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A B S T R A C T   

Obesity is a complex and incompletely understood disease, but current drug screening strategies mostly rely on 
immature in vitro adipose models which cannot recapitulate it properly. To address this issue, we developed a 
statistically validated high-throughput screening model by seeding human mature adipocytes from patients, 
encapsulated in physiological collagen microfibers. These drop tissues ensured the maintenance of adipocyte 
viability and functionality for controlling glucose and fatty acids uptake, as well as glycerol release. As such, 
patients’ BMI and insulin sensitivity displayed a strong inverse correlation: the healthy adipocytes were asso-
ciated with the highest insulin-induced glucose uptake, while insulin resistance was confirmed in the under-
weight and severely obese adipocytes. Insulin sensitivity recovery was possible with two type 2 diabetes 
treatments, rosiglitazone and melatonin. Finally, the addition of blood vasculature to the model seemed to more 
accurately recapitulate the in vivo physiology, with particular respect to leptin secretion metabolism.   

1. Introduction 

The scale of the global obesity epidemic (globally, more than 650 
million people [1]) requires an in-depth understanding of the mecha-
nisms underlying this complex disease and the prevalence of its related 
conditions, such as type 2 diabetes (463 million [2]), or other comor-
bidities including cancers, sleep apnea, asthma, degenerative joint dis-
ease, hypertension, renal failure, stroke and cardiovascular disease [3, 
4]. While previously considered merely as energy storage, it is clear now 
that adipose tissue is a dynamic endocrine organ secreting many 
different bioactive factors necessary for insulin sensitivity, energy 
metabolism, immune responses and cardiovascular homeostasis [5] in 
addition to providing insulation and mechanical support for the body 
[6]. The regulation of this endocrine organ’s secretions is complex and 
multifactorial, therefore there is as yet no cure for obesity. Pharmaco-
logical approaches have several unpredictable side effects while current 

healthcare policy is limited to the promotion of physical activity along 
with reduction of fats and sugars consumption. 

A suitable in vitro model with physiological functionality has long 
been needed to further understand the mechanisms of human obesity. 
The translation from animal models is limited by their metabolic het-
erogeneity, especially between murine and human types [7–9], which 
slows down human drug development. To speed up the drug discovery 
process, high-throughput screening (HTS) is an important tool for 
screening large small-molecule libraries until identifying effective 
compounds [10]. Currently, the vast majority of HTS against obesity are 
conducted on cultured cells grown in two dimensions (2D) which does 
not represent the complex cell microenvironment of in vivo adipose 
tissue [11–14] and could contribute markedly to their drug discovery 
high failure rate with low clinical trials correlation [15,16]. 2D adipo-
cytes cannot achieve their in vivo final spherical shape, optimized to 
maximize their lipid storage, leading to increased cytoskeletal stress and 
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a lack of the close cell-cell and cell-extracellular matrix (ECM) signals 
necessary for the adipose tissue homeostasis. Therefore, 3D cell culture 
technologies which better represent the in vivo environment are of 
importance for time and cost saving in drug discovery [16,17], as well as 
for use as diagnostic tools. Most of the currently available 3D human in 
vitro adipose tissue models involve monocultures of differentiated bone 
marrow–derived mesenchymal stem cells, adipose tissue–derived 
mesenchymal stem cells (adipose-derived-stem cells, ADSC), or embry-
onic stem cells cultured with synthetic or natural polymeric matrices 
and scaffolds [18,19]. However, these models of differentiated adipo-
cytes from mesenchymal stem cell progenitors are still in an immature 
state with a final low ratio of differentiated cells [20] and a lower basal 
adipose metabolism compared to the native mature adipocytes [21,22]. 
The best way to obtain a physiological adipose tissue model would be 
the direct use of primary mature adipocytes to get comparable identity 
and functions than native tissue [21,22]. But, as they possess a cyto-
plasm composed of 80–90% lipids, they are easily traumatized by me-
chanical forces during the adipose tissue isolation process, resulting in a 
high ratio of damaged cells. Also, their maintenance more than one week 
in vitro still remains a challenge [23,24], while being already terminally 
differentiated, they cannot proliferate. Therefore, only a few published 
models used mature adipocytes [22,25,26], with limited HTS applica-
tion and none of them have considered the specific cell phenotype 
exhibited in the case of obesity or type 2 diabetes. 

Indeed, the association between adipose tissue and the insulin 
resistance found in the type 2 diabetes has been widely reported [27], 
but only a few in vitro models mimic this physiological condition [28, 
29]. The current studies for diabetes therapeutics have either used a 2D 
environment, sometimes with non-human immortalized cell lines, 
differentiated in adipocyte monocultures [30], or a co-culture with 
macrophages or peripheral blood mononuclear cells [31–33]. However, 
these models still did not use physiological obese adipocytes to model 
diabetes-related cell responses, the key factor for accelerating the 
screening of drugs for insulin resistance-induced diabetes. 

Another point that ultimately limits all of the current models in their 
ability to recapitulate structural and functional adipose tissue is their 
lack of blood vessels vasculature, which plays a critical role in its 
physiological functions, being one of the most vascularized tissues in the 
body [34]. The adipose blood vessel provides nutrients, oxygen, cells, 
and various soluble factors to maintain its tissue homeostasis while 
carrying out adipokine secretions. Inadequate vascularization leads to 
hypoxia, inflammation and necrosis [34]. This dense vascularization 
also allows adipocytes and endothelial cells to be in direct contact for 
their cellular crosstalk. Adipocytes can guide the endothelial cells 
migration and proliferation [35] by secreting both pro- and 
anti-angiogenic factors, while the vascular system supports adipocytes 
growth and function [34]. Existing studies have attempted to induce 
adipogenesis of ADSC along with vasculature establishment from 
endothelial cells [36–44], but a functional culture medium allowing 
differentiation of adipocytes up to a mature differentiated state with 
endothelial cells in co-culture still appears to be a major challenge. 

To address all these needs, we recently developed collagen micro-
fibers (CMF) from collagen type I, the most prevalent in adipose tissue, 
which improved the maintenance of mature adipocyte viability and 
function [45], while providing a physiological environment and bio-
logical signals for the cells. This microenvironment limits the shear 
stress (i.e. the frictional force that acts on cell surface) around the fragile 
mature adipocytes, allows the nutrient and oxygen diffusion and help to 
guide the endothelial cells vasculature construction through their 
integrin-induced adhesion on the fibers [35,39,46]. The importance of 
ADSC for the formation of endothelial tubular structures, in addition to 
mature adipocytes, was confirmed in our previous model [47], showing 
the development of an in vitro vascularized adipose tissue. The same 
method was thus used here but on a smaller scale, in 96-well plates, to 
fulfill the HTS application for obesity related drug screening, where 
adipocytes’ insulin responses are dependent on the patient’s BMI. This 

personalized patient-related model should allow the development of 
more accurate therapeutic approaches to mitigate the obesity epidemic 
and its adverse effects on health. To ensure it, the quality of the HTS 
assay was finally statistically analyzed with the current validated quality 
control metrics: Z′-factor, Signal-to-noise ratio (S/N), 
Signal-to-background ratio (S/B), coefficients of variation (CV), as well 
as the strictly standardized mean difference (SSMD) and its reciprocal, 
the coefficient of variation of difference (CVD). 

2. Results 

In a previous report, we described an innovative bio-fabrication 
method for the reconstruction of vascularized adipose tissues [47]. 
Adjusting this methodology, we focused here on the design of a smaller 
scale mature adipose tissue model suitable for the HTS of molecules 
against obesity in a mimicked physiological condition (Fig. 1). 

2.1. Preliminary developments for a suitable mature adipocytes’ viability 
maintenance in the adipose drop model 

The first step was to assess the most suitable condition for the 
maintained viability of the fragile mature adipocytes. Human mature 
adipocytes isolated from abdominal adipose tissues, mixed with CMF 
and embedded in a fibrin gel were thus seeded in different conditions 
(Fig. 2a). The same condition used in the previous study (1.2%wt CMF 
[47]) with 3 × 106 mature adipocytes/mL (condition 2) was compared 
with a two-fold higher CMF concentration (condition 1, 2.4%wt CMF), a 
50% cell concentration (1.5 × 106 mature adipocytes/mL, 1.2%wt CMF, 
condition 3) and a condition without any CMF (3 × 106 mature adipo-
cytes/mL, condition 4). For all conditions, the culture medium volume 
was also compared, by seeding the same 2 μL drop tissue in either 96- or 
48-well plates, containing 300 μL or 1.2 mL volume respectively 
(Fig. 2b). After one week, all conditions showed good maintenance of 
the mature adipocytes viability, from 87 to 97% of living cells, with a 
high reproducibility between the samples. From the 2 and 3 weeks re-
sults, two conditions (2 and 4) showed a tendency for a better main-
tained mature adipocytes viability, with respectively 74-86% and 
79-97% of living cells, depending on the culture medium volume. While 
few differences were observed between the two culture medium vol-
umes for the previous weeks of culture, after 3 weeks the 96-well plates 
appeared mostly with a higher viability so this was then chosen for all 
the experiments as it better fits the requirements of the HTS model. Even 
though condition 4 gave the best viability results (97 ± 1% for the 
96-well plate), the observation of the mature adipocytes state revealed a 
high ratio of spindle and elongated structures similar to fibroblasts 
(Fig. 2c), which can come from dedifferentiated mature adipocytes, or a 
proliferation of the small amount of ADSC which can stayed attached to 
the mature adipocytes during the cell isolation (around 0.2–0.4% 
generally [19,48]). For condition 2, some mature adipocytes also 
dedifferentiated or died, but more could maintain their unilocular 
shape, with a smaller proliferation rate (Fig. 2c, white arrow). To opti-
mize the culture condition, using the same mixture as condition 2 (3 ×
106 mature adipocytes/mL with 1.2%wt CMF), several drop tissue vol-
umes were compared (1, 2, 3 and 5 μL) (Fig. 2d), as well as the culture 
medium composition, comparing the classic DMEM medium with the 
Human Adipocyte Differentiation Medium (containing indomethacin, 
3-isobutyl-1-methylxanthine, dexamethasone and insulin). It was noted 
that the adipogenesis growth factors hindered the mature adipocytes 
viability after one week of culture, while in the classic DMEM medium, 
all drops volumes showed good viability. The difference was emphasized 
after 2 weeks of culture, the 2 μL drops showing a higher ratio of living 
mature adipocytes compared to the other volumes (Fig. 2e). In partic-
ular, in the 5 μL drop condition, several mature adipocytes were found 
dedifferentiated with an elongated cell shape. The 2 μL drop volume was 
thus chosen for the later experiments, displaying a high viability of 99 ±
0.1% and 77 ± 5% after 1 and 2 weeks respectively (Fig. 2f). In this 
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condition, all adipocytes could maintain their unilocular shape, as 
confirmed by Nile Red staining shown in Fig. 2g. While the previous 
drop tissues were seeded using mature adipocytes isolated from 
abdominal adipose tissue, a comparison was made using other tissue 
locations. Mature adipocytes from either thigh adipose tissue (extracted 
after liposuction) or breast adipose tissue both showed a high viability in 
this model, 97 ± 0.4% and 98 ± 0.7% respectively, and could therefore 
be used for specific location-related studies. 

2.2. Functionality maintenance of mature adipocytes in the adipose drop 
model 

The next step was to monitor the maintenance of the mature adi-
pocyte’s functions in the drop tissues. Among the major adipocyte 
functions, the first is to store glucose and fatty acids in their lipid vesicles 
and then to release them in the form of glycerol to address body energy 
needs. Insulin secreted by the pancreas is the physiological inducer of 
this lipid storage, and it is released in response to elevated glucose levels 
in the blood. To visualize and quantify the glucose and fatty acids uptake 
in the in vitro mature adipocytes in an HTS format (96 well plates, 
Fig. 3a), the fluorescent analogues 2-NBDG (Fig. 3b) and BODIPY™ 
500/510 (Fig. 3c) for glucose and fatty acids respectively, were used. 
Insulin was thus added to the culture medium after a glucose starvation 
of the adipocytes, then glucose and fatty acids uptake were monitored 
(Fig. 3b and c). The adipocytes of the drop tissues showed significantly 
induced storage of glucose and fatty acids from 5 to 135 min of insulin 
treatment. This adipose function being validated, molecules allowing 
the blockage of these two uptakes were then screened, against obesity. 
In the case of a high fed state, insulin binds to its receptors on the adi-
pocytes and causes the translocation of glucose transporter 4 (Glut-4) 
from the cytosol to the cell surface, which then enables the effective 
glucose influx into the adipocytes [49]. Insulin-stimulated Glut-4 is the 
predominant glucose transporter type in adipocytes, but another glucose 
transporter type, Glut-1, is also constitutively present at their cell 
membranes [50]. Specific inhibitors of glucose transporters 1 and 4 were 
thus chosen (apigenin [51] and cytochalasin B [52] respectively). 
Fig. 3d shows the different combination effects of the two inhibitors, 
with or without insulin, on the glucose uptake. Only the condition with 
inhibitions of both Glut-1 and Glut-4 transporters was found to signifi-
cantly reduce glucose uptake in the mature adipocytes compared to the 
control condition (apigenin effect only is shown in Supplementary 

Figure 2). 
Both glucose and fatty acids uptake inhibition and induction can 

actually be assessed (Fig. 3e). TNFα [53] which can act on the trans-
location of the fatty acids transporters and reduce the activity of the 
lipoprotein lipase was used for the fatty acids uptake inhibition. In these 
mature adipocyte drop tissues, significant inhibitions (− 86% and 
− 173% for glucose and fatty acids uptake respectively compared to the 
control) or inductions (+83% and +538% for glucose and fatty acids 
uptake respectively compared to the control) of the uptakes were 
confirmed after 30 min of treatment. 

Next, the glycerol release induction, which is also a way to fight 
obesity, was assessed by using two different classic inducers (Fig. 3f): 
isoproterenol and forskolin [54]. Isoproterenol, currently a non-FDA 
approved β adrenoreceptor agonist, because of its several side-effects 
like cardiac toxicity, and forskolin, also a non-FDA approved medicine 
from the mint family, inducing low blood pressure (hypotension), both 
significantly induced glycerol release from adipocytes in the drop tissues 
model in a dose-dependent manner. 

While Fig. 3e highlighted the glucose uptake results of several adi-
pose drop tissues seeded using mature adipocytes isolated from one 
patient, it was also possible to show the tendency for the insulin-induced 
and cytochalasin/apigenin-inhibited glucose uptake through several 
patients’ adipose tissues. Fig. 3g shows the average of 18 different adi-
pose tissues results from 18 different patients after 7 days of in vitro 
culture. Although many mature adipocytes types were observed in these 
18 patients, with different ages and different body mass index (BMI) 
(from 14.2 to 36.6), the mean results displayed a significant induction of 
glucose uptake (from +26% up to 37%, compared to the control, Fig. 3g) 
after 5, 30 and 60 min of insulin treatment and a significant inhibition 
(− 16%, compared to the control) after 30 min of inhibitor treatment. In 
comparison, after 14 days of in vitro culture, no significant differences 
were found between the control condition and the induced or inhibited 
ones (from +13% to +16% and maximum − 8%, for an average of 9 
different patients, Fig. 3h). This was also the case for the fatty acids 
uptake measurements of 13 different patients (Supplementary Figure 3). 
This reduced mature adipocyte sensitivity can be a bias from the in vitro 
culture condition where culturing the mature adipocytes in DMEM high 
glucose medium for 2 weeks might induce their insulin resistance [55, 
56]. This model still allows to get, after 7 days of culture, a reliable tool 
for assessing drugs acting on the glucose/fatty acids uptakes or the 
glycerol release in the obesity fighting strategy. 

Fig. 1. High-throughput screening adipose drop model methods. Using human adipose tissues from different types of patients and different tissue locations, 
mature adipocytes and adipose-derived stem cells (ADSC) were isolated after tissue digestion. Adding human umbilical vein endothelial cell (HUVEC) and collagen 
microfibers type I, embedded in a fibrin gel, the mixture was seeded inside 96-well plates to make the adipose drop model. ADSC drops were also fabricated using 
only ADSC and non-vascularized drops using only mature adipocytes. These three models were analyzed by monitoring their viability through the culture, as well as 
their functionality by glucose or fatty acids uptake measurements and glycerol or leptin release, depending on inhibitor or inducer treatments, as well as known type 
2 diabetes drugs. 
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Fig. 2. Preliminary developments for a 
suitable mature adipocytes maintenance in 
the adipose drop model. (a) Live/Dead 
quantifications of mature adipocytes viability 
from abdominal adipose tissue, according to 
the drop compositions (condition 1: 3 × 106 

mature adipocytes/mL + 2.4% wt CMF, con-
dition 2: 3 × 106 mature adipocytes/mL +
1.2% wt CMF, condition 3: 1.5 × 106 mature 
adipocytes/mL + 1.2% wt CMF, condition 4: 
3 × 106 mature adipocytes/mL + 0% wt CMF) 
and the culture medium volumes (96-well: 
300 μL, 48-well: 1.2 mL). (b) Pictures of the 
drops after gelation. (c) Representative Live/ 
Dead projection images of mature adipocytes 
after 3 weeks for conditions 2 and 4. (d) 
Representative Live/Dead projection images 
of mature adipocytes after 1 week in different 
drop tissue volumes and different culture 
medium. (e) Representative Live/Dead pro-
jection images of mature adipocytes after 2 
weeks in different drop tissue volumes in 
DMEM. (f) Quantification of the viability of 
the mature adipocytes in the 2 μL drop tissue 
model after 1 and 2 weeks of culture in 
DMEM. (g) Nile Red lipids staining of repre-
sentative 2 μL drop tissue after 1 week of 
culture. (h) Quantification of the viability of 
the mature adipocytes from two other adipose 
tissue locations (thigh adipose tissue after 
liposuction and breast adipose tissue) after 1 
week of culture in 2 μL drops in DMEM. All 
graphs show results as means ± s.d. of ex-
periments performed on n = 3-6 drops per 
condition.   
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2.3. Functionality assessment of the adipogenesis ADSC drop model 

An adipogenesis drug model was developed in parallel, using human 
ADSC differentiating in mature adipocytes, which allowed the drug 
screening of compounds acting specifically on the adipogenesis to slow 
down the growth of adipocytes and thus the lipid storage. The glucose 
uptake was compared in these ADSC drops tissues with the 2D classic 
culture after 2 weeks of adipogenic differentiation. Adipogenesis 
occurred faster in the drop tissues than in 2D, as already reported in a 
previous model in transwells with mouse adipocytes [45], and as seen in 
particular on the fatty acids uptake pictures (Fig. 4a) where several lipid 
vesicles were observed in the 3D condition, in almost all cells, compared 
to 2D which displayed many undifferentiated cells. However, the 

glucose and fatty acids uptake induction and inhibition comparisons did 
not show any significant differences between 2D and 3D, confirming the 
fact that mature adipocytes are more functional than differentiated ones, 
even using a 3D model, for assessing drugs acting on the glucose/fatty 
acids uptake. Only insulin showed a tendency to induce both uptakes. A 
more suitable way could be to act on the adipogenesis during the 
adipocyte differentiation and retinoic acid, a common inhibitor, was 
used for this purpose. Retinoic acid, a derivative of vitamin A, comes 
from the carotenoid’s family. It plays major roles in adipogenesis 
maturation inhibition by enhancing the pre-adipocyte gene expression 
and inhibiting C/EBPβ-mediated transcription. Its inhibition effect was 
assessed in the ADSC differentiated model. It was found that 3D ADSC 
adipose drop tissues showed a better inhibitory response that was 

Fig. 3. Functionality assessment of mature adipocytes in the adipose drops model. (a) Example of glucose and fatty acids uptake measurements on a full 96- 
well plate at day 7 of culture. (b) Representative images of the 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) fluorescent glucose 
analogue uptake monitored inside the mature adipocytes cultured in the adipose drop model. Quantification of the 2-NBDG uptake through the time and after insulin 
treatment. (c) Representative image of the BODIPY™ 500/510 fluorescent fatty acids analogue monitored inside the mature adipocytes cultured in the adipose drop 
model. Quantification of the BODIPY™ 500/510 uptake through the culture time and after insulin treatment. (d) Measurements of glucose uptake after several 
induction or inhibition treatments during 30 min (Api: apigenin which blocks glucose transporter 1, CyB: cytochalasin B which blocks glucose transporter 4) in 
mature adipocytes isolated from one donor adipose tissue. (e) Glucose and fatty acid uptake inductions and inhibitions after 30 min of treatments in mature adi-
pocytes isolated from one donor adipose tissue. (f) Glycerol release measurements from mature adipocytes after glycerol release inducer treatments during 60 min, 
mature adipocytes were isolated from 3 different donors. (g) Summarized data of glucose uptake inductions and inhibitions for 18 different adipose tissue donors 
after 7 days of culture. (h) Summarized data of glucose uptake inductions and inhibitions for 9 different adipose tissue donors after 14 days of culture. All graphs 
show results as means ± s.d. of experiments performed on n = 5-8 drops per condition per donor. 

Fig. 4. Functionality assessment of the adipogenesis ADSC drop model. (a) Representative projection images of the ADSC drop model assessing the adipogenesis 
after 2 weeks of adipogenic differentiation, compared to the 2D classic condition. Glucose and fatty acids uptake measurements after 60 min of treatments using an 
inducer (insulin) and inhibitors (Api: apigenin, CyB: cytochalasin B, TNF-alpha) on the 2 weeks differentiated model in 2D or 3D (drops) condition. (b) 60 min 
duration glucose uptake measurements after 2 weeks of adipogenic differentiation of the ADSC drop model, compared to the 2D condition, using different con-
centrations of retinoic acid as an inhibitor during the adipogenesis. (c) Representative Nile Red (lipids) and Hoechst (nuclei) staining projection images of differ-
entiating adipocytes in the ADSC drop model with or without retinoic acid (RA) treatment for 2 weeks. The graphs show results as means ± s.d. of experiments 
performed on n = 6-8 drops per condition. 
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significantly dependent on retinoic acid concentrations, compared to the 
2D model (Fig. 4b), as confirmed by the smaller lipid vesicles observed 
after retinoic acid treatment (Fig. 4c). This can therefore be considered 
as a definitive model for investigating drugs acting specifically on adi-
pogenesis inhibition against obesity. 

2.4. Patients’ BMI dependent glucose uptake sensitivity against insulin 
and insulin sensitivity recovery drug assays 

BMI calculation allows the determination of the healthy state of 
patients and thus of their adipocyte function (see Fig. 5a for the ranges). 
Recently, the relationship between BMI and percentage of body fat or 
body fat distribution has been recognized as differing between ethnic 
populations and that the established World Health Organization (WHO) 
criteria for classifying obesity in adult Caucasians is not appropriate for 
Asian populations [57]. Japanese people indeed have lower BMIs at a 
given body fat and are more likely to develop complications such as 
impaired glucose tolerance, dyslipidemia and hypertension after 
exceeding BMI 25, while these happen at a higher BMI in Caucasian 
populations [58]. Therefore, lower BMIs in Asian populations need to be 
monitored more closely to prevent diabetes and related complications. 

As the study here was performed using only human adipose tissues from 
Japanese women, the specific Asian BMI classification was thus chosen, 
stipulating that overweight is specified for a BMI between 23.0 and 
24.99, obesity for a BMI between 25.0 and 29.99, and severe obesity for 
a BMI over 30.0 [57]. 

Insulin sensitivity is closely linked to the BMI of each patient. Insulin 
resistance occurs when adipocytes start ignoring the signal that the in-
sulin is sending out, even when the pancreas synthesizes more insulin to 
force adipocyte glucose uptake to reduce the glycemic level [59]. Obese 
patients usually show a lower insulin-induced glucose uptake due to the 
constantly excessive glucose level in their blood which leads to insulin 
resistance. The same is found in underweight patients, for opposite 
reasons [60]. This insulin resistance was found in our model when 
glucose uptake ability was plotted against the patients’ BMI (Fig. 5a), 
confirming the increase of insulin resistance linked to the increase in the 
patients’ BMI. An insulin sensitivity of around 1 represents insulin 
resistance, with no difference in glucose uptake when insulin is added. It 
was particularly found in the obese (25.0 < BMI < 29.99) and severely 
obese patients (30.0 < BMI). When the means for patients in the same 
BMI ranges were calculated, this BMI-dependent reduction of the insulin 
sensitivity trend was again confirmed (Fig. 5b). 

Fig. 5. Patients’ BMI dependent glucose uptake sensitivity against insulin treatment and insulin sensitivity recovery drug assays. (a) Trend line of insulin 
sensitivity by glucose uptake, according to the patients’ BMI after 30 min of treatment, for 18 different patients’ mature adipocytes. (b) Histogram representation of 
the BMI-dependent insulin sensitivity for the 18 different patients. (c) Trend line of insulin sensitivity by glucose uptake, according to the patients’ age after 30 min of 
treatment, for 18 different patients’ mature adipocytes. (d) Concentration-dependent melatonin effect after 16 h of treatment on the 7 days cultured adipose drops 
model. The results represent the averages of 3 different donors (BMI 24.01, 26.3 and 23.6). (e) Concentration-dependent rosiglitazone effect after 16 h of treatment 
on the 7 days cultured adipose drops model. The results represent the averages of 3 different donors (BMI 24.01, 26.3 and 23.6). (f) Concentration-dependent 
rosiglitazone effect after 16 h of treatment on the 14 days cultured adipose drops model. The results are for two different donors (BMI 18.3 and 24.01). All 
graphs show results as means ± s.d. of experiments performed on n = 6-8 drops per condition per donor. Colored asterisks are compared to the control condition at 
each time. 
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On the other hand, the patient’s age, which can also be associated 
with a lower insulin sensitivity, did not specifically show any tendency. 
For instance, two 71-year-old patients displayed very different insulin 
sensitivities, which more likely arose from their BMI difference (22.6 
and 26) (Fig. 5c). As this insulin resistance has a key role in the devel-
opment of type 2 diabetes, another important drug screening to perform 
is the recovery of insulin sensitivity in patients. Two treatments were 
then tested on the mature adipocytes model. The first one is an FDA- 
approved drug, currently used for type 2 diabetes patients [61], rosi-
glitazone, a PPARγ agonist which can improve the insulin resistance in 
human and murine adipose tissue [62]. The second one is melatonin, a 
non-FDA approved drug for type 2 diabetes which is a natural hormone 
secreted in the human body to maintain the wake-sleep cycles (“bio-
logical clock”). As short or poor quality sleep are associated with 
increased risk of obesity, this drug can help some patients to recover 
their insulin sensitivity [63]. The treatments using these two drugs in 
several concentrations were thus performed on the adipose drop tissues 
before measuring the insulin-induced glucose uptake. Both melatonin 
and rosiglitazone showed significant dose-dependent improvements in 
insulin sensitivity. The best induction was at 1 μM for melatonin 
(Fig. 5d) and at 0.1 μM for rosiglitazone (Fig. 5e), showing increased 
glucose uptakes in response to insulin, while the higher concentrations 
displayed saturated effects. This induced insulin sensitivity was even 
confirmed on 2-week cultured samples for the rosiglitazone treatment 
(Fig. 5f), even though it was assumed that culturing the mature adipo-
cytes for 2 weeks in DMEM high glucose medium may have induced 
their insulin resistance (Fig. 3h). On the other hand, melatonin did not 
induce the recovery of insulin sensitivity after 2 weeks of culture 
(Supplementary Figure 4). Also, while the previous rosiglitazone and 
melatonin induction effect was observed in overweight and obese pa-
tients’ mature adipocytes (BMIs of 23.6, 24.01 and 26.3), the recovery of 
insulin sensitivity was however not found anymore when seeding un-
derweight (BMI of 17.1) and severely obese patients’ mature adipocytes 
(BMI of 30.2) (Supplementary Figure 5). 

These last data reinforce the limitations of existing drug screening 
methods. On the other hand, our novel approach shows promise as a 
good high-throughput screening model for specifically modeling pa-
tients’ BMI differences in order to find suitable obesity or diabetes drugs. 

2.5. Functionality assessment of the vascularized adipose drop model 

Finally, non-vascularized adipose drop tissues were compared to 
vascularized adipose drop tissues. In vivo, blood vessels are of key 
importance for bringing glucose/fatty acids to the adipocytes and for the 
transportation of released glycerol and fatty acids. Similar drop tissues 
were seeded, containing ADSC and HUVEC in addition to the mature 
adipocytes in 2 μL volume and were cultured in endothelial medium 
with insulin to maintain the mature adipocytes (Fig. 6a). A dense blood 
vessels vasculature was observed surrounding the unilocular maintained 
mature adipocytes in the drops (Fig. 6b and c) in a similar way to in vivo 
highly vascularized adipose tissue. 

To further compare with the in vivo adipose tissue characteristics, the 
adipose ECM was also assessed. While collagen type I, contributing 
considerably to the non-cell mass of the adipose tissue, was already 
added by the CMF content, the other components surrounding the 
mature adipocytes in the basal lamina, testifying their mature pheno-
type compared to preadipocytes [64], are known to be laminin and 
collagen type IV. These two components are produced by the adipocytes 
themselves and also the other cells of the stromal vascular fraction: the 
preadipocytes, the capillary endothelial cells and the ADSC [64,65]. 
Laminin forms a network with type IV collagen, promoting the endo-
thelial cells attachment and migration [66]. In the adipose drop tissues, 
both network of collagen type IV and laminin were well observed in the 
vascularized condition (Fig. 6d), with the same pattern than in vivo, 
around the blood vessels and also slightly surrounding the mature adi-
pocytes, but in a much lesser extent for the monoculture adipose drops, 

testifying the importance of the capillary network. 
Concerning the lipid content, the vascularized adipose drop tissues 

were compared to the in vivo ones, showing non-significant differences 
when normalized by either the DNA content or the tissue weights 
(Supplementary Fig. 1a and b). The DNA amount was also used for 
comparing the total cellular content of both tissues and was found non- 
significantly different for their DNA amount/tissue weight (Supple-
mentary Figure 1c). These two assessments reinforced the in vivo simi-
larity of the model. 

Aditionally, Live/Dead assay was performed after one week of cul-
ture displaying a high viability of the cells, but it was difficult to assess 
the specific viability of the mature adipocytes alone in this co-culture of 
three types of cells (Fig. 6e). The comparison of the glucose uptake as-
says were also evaluated between the adipose drops and the vascular-
ized ones, and the results showed that the added vascularization allowed 
a significantly faster insulin-induced glucose uptake in the tissues 
(+383%, Fig. 6f) in 4 different patients’ mature adipocytes. However, 
when considering the average of 11 different patients, this higher in-
duction was mitigated, probably due to the wide range of BMIs (Sup-
plementary Figure 3a). 

Leptin hormone secretion was then measured during the culture time 
in the vascularized adipose drops and compared to the monoculture 
ones. Leptin is the satiety hormone secreted by the adipose tissue. A 
significantly better maintenance of leptin secretion was found in the 
vascularized adipose drops (21- and 18-fold increases at days 7 and 14 
respectively, Fig. 6g), whereas a time-dependent decreased secretion 
was observed in the monoculture drops. This hormone shows dysregu-
lation in cases of obesity where its level decreases while BMI increases, 
implying less satiety and a higher food intake compared to healthy 
people [67]. In our model, a strong inverse correlation between the 
leptin secretion levels and the patients’ BMI was found, but only in the 
vascularized adipose drop tissues (Fig. 6h), which confirms the possible 
higher physiological behavior of adipocytes in this model. Leptin 
secretion is also supposed to increase with aging, when the redistribu-
tion of adipose tissue from subcutaneous to visceral observed during 
middle and old age contributes to an increase in circulating leptin [68]. 
This increasing tendency might also appear better modeled in the vas-
cularized adipose drops (Supplementary Figure 6), which seems to 
recapitulate in a more similar way the in vivo adipose tissue metabolism. 

2.6. Statistical validation of the HTS model 

While this model of high throughput formats for adipose-targeting 
drug screening seemed to provide a robust model, the only way to 
fully validate it for HTS assays applications is to investigate the HTS 
specific assay metrics playing the critical gatekeeping role. 

The current universal requirement is estimated by the calculation of 
the Z′-factor, initially introduced by Zhang et al. [69], to measure the 
separation between “positive control” wells and “negative control” 
wells, as observed in Fig. 7a and b in the case of the glucose and fatty 
acids uptakes for 96 monoculture mature adipose drop tissues of a full 
plate, at day 0 of culture. 

The cut off criterions are as follow [69]: Z′-factor = 1 is considered as 
the hypothetically “ideal assay”, 1 > Z′-factor ≥ 0.5 for “excellent 
assay”, 0.5 > Z′-factor > 0 for “doable assay”, Z′-factor = 0 for “yes/no 
type assay” and Z′-factor < 0 for “screening essentially impossible.” 
Using this Z′-factor-based criterion, it appeared that both glucose and 
fatty acids uptake measurements can be considered as excellent HTS 
assays, the separation between the positive and negative controls being 
clearly observed. By comparing the Signal-to-Noise (S/N) and 
Signal-to-Background (S/B) values, the fatty acids uptake measurement 
was found as slightly more reliable than the glucose uptake one, having 
higher values. 

As the use of the Z′-factor, S/N and S/B alone can be unclear to 
conclude, the coefficient of variation (CV), the strictly standardized 
mean difference (SSMD) and the coefficient of variation of difference 
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(CVD) were also calculated. Measuring the CV across the whole plate 
ensures that the tissues seeding and the fluorescence reading were 
correctly functioning, and can reliably estimate the potential effects of 
the screened compounds. Generally, a distribution with a CV < 10% is 
considered of low-variance, while a CV > 10% is of high-variance [70, 
71]. For both glucose and fatty uptake measurements here, the signals 
had CVmax and CVmin in the range of 0–10%, testifying the high degree of 
reproducibility, even though the tissues seeding was performed manu-
ally here, the fatty acids uptake appearing again as more reliable. 

Like Z’-factor, SSMD and CVD capture the variabilities in both 
compared populations, but are said to have a clear probability inter-
pretation and a solid statistical basis [72]. Therefore, the larger the 
SSMD between two populations, the greater the differentiation between 
the two populations will be possible. For the CVD, it will be the opposite, 
the larger the CVD between two populations, the less the obtained dif-
ferentiation. Thus, a SSMD ≥3 indicates that the size of the mean dif-
ference is at least three times that of the SD of the difference, and this 
threshold criterion can be considered [72]. In this study, again both 
glucose and fatty acids uptakes measurement had a SSMD ≥3 and a CVD 
close to 0, showing in a fairly clear way that the positive control was well 
differentiated from the negative control. 

Finally, Fig. 7c and d illustrates the relationship between the cell 
number in the adipose drop tissues and the fluorescence intensity 
determined by the study assay method in the case of the glucose or the 
fatty acids uptakes measurements. A well-correlated linear relationship 
(R2 = 0.8583 and R2 = 0.9145, respectively for both assays) was 
assessed, following the increase of the cell number per tissue, which 
validates the relevance of using these assays for the adipose-targeting 

HTS drug screening. 

3. Discussion 

Whether vascularized or unvascularized, this HTS adipose drop tis-
sue model shows clear potential for specific modeling of the adipose 
tissue in patients with different BMIs, thus addressing the complexities 
of obesity and its related diseases. The great challenge in this study was 
to deal with the large range of patients’ BMI, leading to large error bars 
during the analysis, but which finally gave significant tendencies. This 
model appears to be a much better method than 2D classic cultures, also 
concerning the handling of the in vitro culture, as in a 2D monolayer the 
maturing adipocytes easily detach due to their lipid vesicles. This makes 
the assays difficult as the methods usually include several washing steps. 

The added vascularization in the adipose drop model did provide a 
higher maintenance of the mature adipocytes metabolism, as illustrated 
in particular by the leptin secretion, however it was not always the case 
for the glucose and fatty acids uptake. This might also be explained by 
the insulin added in the endothelial culture medium to maintain the 
mature adipocytes, which could lead to a possible beginning of insulin 
resistance. Further studies are needed to more fully understand these 
data and thus the complexity of adipose tissue homeostasis. 

Concerning leptin metabolism, its implication has already been re-
ported in descriptions of the cross-talk between blood vessels vascula-
ture and adipocytes. During preadipocytes differentiation for instance, 
the upregulations of peroxisome proliferator-activated receptor gamma 
(PPARγ) and leptin have been shown to stimulate angiogenesis [34,73]. 
Furthermore, it has been reported that the co-culture of HUVECs and 

Fig. 6. Functionality assessment of the vascularized adipose drop model. (a) Picture of the vascularized adipose drop model in the 96-well plate after gelation. 
(b) Representative Nile Red (lipids) and CD31 (blood vessels) projection staining images after 1 week of culture in the vascularized adipose drop model. (c) 
Representative CD31 projection immunostaining image after RapidClear treatment for easier observation of the thickest part of the drop tissue. (d) Representative 
Collagen type IV, Laminin, Nile Red and CD31 projection staining images after 1 week of culture in the adipose drop models, compared to in vivo adipose tissues. (e) 
Representative Live/Dead projection images of the vascularized adipose drop model after 1 week of culture. (f) Glucose uptake measurement after insulin or in-
hibitors (Api: apigenin, CyB: cytochalasin B) treatment in the adipose and the vascularized adipose drop models, mean results of 4 different patients’ mature adi-
pocytes (BMI of 19.5, 23.6, 26.3 and 28.5). (g) Leptin secretion measurement in the supernatant of the adipose (AD) and the vascularized adipose (VASC) drop 
models after 2, 7 and 14 days of culture on 10 different patients’ mature adipocytes. (h) Leptin secretion profiles according to the BMI ranges of the patients whose 
adipose tissues were isolated. Significant differences were compared to the underweight range. The graphs show results as means ± s.d. of experiments performed on 
n = 6-8 drops per condition per donor. 

Fig. 7. Statistical validation of the HTS model. (a–b) Assay data of 96 well plates full of tissues for glucose and fatty acids uptakes fluorescence measurement of 
the positive and negative controls, in log-normalization. Tables of the S/N, S/B, Z‘ factor, CVmin, CVmax, CVD and SSMD values. (c–d) Relationship between the 
number of cells seeded per drop tissue and the fluorescence intensity during the glucose and fatty acids uptakes assays, with the linear regression correlation assessed 
by the slope equation and its R2. The graphs show results as means ± s.d. of experiments performed on n = 8 drops per cell number. 
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differentiated adipocytes showed a vasculature network organization 
supported by the upregulation of vascular endothelial growth factor 
(VEGF) and leptin secretion from the adipocytes [74]. Leptin also in-
duces the proliferation of HUVECs for a more rapid networking which is 
engendered in response to an increased VEGF release from the HUVECs 
as well [75]. By modeling the maintenance of this cross-talk in our 
vascularized adipose drop tissues, we could reproduce the 
BMI-dependent leptin regulation which was found to be lower, 
following the increase in obesity phenotype in the mature adipocytes. 

Finally, to compare our model with other published models, only a 
few studies have directly used mature adipocytes seeding in vitro. Harms 
et al. [22] seeded human mature adipocytes packed below a transwell, 
which could maintain good functionality for up to 2 weeks of in vitro 
culture. However, the method itself is not convenient as each mea-
surement requires the detachment of the mature adipocytes from the 
transwell, inducing a possible loss of cells during the assays and thus 
limiting its application to HTS. Another limitation is the lack of ECM 
surrounding the mature adipocytes, possibly impairing the full physio-
logical functionality of the adipocytes. The model from Rogal et al. [25] 
kept human mature adipocytes encapsulated in a collagen gel in a chip 
with flow bringing nutrients and also reagents for performing the assays. 
They could maintain mature adipocytes for up to 36 days of culture, 
with associated fatty acids uptake or glycerol release, even if lower 
functionality was found after the 36 days. This on-a-chip model 
appeared to be more suitable for HTS application. Lau et al. also added 
ECM to their model, in the form of gelatin gel, less similar than the in vivo 
collagen, to construct a sandwiched model with mature adipocytes 
encapsulated between two layers of ADSC-embedded gelatin gels [26]. It 
allowed the maintenance of mature adipocytes viability for up to 3 
weeks, but leptin secretion as well as glycerol release were only possible 
for up to 5 days of culture. Also, its HTS application is limited due to the 
low number of tissues that can be assessed at the same time. While these 
models did show valuable improvements compared to the previous 2D 
models or even the differentiated preadipocyte models, none of them 
considered the specific BMI ranges phenotype that mature adipocytes 
exhibit in cases of obesity. 

4. Conclusion 

This developped model of vascularized and non-vascularized adipose 
drop tissues should be compatible with high throughput formats for 
adipose-targeting drug screening, displaying a wide range of measurable 
functional outputs like viability, hormone secretion, lipogenesis, lipol-
ysis or glycerol secretion, in a robust and responsive model. Moreover, it 
was validated by the current quality control metrics, Z′-factor, S/N, S/B, 
CV, SSMD and CVD, as a robust model for HTS applications. To address 
this possibility, the handling of the 96-well plates could possibly be used 
in automated device methodologies such as robotic liquid handling and 
high-content imaging assays for addressing the needs of pharmaceuti-
cals companies. 

Another application can also be for personalized medical applica-
tions where cells from a specific patient’s adipose tissue can be isolated 
and seeded to obtain accurate data about the possible drugs that can be 
used specifically for that patient. Additionally, knowing that adipose 
tissue expansion could be controlled through angiogenesis prevention 
[34,76], the vascularized adipose drop tissues could also be of interest 
for the development of new experimental obesity treatments targeting 
the blood vessels vasculature. 

For the future approach, the addition of adipose macrophages in the 
vascularized drops tissue model should hold promises for a better un-
derstanding of their association between the blood vessels and adipo-
cytes, being linked to the inflammatory responses observed in a broad 
range of obesity-associated diseases, like in diet-induced type 2 diabetes 
and insulin resistance [77,78]. 

5. Experimental section/methods 

Materials: Porcine type I collagen were kindly donated from Nippon 
Ham (Osaka, Japan). Fibrinogen (from bovine plasma, F8630), 
Thrombin (from bovine plasma, T4648), Glycerol Assay Kit (MAK117), 
Bovine serum albumin (BSA, A3294), Human Adipocyte Differentiation 
Medium (Cell Applications, 811D-250), Insulin from bovine pancreas 
(I6634), Cytochalasin B from Drechslera dematioidea Solution (C2743), 
all-TRANS retinoic acid (R2625), Forskolin (F3917), Rosiglitazone 
(R2408), Phosphate buffered saline powder (PBS, D5652), Collagenase 
from Clostridium histolyticum (Type I, C0130) and Triton-X 100 (T8787) 
were purchased from Sigma-Aldrich (St Louis, MO, USA). Fetal bovine 
serum (35010CV) was purchased from Corning (Corning, NY, USA). 
Penicillin, streptomycin, Nile Red (N1142), Human Leptin Quantikine 
ELISA Kit (DLP00, R&D systems), BODIPY™ 500/510 C1, C12 (4,4- 
Difluoro-5-Methyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic Acid, 
(D3823)), goat anti-mouse secondary antibody Alexa Fluor® 647, Live/ 
Dead® viability assay kit (Molecular Probes®, L3224) and Hoechst 
33324 (H3570) were obtained from Thermo Fisher Scientific (Whaltam, 
MA, USA). 4%-paraformaldehyde (16310245) and Tumor Necrosis 
Factor-α (TNF-α, 94948-59-1) came from Wako Pure Chemical In-
dustries (Tokyo, Japan). Mouse anti-human CD31 antibody (M0823) 
and mouse anti-human Collagen type IV antibody (M0785) were pur-
chased from Dako Denmark A/S (Glostrup, Denmark). Mouse anti- 
human Laminin antibody (NCL-LAM-89) was obtained from Leica Bio-
systems (Newcastle, UK). Human umbilical vein endothelial cell 
(HUVEC, C25271) and endothelial growth medium (EGM-2MV, 
CC4147) were purchased from LONZA (Basel, Switzerland). Dulbecco’s 
Modified Eagle Medium (DMEM) came from Nacalai Tesque Inc. (Kyoto, 
Japan). Glucose Uptake Cell-Based Assay Kit (600470) was bought from 
Cayman Chemicals (Ann Arbor, MI, United States). 

Collagen microfibers preparation: Based on our previous studies [45, 
46,79–81], the collagen microfibers (CMF) were first prepared from a 
collagen type I sponge after dehydration condensation at 200 ◦C for 24 h 
crosslinking. The crosslinked collagen sponge was mixed with ultra-pure 
water at a concentration of 10 mg/mL (pH = 7.4, 25 ◦C) and homoge-
nized for 6 min at 30 000 rpm (Violamo VH-10 homogenizer, S10N-10G 
diameter of 10 mm and 115 mm length). Then, the solution was ultra-
sonicated (Ultrasonic processor VC50, 50W, 20 kHz) in an ice bath for 
100 cycles (1 cycle comprised 20 s ultrasonication and 10 s cooling) and 
filtrated (40 μm filter, microsyringe 25 mm filter holder, Merck), before 
being freeze-dried for 48 h (Freeze dryer FDU-2200, Eyela Co.). The 
obtained CMF was kept in a desiccator at room temperature. 

Isolation of mature adipocytes and ADSC from adipose tissues: Abdom-
inal human adipose tissues from patients were isolated at the Kyoto 
Prefectural University of Medicine Hospital and kept on an ice pack 
during the transportation until Osaka University (for Fig. 2h, thigh ad-
ipose tissue and breast adipose tissue were also used). The tissues were 
first washed in PBS containing 5% of antibiotics. Then, 8-10 g of tissue 
were separated into fragments to fill the 6 wells of a 6-well plate and 
were minced to get around 1 mm3 in size using autoclaved scissors and 
tweeters, directly in 2 mL of collagenase solution at 2 mg/mL in DMEM 
0% FBS, 5% BSA and 1% antibiotics (sterilized by filtration). After 1 h of 
incubation at 37 ◦C with 250 rpm rotation, DMEM medium was added 
and the lysate was filtrated using a sterilized 500 μm iron mesh filter, 
before being centrifuged 3 min at 80g. After centrifugation, mature 
adipocytes were found at the top layer, while stromal vascular fraction 
containing ADSC and blood cells were in the pellet. The liquid between 
the top layer and the pellet was thus aspirated and discarded using a 
long needle and a 10 mL syringe between each wash. The cells were 
washed two times in PBS with 5% BSA and 1% antibiotics and once in 
complete DMEM, by 3 min of centrifugation at 80g between each wash. 
Then, the pellet was resuspended in DMEM for ADSC expansion by 
changing the medium every day during three days and then passage the 
cells when they reach 80% of confluency. The mature adipocytes layer 
was moved to a new tube and cells were counted staining the nuclei 
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during 15 min with Hoechst in DMEM and using a Turker Burk hema-
tocytometer on a fluorescent microscope. 

Cell culture in the CMF drops tissues and in 2D condition: To construct 
the fat tissues, collagen microfibers (CMF) were first weighted and 
washed in DMEM without FBS before being centrifuged 1 min at 10 000 
rpm to get a final concentration in the tissues of 1.2%wt (Minispin, 
ThermoFisher Scientific, Whaltam, MA, USA). When needed, the ADSC 
and the HUVEC were added after trypsin detachment (always used at 
passages 1-5) and centrifuged 1 min at 3500 rpm (Minispin, Thermo-
Fisher Scientific, Whaltam, MA, USA) to get a final cell concentration of 
3 × 106 ADSC/mL and 1.5 × 106 HUVEC/mL. The pellet containing 
CMF, ADSC and HUVEC was then mixed with the fibrinogen solution (to 
get a final concentration at 6 mg/mL, stock solution in DMEM 0% FBS 
1% antibiotics, filtrated using a 0.2 μm filter) and the thrombin solution 
(to get a final concentration of 3U/mL, stock solution in DMEM 10% FBS 
1% antibiotics, filtrated using a 0.2 μm filter). Finally, the mature adi-
pocytes were added at a final concentration of 3.5 × 106 cells/mL and 
the tissues were directly seeded in the 96 well plate (Iwaki, 3860-096, 
Yoshida, Japan) (see Fig. 1). The gelation occured during 15 min in 
the incubator at 37 ◦C, then 300 μL of medium were added. DMEM was 
used for the adipose tissues or EGM-2 medium +10 μg/mL of final 
concentration of insulin for the vascularized adipose tissues. The culture 
medium was renewed every 2-3 days. 

For the preliminary developments, 4 different seeding conditions 
were compared, with different CMF concentrations, cells concentrations 
and medium volumes. Condition 1: 3.5 × 106 mature adipocytes/mL +
2.4%wt CMF, condition 2: 3.5 × 106 mature adipocytes/mL + 1.2%wt 
CMF, condition 3: 1.75 × 106 mature adipocytes/mL + 1.2%wt CMF, 
condition 4: 3.5 × 106 mature adipocytes/mL + 0%wt CMF) and the 
culture medium volume (96 well: 300 μL, 48 well: 1.2 mL). Then, using 
the condition 2 mixture, different drops volumes seeding were 
compared: 1, 2, 3 and 5 μL in 96 well plates. 

For the ADSC culture, 106 ADSC/mL with 1.2%wt CMF mixture 
condition was used in 3D and 18 000 ADSC was seeded in 2D in 96 well 
plates in 300 μL of DMEM medium. For adipogenic differentiation, three 
days of proliferation were necessary for reaching cells confluence in 2D 
or cell aggregates in 3D, medium was then switched for Human 
Adipocyte Differentiation Medium to induce the adipogenesis. The 300 
μL of differentiation medium was then renewed every 2-3 days until 14 
days of differentiation. Retinoic acid was also added in the Human 
Adipocytes Differentiation culture medium, from the differentiation step 
at 1, 5, 10 and 25 μM and renewed at each medium change. 

Viability assessment: The viability of cells was quantified using the 
Live/Dead® viability assay kit. After one PBS wash, the tissues were 
stained (Green: live cells, red: dead cells) during 1 h at 37 ◦C in the dark 
and then imaged using epifluorescence Confocal Quantitative Image 
Cytometer CQ1 (Yokogawa, Tokyo, Japan). Z-stack with the same steps 
and using maximum intensity projection was performed keeping same 
exposition time and excitation power for each sample. ImageJ software 
(Fiji, version 1.52s) was used for the analysis of the projections, calcu-
lating the percentage of each staining. 

Glucose and fatty acids uptakes measurements: Glucose starvation was 
first applied on the drop tissues by renewing the culture medium with 
300 μL of DMEM without glucose, with 1% BSA and 1% antibiotics, after 
one PBS wash, and incubated during 6 h in the incubator at 37 ◦C. For 
the fatty acids uptake assessment, the inhibitor TNFα was also added 
during the starvation step. After the 6 h of starvation, the glucose (2- 
NBDG, 2-deoxy-2-((7-nitro-2,1,3-benzoxadiazol-4-yl)amino)-D-glucose 
from the Glucose uptake assay kit) and fatty acids (BODIPY™ 500/510) 
fluorescent analogues were prepared in the DMEM without glucose with 
1% BSA and 1% antibiotics, at 0.1 mg/mL final concentration for the 2- 
NBDG and 4 μM final concentration for the BODIPY, following the 
manufacturers protocols. In the mixture, inducers and activators were 
also added at a final concentration of: Insulin 20 μg/mL, Cytochalasin B 
50 μM, Apigenin 250 μM (from the Glucose uptake assay kit) and TNFα 
100 ng/mL, for a volume of 100 μL per well. After 5 min, the DMEM 

without glucose medium containing the 2-NBDG or the BODIPY with 
their activators/inhibitors was moved to an eppendorf tube and the 
adipose drop tissues were washed twice with 300 μL of warm PBS. The 
fluorescence intensity in a new 300 μL of PBS was then measured using a 
plate reader at 488 nm (Synergy HTX Plate Reader, BioTek Instruments 
Inc., Winooski, VT, USA), on the drop tissue location at the bottom and 
the middle of each well. Different gains were used for the measurement, 
according to 2-NBDG or BODIPY because their fluorescence intensities 
were different (2-NBDG gain: 39, BODIPY gain: 65), both gains were 
determined during the first experiment and were kept the same for all 
the experiments to be able to compare the results. Pictures of fluorescent 
glucose and fatty acids analogues uptakes were performed using an 
epifluorescence microscope (Confocal Quantitative Image Cytometer 
CQ1, Tokyo, Yokogawa). The supernatant PBS was then aspirated and 
the DMEM without glucose medium containing the 2-NBDG or the 
BODIPY with their activators/inhibitors was put back in the well con-
taining the adipose drop tissues for additional 25 min to get the value of 
the glucose uptake/fatty acids uptake after 30 min, as well as additional 
30 min to get the 60 min values. Before each measurement and pictures, 
the medium was removed and kept for later use, then washed three 
times with PBS for the measurement. 

For the ADSC cultures conditions, the 2D monolayer of cells detached 
easily from the well surface so it was impossible to perform several 
washes at 5, 30 and 60 min to measure the glucose and fatty acids up-
takes or cells were lost after each measure. It was thus decided to 
perform only the last measurement at 60 min of incubation, keeping for 
this measure the 3 x PBS washes before, on the 3D and 2D conditions. 
Pictures were also performed using an epifluorescence microscope 
(Confocal Quantitative Image Cytometer CQ1, Tokyo, Yokogawa). 

For the quantifications, the fluorescence intensities were measured 
on drops or 2D conditions first in PBS without adding the glucose and 
fatty acids analogues. This value represents the 0% at 0 min. Then all 
data were represented in percentages compared to this 0 value. Fig. 3g 
and h and the Supplementary Figure 3 representing the average of the 
data for the 9-18 different patients were expressed compared to the 
control condition (without insulin or inhibitors) of each patient at 5 min 
for the 0%. In Fig. 5a–c, the insulin sensitivity is expressed by the value 
for each patient of the glucose uptake increase ratio compared to the 
control after 30 min of insulin incubation (1 represent insulin resistance 
with no insulin response observed). 

Glycerol release measurements: For the glucose releases, the superna-
tant was aspirated and the adipose drops were washed twice with PBS. 
Then, 100 μL of new DMEM without glucose, with 1% BSA and 1% 
antibiotics was added with additional Insulin 20 μg/mL (inhibitor), 
Forskolin 100 and 200 μM (inducer) or Isoproterenol 2 mM (inducer), 
during 60 min. Finally, 10 μL of the supernatant was taken for the 
glycerol release assay, following the manufacturer protocol and using a 
plate reader (Synergy HTX Plate Reader, BioTek Instruments Inc., 
Winooski, VT, USA) for the samples and the standard curve colorimetric 
measurement of the absorbance at 570 nm. 

Rosiglitazone and Melatonin treatments: 16 h before the assay, Rosi-
glitazone and Melatonin were added in the culture medium (DMEM) at 
final concentrations of 0, 0.1, 1, 10, 20 and 50 μM for the Rosiglitazone 
and 0, 0.1, 1 and 10 μM for the Melatonin. The Rosiglitazone and 
Melatonin were kept in the mixture even during the glucose uptake 
measurement, whose method was already described above. 

Leptin Enzyme-linked immunosorbent assays: Culture media condi-
tioned for 2 days were harvested from the supernatant of the adipose 
drops each week during 3 weeks. Supernatant were then centrifuged at 
15,000 g for 5 min, and stored at − 80 ◦C until analysis. Secreted leptin 
levels were expressed as pg/ml of medium, following the manufacturer’s 
protocol. 

Immunofluorescence imaging: Tissues were fixed with 4% para-
formaldehyde solution in PBS overnight at 4 ◦C. Samples were per-
meabilized in 0.05% Triton X-100 in PBS for 7 min and incubated 1 h at 
room temperature in 1% BSA in PBS to minimize non-specific staining. 
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Anti-CD31 antibody was added in BSA 1% and incubated overnight at 
4 ◦C. Finally, samples were incubated with Secondary Antibodies Alexa 
Fluor® 647, at room temperature in the dark for 2 h. Nuclei were 
counterstained with Hoechst. The samples were rinsed in PBS and 
observed using an epifluorescence microscope (Confocal Quantitative 
Image Cytometer CQ1, Tokyo, Yokogawa). Intracellular lipid accumu-
lation was stained using Nile Red™ compound diluted in PBS, with 
nuclei counterstained by Hoechst. 

Lipid and DNA content assay: The Orr et al.‘s method [82] was fol-
lowed with slight differences. Briefly, 20-25 mg of tissue coming from 
abdominal human adipose tissues (3 different patients) or 3 independent 
seeded vascularized adipose drops tissues experiments (3 different pa-
tients, 10 drops per experiment) were completely homogenized in 1 mL 
PBS by using sequential gauges needles with 1 mL syringe (15G, 19G, 
21G and then 27G). Then, 100 μL of each lysate was added in black 96 
well microplate and mixed with 100 μL of 25 μg/mL of Nile Red solution 
prepared in DMSO. After 10 min of incubation at 37 ◦C, the plate was 
agitated and the fluorescence was measured (Ex. 540, Em. 590) with a 
plate reader (Synergy HTX Plate Reader, BioTek Instruments Inc., 
Winooski, VT, USA). To validate the method, a standard curve was 
performed in parallel using Oleic acid (O1383, Sigma Aldrich) (Sup-
plementary Figure 1). In separated wells, 100 μL of each lysate in PBS 
was again added in the 96 well plate, mixed only with 1 μL of Hoechst to 
also evaluate the DNA fluorescence after 10 min of incubation (Ex. 
360/Em. 460) as normalization, additionally to the tissues wet weight 
measured before the lysis. 

For the quantitative measurement of the DNA, other samples and 
drops tissues from the same patients were added in 200 μL of ATL lysis 
buffer with Proteinase K (DNeasy Blood & Tissue Kit, 69504, QIAGEN, 
Hilden, Germany) and after 1 h of lysis at 56 ◦C, the Qubit™ dsDNA BR 
Assay Kit (Thermo Fisher Scientific MA, USA) was used to quantify the 
DNA concentration, following the protocol guidelines with the Qubit 
fluorometer. The DNA amount was then normalized by the tissues wet 
weight measured before lysis. 

Ethics statement: The adipose tissues were collected from Kyoto Pre-
fectural University of Medicine Hospital (Kyoto, Japan) after abdominal 
adipose tissues, breast adipose tissues or liposuction isolation of 
different human female donors at the ages between 35 and 72 years old, 
and BMI between 14.2 and 36.6. All use was approved by the Human 
Ethics Committee (Approval number: ERB-C-1317-1) of the Kyoto Pre-
fectural University of Medicine Institutional Review Board and con-
formed to the principles outlined in the Declaration of Helsinki. 

Statistical analysis: Statistical analyses were performed using EzA-
nova software (version 0.98) by Tukey multiple comparison test (dou-
ble-way ANOVA). For data that compared only one factor, one-way 
ANOVA was performed if the number of measures was the same, 
otherwise T Student test was performed. Error bars represent SD. p 
values were considered significantly different at least when p < 0.05 and 
were represented as: * is p < 0.05, ** is p < 0.01 and *** is p < 0.001. 
When no marks are shown on the graphs, it means that the differences 
are not significant. 

For the HTS validation statistics, different screening assay quality 
parameters were calculated after using the commonly used log- 
transformation on the data [70,72]. For this analysis, mature adipo-
cytes from a healthy patient (BMI 24.5, 49 years old) seeded in mono-
culture drops at day 0 (the day of seeding) were used, providing a 
negative control being the T0 (no glucose or fatty acids uptakes) and a 
positive control being the T30 min of the glucose and fatty acids uptakes 
following insulin treatment after 6h of glucose starvation, as explained 
already above. This positive control condition was used for the fluo-
rescence linearity assessment as well, but with varying cell number. 

The following parameters were assessed [69,72]:  

- The assay quality metric Z’, which was introduced in 1999 by Zhang 
et al. 

1 −
3∗(σpc + σnc)

|μpc − μnc|

where σ and μ are the standard deviation and mean, respectively of the 
normalized positive (pc) and negative control (nc) populations, 
considering not only the amplitude of responses but also their variance.  

- The Signal-to-Noise (S/N) and Signal-to-Background (S/B) ratios 

S
/

N =
μpc − μnc

σnc
and S

/

B =
μpc

μnc    

- The coefficients of variation (CV) associated with the measurement 
technique, which are standardized measures for the dispersion of a 
distribution 

CVmax (%)=
σpc

μpc
× 100  

CVmin (%)=
σnc

μnc
× 100    

- The strictly standardized mean difference (SSMD) and its reciprocal, 
the coefficient of variation of difference (CVD), for measuring the 
magnitude of difference between two populations 

SSMD=
μpc − μnc
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σpc

2 + σnc
2

√

CVD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σpc

2 + σnc
2

√

μpc − μnc    

- The assessment of fluorescence linearity: In a separate experiment, 
the same mature adipocytes were seeded in drops tissues after being 
diluted serially. 8 replicate wells for each cell number were then also 
analyzed for their glucose and fatty acids uptake after 30 min of 
insulin induction. Fluorescence was measured and the background 
fluorescence for the empty wells, as well as the drop tissues without 
2-NBDG or BODIPY background were subtracted, and the fluores-
cence was then plotted and analyzed by linear regression. 
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