necrosis Factor alpha (TNF-α) Challenge 

 Adipose organoids were seeded and cultured as described above. After 7 days of culture, 

medium was changed from AMM to AMM supplemented with or without 50ng/ml TNFα 

(Peprotech). The following day, organoids were either flash frozen for PCR analysis, fixed for 

histology, or used for an IL-6 enzyme-linked immunosorbent assay (ELISA). 

IL-6 ELISA 

 Organoids with and without microvessels and with or without TNF-α treatment were 

transferred with their supernatants to micro-centrifuge tubes and briefly homogenized with a 

plastic pestle. Samples were diluted and centrifuged for 2 minutes at 12,000 rcf to pellet 

remaining matrix and cell debris. An ELISA was performed with the supernatant following 

manufacturer instructions (R&D systems) to measure secreted interleukin-6 (IL-6) as a marker of 

adipocyte inflammation and dysfunction.    

Histology and Staining 

3D constructs were fixed overnight in 10% NBF at 4°C, then permeabilized for 30 

minutes with 0.25% Triton X-100, blocked overnight at 4°C in 5% bovine serum albumin (BSA; 

Fisher Scientific), and stained overnight at 4°C in a 1:50 dilution of rhodamine labelled UEA 

lectin (Vector Laboratories) in 5% BSA. After 30 minutes in Hoechst dye (1:3000 in DI water) at 



RT, constructs were washed a minimum of 4 times, with at least one overnight wash. Imaging 

was performed using a confocal Olympus FV3000 (organoid experiments) or an IN Cell 6500 

high content analysis scanner (Cytiva; transwell experiment). Additional phase contrast images 

were taken of transwell constructs with an Olympus CKX53 inverted microscope.  

Additional fixed organoids were stained with a BODIPY™ 493/503 (4,4-Difluoro-

1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene) dye (Invitrogen). After permeabilization 

and blocking as described above, dye was added to organoids at a 1:100 dilution in 5% BSA. 

After 30 minutes, organoids were rinsed multiple times with PBS and imaged on an IN Cell 

analyzer 6500 HS (Cytiva).  

Fixed, non-collagen embedded organoids were sent out for processing, paraffin 

embedding, and sectioning (Saffron Scientific). Slides were deparaffinized and rehydrated to 

water prior to staining with Harris Hematoxylin (Sigma) and Eosin (Sigma) to visualize 

morphology or picrosirius red (Sigma) to visualize collagen with fast-green counterstain 

(Sigma).   

2D cell cultures were fixed for 30 minutes at RT in 10% NFB, incubated with 60% 

isopropyl alcohol for 5 minutes, and then Oil Red O (Sigma) for 15 minutes. Samples were 

rinsed thoroughly in 60% isopropyl alcohol and then water. A Meyer’s Hematoxylin stain 

(Sigma) was used for 15 minutes followed by additional PBS washes and imaging on an 

Olympus CKX53 microscope. 

Image Analysis 

 Phase contrast images of microvessels used for the transwell assay were analyzed using 

the BioSegment
TM

 Software Application (Advanced Solutions). The software uses machine 



learning to identify and quantify microvessel length in an image. Briefly, a fraction of images 

was annotated “by hand”, where the user identified and marked individual vessels. From this 

information, the program “learned” the identifying features of a microvessel and accurately 

identified vessels from the remainder of the images and provide microvessel length for each 

image. Lengths calculated from each image (minimum of 6 per well) within a single well were 

added together, to yield a length value for each well. Three wells were averaged for each group, 

to provide average microvessel length under each treatment condition.  

Polymerase Chain Reaction (PCR) 

 RNA was extracted from either 2D cultures or 3D organoids using a Qiagen RNeasy Plus 

Micro kit following manufacturer’s protocols. RNA was converted to cDNA with SuperScript™ 

IV VILO™ Master Mix (Fisher Scientific). cDNA was amplified with human primers (IDT 

Technologies) listed in Table 1. Primers for insulin receptor were designed using Primer3 

software (NIH) and verified using BLAST database (NIH), with gene coding obtained from 

GenBank (NIH). 

Table 1: Primer sets used for PCR 

Gene Primer Sequence 

Adiponectin Forward 5՛-AAGGAGATCCAGGTC TTATTGG-3՛   [43] 

Adiponectin Reverse 5՛-ACCTTCAGCCCCGGGTAC-3՛  [43] 

PPAR-γ Forward 5՛-CATAAAGTCCTTCCCGCTGA-3՛  [38] 

PPAR-γ Reverse 5՛-GGGGGTGATGTGTTTGAACT-3՛  [38] 

IL-6 Forward 5՛-GGTACATCCTCGACGGCATCT-3՛  [44] 

IL-6 Reverse 5՛-GTGCCTCTTTGCTGCTTTCAC-3՛  [44] 

Insulin Receptor Forward TGCAAACCCAAGAACGTCAG 

Insulin Receptor Reverse AGCTTCCGGGAGTTCAGTAC 

 

Real-time PCR was performed using a SYBER master mix (Fisher Scientific) and CFX96 

Real Time System (Bio Rad). Adiponectin and PPARγ expression were normalized to GAPDH 



(IDT Technologies) and compared to either FBS treated controls (2D) or organoids without 

microvessels (3D). After RT-PCR, amplified cDNA was loaded into a 2% agarose gel and run at 

90V. Gels were imaged for SYBER green on a gel scanner (Azure Biosystems). 

Statistical Analysis 

 Statistics were performed using SigmaPlot 11.0 (Systat). Where applicable, one-way 

ANOVA tests were performed with a Newman-Keuls post hoc analysis, or a student’s t test. For 

all comparisons, the significance level α = 0.05.  

 

Results 

MSCs promote angiogenesis 

To evaluate the effect of MSCs on angiogenesis from the isolated microvessels, MSCs 

were embedded in collagen and placed on top of a transwell insert, while microvessels were 

cultured in collagen on the well plate surface, below the insert. Groups were tested in a standard 

serum-free medium used by our lab to culture human microvessels, both with and without 

exogenous VEGF. Microvessels cultured with either MSCs or VEGF had significantly increased 

vascular growth (Figure 1 A-D). The inclusion of MSCs increased vessel density comparably to 

exogenous VEGF alone (Figure 1 E). Additional lots of MSCs from different donors 

subjectively yielded similar increases in microvessel growth when compared to controls without 

MSCs (Supplemental Figure 1).  

Microvessels form vascular networks within MSC organoids 



 Microvessels were mixed with MSCs to create organoids at ratios of either 1:100, 1:50, 1:25, or 

1:12.5 microvessels:MSCs.  Organoids embedded in collagen at day 5 and fixed on day 7 

showed robust angiogenic outgrowth and network formation (Figure 2 A-D). The number of 

neovessel sprouts growing out of each organoid into the surrounding matrix was quantified and 

normalized to organoid circumference (Figure 2 E-F). Organoids with the highest concentration 

of microvessels (1:12.5) were challenging to image, as most of the organoid appeared to consist 

of lectin positive cells, making it impossible to distinguish vessels within the organoid. 

Outgrowths in the 1:12.5 group were subjectively shorter than those in the other groups, and 

these organoids had the largest diameter (Figure 2 F). Both the 1:100 and 1:12.5 had 

significantly lower numbers of angiogenic outgrowths than 1:50 or 1:25. Between the 1:50 and 

1:25 groups, the vascular network in the 1:50 ratio appeared more distinct throughout, with  

Figure 1: MSCs stimulate angiogenesis. Microvessels were either co-cultured with MSCs in transwell 

inserts (A, B), or without MSCs (C, D). Culture mediums either contained no VEGF (A, C), or 50ng/ml 

VEGF. Wells with lectin stained microvessels (red = endothelial cells) were scanned with a confocal 

microscope and processed with the BioSegment software package to quantify microvessel length density 

in each well. Average vessel densities for each group are shown in (E) after 6 days of culture. N=3, bars 

are mean ± SD. * P < 0.05 compared to all other groups, one-way ANOVA with Nueman-Keuls post hoc 

test.  

 



longer outgrowths. Organoids embedded at an earlier time point, day 2, showed limited 

angiogenic growth when analyzed at day 4, although incorporated fragments are still visible 

(Figure 2 G, H; 1:50 group shown). This was not surprising, as microvessels embedded in 

collagen typically do not show robust growth until around days 5-7. Interestingly, we observed 

some correlation between organoid size and vascular potential, suggesting that the lower 

angiogenic potential in organoids with more microvessels may be due, in part, to their larger size 

(squared correlation coefficient = 0.597, Supplemental Figure 2). A cross section of the 

organoid is shown in Supplemental Figure 3, where vessel lumens can be seen throughout the 

construct.  

Collagen is not necessary for vascular network formation in organoids 

Figure 2: Vascularized MSC organoids. MSCs and microvessels were mixed and seeded at 

microvessel:MSC ratios of 1:12.5 (A), 1:25 (B), 1:50 (C), or 1:100 (D). The number of sprouts growing 

out of each organoid into the surrounding collagen matrix was counted and normalized to the 

circumference of the organoid (E, F). (A-D) were taken after a total of 7 days of culture (5 days as 

organoids alone, 2 days as organoids embedded in collagen). An earlier timepoint is shown in (G, H), 

where organoids are embedded at day 2 and fixed and stained at day 4 (1:50 group shown). Red = lectin 

(endothelial cells), blue = Hoechst (nuclei), scale = 200µm. One way ANOVA with Neuman-Keuls post 

hoc test. * P < 0.05 compared to both 1:12.5 and 1:100, N = 3, bars are mean ± SD. 



 Initially, collagen was included in organoid fabrication protocols, as we have previously 

observed that microvessels need a fibrillar matrix to grow and survive. However, we explored 

organoid fabrication without collagen in efforts to increase cell densities. Compared to organoids 

made without collagen (Figure 3 A, B), the presence of collagen (Figure 3 C, D) did not have a 

significant effect on angiogenic growth (Figure 3 E). Picrosirius red/fast green staining of 

organoid sections showed that collagen remained in collagen-formed organoids after 7 days of 

culture, although its distribution was uneven throughout the organoid (Figure 3 B, D). This 

likely contributed to overall larger diameters observed in organoids with collagen (Figure 3 F). 

In this group, there is a small amount of collagen around the organoid edges that is much less 

dense and likely secreted by cells. Interestingly, however, less of this cell-secreted collagen was 

Figure 3: The effects of collagen incorporation on organoid vascularization. Organoids were seeded 

without collagen (A, B), or with collagen (C, D), in the seeded cell suspension. Vascularization can be clearly 

seen in confocal images of embedded organoids (A, C; lectin stain, red = endothelial cells). A picrosirius 

red/fast green stain shows collagen remaining in MSC organoids after 7 days of culture (B, D; red = collagen, 

green = counterstain). The number of angiogenic sprouts growing out the organoids were not significantly 

different between the two groups (E), although organoids with collagen maintained a larger diameter (F). 

Student’s t-test, * P<0.05, bars are mean ± SD, N =6-7. 

 



visible in organoids where collagen was not included in initial fabrication.  

MSC derived pre-adipocytes can be maintained in angiogenic medium 

Towards fabricating adipocyte-organoids, we developed a protocol using staged culture 

media to support differentiation of MSCs into pre-adipocytes while promoting microvessel 

growth. This protocol, and development of AMM, was necessary, as standard ADM did not 

support microvessel growth (Supplemental Figure 4). In this protocol, MSCs are cultured in 2D 

with ADM to induce differentiation towards adipocytes. Then, these committed MSCs are 

combined with isolated microvessels to form the organoid. Organoids are then cultured in AMM, 

which supported both MSC differentiation and microvessel angiogenesis. To verify that AMM 

maintains an adipogenic phenotype, some wells after 17 days were switched to AMM for an 

Figure 4: 2D cell cultures after differentiation. Oil Red O staining with a hematoxylin counterstain 

shows lipid droplets (lipids = red, nuclei = purple) in cells treated with ADM for 24 days (ADM; A), 

treated with ADM for 17 days, then AMM for 7 days (AMM; B), or were cultured in 10% FBS (FBS; C). 

A lipolysis assay shows glycerol production in response to isoproterenol in each of the three treatments 

(D). PCR gel shows expression of adiponectin, PPARy, and GAPDH (E). RT-PCR shows comparable 

expression of both adiponectin (F) and PPARγ (G) in both ADM and AMM groups, which are compared 

to FBS. * P<0.05 compared to all other groups, One-way ANOVA with Neuman-Keuls post-hoc analysis. 

N = 3. Bars are mean ± SD. 

 



additional 7 days, while others were maintained in ADM. Subjectively, more lipid droplets were 

visible after culture in AMM, compared to 24 days in ADM (Figure 4 A, B). Control MSCs 

cultured in FBS expansion medium had no lipid droplets visible (Figure 4 C). A lipolysis assay 

was performed at day 24 as a measure of adipocyte function. Cells cultured in AMM after ADM 

commitment had a significantly higher glycerol release than cultures continued on ADM or on 

FBS-containing medium (Figure 4 D). Real-time PCR was performed to measure relative 

expression of adiponectin and PPARγ, markers typically associated with mature, functional 

adipocytes. Adiponectin was expressed in cells cultured in ADM and AMM, but not FBS 

(Figure 4 E). RT-PCR yielded nearly identical delta delta Cq values for ADM and AMM, 

suggesting comparable upregulation in both groups compared to FBS (Figure 4 F). PPARγ was 

expressed in all three groups (Figure 4 E), although PPARγ expression was substantially 

upregulated in both ADM and AMM when compared to FBS controls (Figure 4 G). 

Vascularized adipose-like organoids can be formed from MSC derived pre-adipocytes 

 Adipose-like organoids were formed with MSCs that had differentiated for 17 days in 

ADM with or without the inclusion of microvessels at the time of organoid formation. In initial 

experiments, collagen was included in organoid fabrication. Organoids were then cultured for 7 

days in AMM (with some embedded in collagen on day 5). Paraffin sections stained for 

hematoxylin and eosin suggested that cells had differentiated into mature adipocytes due to the 

many voids in the tissue where lipid droplets were extracted during processing (Figure 5 A, B). 

Mature adipocytes were also visible in images of whole organoids stained with BODIPY dye 

(Figure 5 C). Cells in organoids without microvessels did not remodel the collagen, but instead 

separated from the collagen into cell-dense regions leading to larger organoids (Figure 5 A). 

Interestingly, in organoids with microvessels, the collagen was remodeled, resulting in a 



compact, cell dense organoid (Figure 5 B). Still, voids from large lipid droplets are visible, 

primarily in the organoid center but also spread throughout the collagen. Lectin staining of 

embedded, whole adipocyte organoids showed highly branched vascular networks growing 

throughout organoids with incorporated microvessels. When the organoids were placed in a 

collagen bed, vessel growth was largely contained within the adipocyte organoids, with fewer 

numbers of angiogenic sprouts invading the surrounding collagen matrix than in MSC 

experiments (Figure 5 D, E).  

 The experiment was repeated without the inclusion of collagen in organoid fabrication as 

we had concerns that the large diameter of organoids with collagen and no microvessels would 

adversely affect adipocyte function, due to diffusion limitations, independently of microvessel 

Figure 5: Vascularized adipose-like organoids with collagen inclusion. H&E stain of organoids 

seeded with collagen and preadipocytes, without microvessels (A), or with microvessels (B), after 7 

days of culture in AMM. Fluorescent BODIPY stained image shows apparently mature adipocytes 

within MV containing organoid, characterized by large round lipid droplets (C). After 2 days of 

embedded culture (7 days total organoid culture), microvessels can be seen growing throughout the 

organoid (D, E; lectin stain, red = endothelial cells). (E) is a high magnification inset of (D).  

 



inclusion. Morphologically organoids without 

collagen without and with microvessels looked 

similar (Figure 6 A, B). Microvessels can be 

seen growing out of embedded organoids 

(Figure 6 D, E), although they are fewer in 

number and have a thinner neovessel 

morphology than with collagen inclusion. 

Organoids without collagen were used in 

subsequent PCR and functional tests.  

Organoids with and without 

microvessels produced glycerol in response to 

isoproterenol, a measure of lipolysis. Those 

with microvessels produced slightly more 

glycerol, although this difference was not 

significant (Figure 7 A). Both groups of organoids expressed the adipocyte markers adiponectin 

and PPARγ (Figure 7 B). RT-PCR showed no meaningful difference in expression of these 

Figure 7: Adipose organoid function. Lipolysis assay showing glycerol production in organoids in 

response to isoproterenol treatment (A). PCR shows expression is PPARγ, adiponectin, and GAPDH in 

both groups (B). RT-PCR shows relative expression of adiponectin (B) and PPARy (C) in organoids with 

microvessels compared to organoids with no microvessels. P > 0.05, student’s t-test. 

Figure 6: Vascularized adipose-like organoids 

without collagen inclusion. H&E stain of organoids 

seeded with pre-adipocytes but no included collagen, 

either without microvessels (A), or with 

microvessels (B), after 7 days of culture in AMM. 

After 2 days of embedded culture (7 days total 

organoid culture), some neovessel sprouts can be 

seen growing out of the organoid into the 

surrounding matrix (C, D; lectin stain, red = ECs). 

(D) is high magnification inset of (C).  

 



markers in organoids with microvessels when compared to organoids without microvessels 

(Figure 7 C, D). 

Adipocytes upregulate insulin receptors in the presence of microvessels  

Insulin exerts important functional control of adipocytes, signaling via the insulin 

receptor [45]. To further evaluate the effect of microvessels on adipocyte function, we performed 

PCR to examine insulin receptor expression. Organoids with microvessels had a 3-fold (log2) 

increase in insulin receptor expression compared to organoids without microvessels (Figure 8 

A). Insulin receptor expression occurred primarily on the surface of adipocytes throughout the 

construct with the included microvessels showing relatively low insulin receptor expression. 

(Figure 8 B) 

Microvessels modulate adipose-like organoid secretion of IL-6 in response to TNF-α 

 Adipose inflammation, often modeled with exposure to TNF-α, is a hallmark feature of 

adipose dysfunction [46]. To explore this, adipose-like organoids with and without microvessels 

were treated with TNF-α for approximately 24 hours followed by measurement of IL-6, an 

Figure 8: Microvessel effect on insulin receptor expression. RT-PCR indicated microvessels (MV) 

increase insulin receptor expression compared to organoids without microvessels (A). IHC shows receptor 

expression in organoids without (B) and with (C) microvessels. Green = insulin receptor, red = endothelial 

cells (lectin), blue = nuclei (Hoechst); scale = 50µm. * P<0.05, student’s t test. 



inflammatory cytokine known to increase in response to TNF-α treatment in adipocytes [47]. 

Without TNF-α, IL-6 was almost nonexistent in samples without microvessels but was present at 

low levels in organoids with microvessels. Organoids treated with TNF-α had dramatically 

increased IL-6 secretion, although less was secreted by organoids with microvessels than those 

without (Figure 9 A). Interestingly, IL-6 expression in both TNF-α treated groups was 

comparable, suggesting the microvessels caused a difference in IL-6 secretion (Figure 9 B).  

 In contrast, PPARγ expression was not affected by the presence of microvessels when 

microvessels were present in response to TNF-α (Figure 9 C). Adiponectin expression changed 

minimally in groups with no microvessels in response to TNF-α and with microvessels and no 

TNF-α. A small but distinct downregulation was visible in organoids with microvessels following 

TNF-α treatment (Figure 9 D).  



 

Discussion 

Here, we developed human, vascularized adipose-like organoids for use in adipose tissue 

modeling. Our strategy entailed using isolated human microvessels, which are intact pieces of 

microvessels comprised of a spectrum of cell types, as the source of vascular elements to better 

reconstitute the adipose tissue environment. Furthermore, we explored the inclusion of type I 

stromal collagen in fabricating the organoids as a provisional stromal matrix to support tissue 

formation and maturation. Our results indicate that including microvessels in adipose-like 

Figure 9: TNF-alpha challenge. Organoids with and without microvessels were treated with or 

without TNF-alpha for 24 hours. An ELISA was used to measure secretion of the inflammatory 

cytokine IL-6 (A). PCR shows the effect of TNF-alpha on IL-6 gene expression (B) and the adipocyte 

markers adiponectin and PPARy (C, D).  *P<0.05 compared to all other groups. ** P<0.05 compared 

to groups with TNF-alpha treatment. One-Way ANOVA on Ranks with Neuman Keuls post hoc 

analysis (A), or One-Way ANOVA with Neuman Keuls post hoc analysis (B, C, D).  



organoids can be beneficial towards recapitulating native adipose tissue in vitro, regardless of 

collagen inclusion. With collagen, a robust neovascular network capable of further angiogenesis 

outside of the organoid was formed along with mature adipocytes. This approach would be ideal 

for constructs intended for implantation or therapeutic use, as this neovascular network will 

likely rapidly inosculate with the host vasculature to provide perfusion. For in vitro screening, 

vascularized organoids fabricated without collagen were smaller and more consistent. While less 

capable of outward angiogenesis into a surrounding matrix, the microvessels in organoids 

without collagen led to a more dynamic adipose-like tissue environment, particularly related to 

adipose inflammation and insulin signaling. 

The integration of the microvessels with the adipocyte precursors required the 

development of a staged approach to simultaneously facilitate adipocyte differentiation and 

angiogenesis. This need arose from early observations that the media commonly used to 

differentiate stem cells into adipocytes inhibits angiogenesis. Combining endothelial cells alone 

with pre-adipocytes can enhance adipocyte differentiation [48] or cause adipocyte de-

differentiation [49, 50], likely reflecting differences in derivation protocols. Indeed, Lai et al. 

observed that the preadipocyte:HUVEC ratio played a large role in pre-adipocyte function, with 

lower concentrations of HUVECs causing a larger increase in triglyceride content per adipocyte 

[48]. Thus, our findings indicate that our organoid fabrication protocol, with or without 

microvessels, consistently produces differentiated adipocytes while enabling the addition of 

other elements such as stromal matrix, depending on the application. Furthermore, this strategy 

accommodates the use of primary cell sources, MSCs and human microvessels, to potentially 

capture more accurate biology and even enable personalized medicine-related uses. To mitigate 

the complications due to biological heterogeneity intrinsic to donor populations, we developed 



tests for the MSCs and microvessels enabling us to qualify donor lots by desired functional 

outcomes. For the MSCs, we tested their ability to enhance angiogenesis, and microvessels we 

tested angiogenic potential. Thus, we used only MSC and microvessel donor lots with 

comparable functional outcomes throughout the project. Of course, despite the challenges of 

donor variation, depending on the application, this heterogeneity can be leveraged to pursue new 

insights into the variations of adipose biology in the healthy and diseased populations.  

In developing the fabrication methods, we first examined the effects of MSC co-culture 

on microvessel growth. Isolated microvessels and MSCs were cultured in the same well using a 

transwell insert, which physically separates the MSCs and microvessels, but allows molecule 

exchange between the respective media compartments. MSCs secrete a host of angiogenic 

growth factors, including VEGF, FGF, IGF, HGF, and many others [51]. Therefore, it was not 

surprising that groups with MSCs produced a higher vessel density than groups without MSCs. 

This effect was comparable to exogenous high concentrations of VEGF (50ng/ml), which is 

typically used to stimulate angiogenesis (Figure 1). This lot of MSCs produced 467 pg/10
5
 cells 

per day of VEGF (as determined by the manufacturer). Meaning that after 4 days of culture, 

assuming a 24-hour MSC doubling time, 3.72ng of VEGF is produced in 1.8ml of medium, 

which is substantially less than in groups treated with exogenous VEGF. This indicates that the 

combination of multiple growth factors, albeit in smaller concentrations, released into the 

medium by the MSCs is more effective than high doses of VEGF alone. This may have larger 

implications for development of future microvessel-containing tissues, as many tissue systems 

may not respond well to high doses of growth factors. For example, VEGF is inhibitory of 

adipocyte differentiation [52]. If MSCs can be added to a tissue construct and produce 



comparable or improved angiogenesis over VEGF, it widens the number of potential applications 

for the microvessel vascularization system.   

Visualizing angiogenesis within the organoids was challenging due to difficulties in 

distinguishing neovessels within the organoid. Thus, we developed a functional assay to assess 

angiogenic potential of the microvessels, as an indicator of microvessel presence and function, 

within the organoids. To do this, we embedded the organoids in a collagen matrix and quantified 

angiogenic sprouts growing out of the organoids into the matrix. We previously used a similar 

method to model vascularization across tissue interfaces [11], as have others to assess angiogenic 

potential of EC co-culture organoids [53, 54]. Within 48 hours we observed rapid vessel 

outgrowth from the vessels into the surrounding collagen (Figure 2). In addition to 

demonstrating functional integrity of the neovasculatures in the organoids, the robust outgrowth 

of neovessels into the surrounding matrix suggests that, if implanted, these organoids will rapidly 

inosculate with the surrounding host circulation.   

Interestingly, angiogenic growth depended on the ratio of microvessels:MSCs within the 

organoid. When microvessels were seeded at higher numbers, fewer angiogenic sprouts were 

observed crossing into the collagen matrix (Figure 2). It is possible that having too many vessels 

inhibited neovessel growth and/or promoted microvessel disassembly into single cells. 

Additionally, differences in mixed cell densities may alter cell competition dynamics, as is often 

described in tumor-modeling and stem-cell organoids [55], leading to instability of the 

microvessels. Alternatively, the larger size of the organoids in this group may be affecting 

vascularization dynamics. Comparing organoid vascularity and diameter suggests an optimal size 

threshold of 400µm: increasingly larger organoids above this threshold limits vascularization 

while organoids below this threshold, regardless of size, supported vascularization. Bhang et al. 



showed that organoids with diameters ranging from 200 to 400 µm produced more angiogenic 

growth factors than organoids of other sizes [32]. Perhaps a similar dynamic is occurring in the 

organoids in the present study.  

It is likely that larger organoids experience necrosis due to limitations in oxygen and 

nutrient diffusion. Given that the average diameter of the 1:12.5 group was approximately 500 

µm, some functionality may have been lost due to necrosis. The 1:50 and 1:100 groups were just 

under 400 µm, while 1:25 was just above this threshold. Both the 1:50 and 1:100 groups had 

comparable numbers of sprouts growing out the organoid, although 1:50 subjectively had a more 

robust vascular network throughout. The 1:100 had fewer sprouts, likely due to the overall lower 

number of microvessels. To further explore this, we plotted vascularity and diameter of 

organoids from all MSC experiments on a single graph (Supplemental Figure 2). There is a 

correlation, particularly above 500µm, although an R
2 
value of 0.597 suggests it is likely not the 

sole contributing factor. 

In initial experiments, a small amount of collagen was included in organoid seeding. This 

is because we have previously observed that microvessels require a fibrillar 3D environment to 

maintain native microvessel structure and undergo angiogenesis. We hypothesized that this 

initial collagen incorporation would help maintain microvessels until MSCs secreted their own 

collagen and remodeled the organoid microenvironment. In all experiments, seeded cell/collagen 

suspensions rapidly contracted into a tight organoid within 24 hours. However, the addition of 

collagen to an organoid may not be feasible in all cell systems, particularly with cells that do not 

rapidly remodel collagen. Thus, we decided to do a formal comparison of MSC organoids with 

and without collagen. Surprisingly, robust angiogenesis and neovascular network formation 

occurred whether collagen was included or not (Figure 3). This indicates that other matrix 



components are providing enough structure to support microvessel growth. After 7 days of 

culture, collagen was still clearly visible in histological sections of the organoids, although it was 

largely in clumps that were unevenly distributed throughout the organoid. Thus, while some 

remodeling is evident, MSCs did not completely remodel the initially seeded collagen within the 

7-day period. Almost no collagen was observed in organoids that did not contain collagen in the 

initial seeding suspension, suggesting that limited collagen is being produced by MSCs. Overall, 

this experiment showed that microvessels are capable of robust angiogenesis with or without 

collagen in organoids. Thus, whether to include collagen or not should be decided based on the 

application. Organoids that need to be handled early in culture may benefit from the added 

extracellular matrix, while those with cell types that require a higher cell density or smaller 

organoid size do not need it.  

Next, we incorporated microvessels into adipose-like organoids. One of the challenges in 

creating a multi-cell type organoid is finding an appropriate culture medium to support the 

phenotype and function of all cellular components. In preliminary studies, we observed that 

IBMX, which is commonly used to induce pre-adipocyte differentiation, permanently impeded 

microvessel growth (Supplemental Fig 4). Thus, we developed a protocol with two different 

medium types that are used in stages. An induction medium (ADM) was used to stimulate MSC 

differentiation to pre-adipocytes and a maturation medium (AMM) was used to maintain and 

continue their differentiation while supporting microvessel growth. Qian et al. also utilized a 

maintenance medium for pre-adipocytes, although this consisted only of DMEM and insulin, 

which is unlikely to support microvessel growth [42]. Here, we used both insulin and a standard 

B27 supplement in an RPMI:DMEM 50:50 mix. B27 and RPMI strongly support microvessel 

growth (Supplemental Fig 4), so we combined these supplements with DMEM and insulin, 



which support pre-adipocyte differentiation. This new medium, AMM, resulted in microvessel 

growth comparable to our control serum free medium (Supplemental Fig 4). With the staged 

treatment protocol, cells had more, and larger lipid droplets visualized with Oil Red O staining 

than ADM treatment alone. Additionally, cells treated with AMM produced higher glycerol 

amounts when stimulated with isoproterenol (Figure 4). These results suggest that our staged 

medium treatments differentiated cells further towards mature adipocytes than ADM alone.  

Acosta et al. also used a staged medium to derive adipocytes from whole rat microvessels 

[56]. Because isolated microvessels contain resident stem cells in the microvessel wall, 

adipocytes formed spontaneously from microvessels alone. Similarly to our findings, the authors 

found that the timing of angiogenic growth medium and adipocyte differentiation medium was 

critical, although in their study, differentiation medium reduced angiogenesis and growth 

medium reduce differentiation [56]. In our study, perhaps reflecting different media 

compositions, we did not see any decrease in pre-adipocyte differentiation with the pro-

angiogenic AMM, although less neovascular network formation was visible compared to 

organoids fabricated from undifferentiated MSCs.  

As with the MSC organoids, we initially included collagen in the fabrication of adipose-

like organoids to facilitate microvessel growth and neovascular network formation. Interestingly, 

organoids with microvessels remodeled and compacted collagen, but organoids without 

microvessels did not. Instead, cells seemed to largely separate out from the collagen, giving the 

appearance that the collagen was encasing the organoid, with only a small number of cells 

throughout the collagen (Figure 5). This resulted in extremely large organoid diameters ( > 800 

µm), which may limit oxygen and nutrient diffusion to the center of the organoids and impair 

function. Because of this, the experiment was repeated without collagen, and these replicates 



were used for all functional testing and PCR. Interestingly, we observed that when collagen was 

included in adipose-like organoids, microvessels grew throughout the organoid and adopted a 

more mature morphology. This can be clearly seen in Figure 5, where vessels are wider, contain 

more branch points, and are more interconnected than those seen in MSC organoids (Figure 2). 

In separate experiments without collagen, there were a limited number of microvessels growing 

out of the organoid, and those present had a thin, sprout-like morphology that is much less 

mature (Figure 6). These findings contrasted with our earlier experiments in the MSC organoids, 

where the presence of collagen did not affect microvessel outgrowth (Figure 3). This difference 

may reflect the pro-angiogenic environment established by the MSCs versus a more stable 

environment established by more mature adipocytes. It should also be noted, that, while we have 

seen this reduced angiogenesis in adipose-like organoids without collagen in multiple 

experiments, microvessel donor-to-donor variation cannot be completely excluded as different 

microvessel lots were used in these experiments (despite microvessel qualification tests).  

We hypothesized that the microvessels, which are comprised of multiple cells types, 

would influence the organoids towards a more native-like adipose tissue environment. While 

base-line adipocyte function (e.g. marker expression and lipolysis) in the organoids was not 

substantially affected by the presence of microvessels, indicators of adipose tissue dynamics 

were. Inclusion of microvessels significantly increased insulin receptor expression in adipocytes. 

Insulin signaling, via its receptor, is important in adipocyte energetics, causing adipocytes to take 

up glucose and free fatty acids while reducing lipolysis [45]. While beyond the scope of this 

study, it would be interesting to explore the dynamics between insulin signaling and 

inflammatory signals. Furthermore, the vascularized adipose organoids should be amenable to 



experiments addressing insulin resistance as the significant baseline presence of insulin receptors 

creates more dynamic range in insulin responses.  

The microvessels also modulated the complex dynamics of cytokines regulating adipose 

function. TNF-α plays a critical and complex role in adipose disease and dysfunction [57, 58].  

Exposure to TNF-α induces adipocytes to secrete cytokines, such as IL-6, which, in turn, also 

regulates adipocyte biology [47]. As expected, we observed increased IL-6 secretion by 

organoids with and without microvessels when acutely challenged with TNF-α. However, less 

IL-6 protein was secreted by organoids fabricated with microvessels in response to TNF-α, 

despite relatively equal levels of IL-6 transcript, suggesting a more complex regulatory dynamic. 

Whether or not this reflects a less inflammatory condition is less clear. While IL-6 is best known 

for increasing inflammation, IL-6 can either increase or decrease adipose tissue inflammation, 

depending on the cell source [59]. If secreted by adipocytes, IL-6 increases inflammation. But if 

secreted by myeloid cells, it has the opposite effect, and was found to decrease inflammation and 

lessen glycemia and insulin resistance in mice [59]. Interestingly, organoids with microvessels 

expressed a higher baseline level of IL-6 than those without. IL-6 is produced by a variety of cell 

types in non-stimulated conditions [60], including those present in mature microvessels. Perhaps 

this baseline production of IL-6 and differences in IL-6 secretion in response to TNF-α is due to 

these other cells types introduced via the microvessels, including endothelial cells and 

macrophages. Additionally, healthy adipocytes can secrete low levels of TNF-α during normal 

remodeling [61] and during lipolysis [62], which may also stimulate IL-6 production. Thus, it is 

likely that in organoids fabricated with microvessels, there is more of a balance between 

inflammatory and non-inflammatory conditions, reflecting a more native-like adipose tissue. 

Consistent with this, TNF-α treatment downregulated adiponectin expression in only adipose 



organoids containing microvessels (Figure 9 F). TNF-α reduces the expression of adiponectin in 

non-diabetic, human adipose tissue [63]. It should also be considered, that, when normalizing 

adiponectin expression to GAPDH, the additional, non-adiponectin expressing cells brought in 

with microvessels may have slightly lowered the measured adiponectin levels. However, with 

even a generous estimate that 25% of the cells within the organoid could be vascular, there is still 

1.5-fold decrease (log2) in adiponectin levels, which is a noteworthy difference. Clearly, more 

studies focusing on inflammation (acute and chronic) are needed to better evaluate the 

vascularized adipose organoid as a model of adipose tissue health and dysfunction.  

  

Conclusion 

We have developed a simple, robust, method for fabricating human vascularized adipose-

like organoids. The fabrication approach used microvessels, isolated from adipose, as the source 

of the vascular elements within the organoids. Medium incompatibilities between adipocyte 

derivation and angiogenesis required us to develop a 2-stage process in which cells are first 

committed to the adipocyte lineage and then combined with the isolated microvessels to build the 

organoid. Importantly, the fabrication process is amenable to a more high-throughput format in 

both the manufacture of the organoids and their use. Depending on additional matrix components 

included during fabrication, the organoids are likely useful in both research and therapeutic 

applications. Our findings indicate that the presence of the microvessels did not significantly 

alter adipocyte base function of lipolysis and adipokine expression with our protocol. However, 

the increased insulin receptor expression and altered responsiveness to an inflammation 

challenge indicates a more dynamic adipose tissue model. The general applicability of the 



fabrication process highlights the potential of the microvessel vascularization system for not only 

fabricating an in vitro adipose model, but other vascularized tissues as well.  
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Figure Captions  

Figure 1: MSCs stimulate angiogenesis. Microvessels were either co-cultured with MSCs in transwell 

inserts (A, B), or without MSCs (C, D). Culture mediums either contained no VEGF (A, C), or 50ng/ml 

VEGF. Wells with lectin stained microvessels (red = endothelial cells) were scanned with a confocal 

microscope and processed with the BioSegment software package to quantify microvessel length density 

in each well. Average vessel densities for each group are shown in (E) after 6 days of culture. N=3, bars 

are mean ± SD. * P < 0.05 compared to all other groups, one-way ANOVA with Nueman-Keuls post hoc 

test.  

Figure 2: Vascularized MSC organoids. MSCs and microvessels were mixed and seeded at 

microvessel:MSC ratios of 1:12.5 (A), 1:25 (B), 1:50 (C), or 1:100 (D). The number of sprouts growing 

out of each organoid into the surrounding collagen matrix was counted and normalized to the 

circumference of the organoid (E, F). (A-D) were taken after a total of 7 days of culture (5 days as 

organoids alone, 2 days as organoids embedded in collagen). An earlier timepoint is shown in (G, H), 

where organoids are embedded at day 2 and fixed and stained at day 4 (1:50 group shown). Red = lectin 



(endothelial cells), blue = Hoechst (nuclei), scale = 200µm. One way ANOVA with Neuman-Keuls post 

hoc test. * P < 0.05 compared to both 1:12.5 and 1:100, N = 3, bars are mean ± SD. 

Figure 3: The effects of collagen incorporation on organoid vascularization. Organoids were seeded 

without collagen (A, B), or with collagen (C, D), in the seeded cell suspension. Vascularization can be 

clearly seen in confocal images of embedded organoids (A, C; lectin stain, red = endothelial cells). A 

picrosirius red/fast green stain shows collagen remaining in MSC organoids after 7 days of culture (B, D; 

red = collagen, green = counterstain). The number of angiogenic sprouts growing out the organoids were 

not significantly different between the two groups (E), although organoids with collagen maintained a 

larger diameter (F). Student’s t-test, * P<0.05, bars are mean ± SD, N =6-7. 

Figure 4: 2D cell cultures after differentiation. Oil Red O staining with a hematoxylin counterstain 

shows lipid droplets (lipids = red, nuclei = purple) in cells treated with ADM for 24 days (ADM; A), 

treated with ADM for 17 days, then AMM for 7 days (AMM; B), or were cultured in 10% FBS (FBS; C). 

A lipolysis assay shows glycerol production in response to isoproterenol in each of the three treatments 

(D). PCR gel shows expression of adiponectin, PPARy, and GAPDH (E). RT-PCR shows comparable 

expression of both adiponectin (F) and PPARγ (G) in both ADM and AMM groups, which are compared 

to FBS. * P<0.05 compared to all other groups, One-way ANOVA with Neuman-Keuls post-hoc analysis. 

N = 3. Bars are mean ± SD. 

Figure 5: Vascularized adipose-like organoids with collagen inclusion. H&E stain of organoids seeded 

with collagen and preadipocytes, without microvessels (A), or with microvessels (B), after 7 days of 

culture in AMM. Fluorescent BODIPY stained image shows apparently mature adipocytes within MV 

containing organoid, characterized by large round lipid droplets (C). After 2 days of embedded culture (7 

days total organoid culture), microvessels can be seen growing throughout the organoid (D, E; lectin 

stain, red = endothelial cells). (E) is a high magnification inset of (D).  



Figure 6: Vascularized adipose-like organoids without collagen inclusion. H&E stain of organoids 

seeded with pre-adipocytes but no included collagen, either without microvessels (A), or with 

microvessels (B), after 7 days of culture in AMM. After 2 days of embedded culture (7 days total 

organoid culture), some neovessel sprouts can be seen growing out of the organoid into the surrounding 

matrix (C, D; lectin stain, red = ECs). (D) is high magnification inset of (C).  

Figure 7: Adipose organoid function. Lipolysis assay showing glycerol production in organoids in 

response to isoproterenol treatment (A). PCR shows expression is PPARγ, adiponectin, and GAPDH in 

both groups (B). RT-PCR shows relative expression of adiponectin (B) and PPARy (C) in organoids with 

microvessels compared to organoids with no microvessels. P > 0.05, student’s t-test. 

Figure 8: Microvessel effect on insulin receptor expression. RT-PCR indicated microvessels (MV) 

increase insulin receptor expression compared to organoids without microvessels (A). IHC shows 

receptor expression in organoids without (B) and with (C) microvessels. Green = insulin receptor, red = 

endothelial cells (lectin), blue = nuclei (Hoechst); scale = 50µm. * P<0.05, student’s t test. 

Figure 9: TNF-alpha challenge. Organoids with and without microvessels were treated with or without 

TNF-alpha for 24 hours. An ELISA was used to measure secretion of the inflammatory cytokine IL-6 (A). 

PCR shows the effect of TNF-alpha on IL-6 gene expression (B) and the adipocyte markers adiponectin 

and PPARy (C, D).  *P<0.05 compared to all other groups. ** P<0.05 compared to groups with TNF-

alpha treatment. One-Way ANOVA on Ranks with Neuman Keuls post hoc analysis (A), or One-Way 

ANOVA with Neuman Keuls post hoc analysis (B, C, D).  
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