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Abstract 

Since the discovery of brown adipose tissue (BAT), emerging strategies 

to promote its activation and recruitment have been examined due to 

the thermogenic capacity of BAT, which makes it an encouraging 

approach to regulate obesity and related diseases. Uncoupling protein 

1 (UCP1) is a specific protein located in the inner mitochondria of 

brown adipocytes, when activated, uncouples substrate oxidation from 

ATP production by dissipating energy in the form of heat. Beige 

adipocytes have been recently discovered and are cells which possess 

the morphological and biochemical characteristics of brown 

adipocytes, including UCP1. It has been previously reported that 

human BAT expresses beige cell-selective genes instead of classical 

brown markers which underline the importance of understanding 

beige adipogenic differentiation, induction and maintenance. All 

adipocytes share a mesodermal origin. Mesenchymal stem cells (MSCs) 

are able to differentiate into a variety of lineages, including adipocytes. 

To date, the most potent stimulus to activate UCP1 in BAT is cold 

exposure. However, whether cells sense temperature and differentiate 

into brown and beige lineages is not fully understood. The aim of this 

thesis is to obtain a better understanding on how low temperature 

affects the differentiation of MSCs into white, beige and brown 

adipocytes and if these traits acquired are maintained after being 

switched to normal culture conditions (37ºC). Additionally, cold 

exposure evaluation during adipogenic differentiation of human MSCs 

derived from cord tissue taken from diabetic and healthy pregnancies 

at term were examined. 
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Cold temperature (32ºC) was investigated for its potential to activate 

browning in adipocytes. Here, MSCs differentiated under normal 

culture conditions showed a dual leptin and UCP1 protein expression 

in the majority of differentiated cells. Hypothermic conditions applied 

while the MSCs were under adipogenic differentiation promoted a 

brown/beige morphological and molecular signature. These changes 

were accompanied with enhanced UCP1 protein abundance, 

uncoupled respiration and metabolic adaptation. Hypothermic 

differentiated cells showed a marked translocation of leptin into 

adipocyte nuclei, which indicates a potential role for leptin in the 

browning process. These results indicated that MSCs could be driven 

to form beige like adipocytes by differentiating them in a cold 

environment. 

 

To further investigate whether these MSC-derived adipocytes could 

adapt overtime and retain their brown/beige traits, brown-like cells 

produced under hypothermic conditions were transferred to normal 

culture conditions. MSCs differentiated at 32ºC and then rewarmed 

maintained an intermediate brown/beige phenotype and gene profile 

with UCP1 protein expression found after 21 days of warm acclimation 

(37ºC). Additionally, these cells showed an intermediate mitochondrial 

respiration level, lipolysis, fatty acid oxidation, glycolysis rate and 

intracellular calcium expression, suggesting a shared mechanism of 

calcium mediated UCP1-independent thermogenesis. Moreover, 

these cells stored lipids and produce heat when stimulated. Altogether 

these results highlight the plasticity of MSCs to generate and preserve 

de novo beige adipocytes. 
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Several isolation and culture methods were then tested in order to 

establish optimal conditions for human umbilical cord tissue MSCs 

(hUCT-MSCs) isolation, growth and differentiation. For hUCT-MSCs 

isolation, an enzymatic method using collagenase B (0.4 U/ml per cm) 

was used. After testing different culture mediums, it was found that 

DMEM low glucose,1% L-glutamine, 1% penicillin/streptomycin and 10% 

human platelet lysate was the best growth medium for these cells, 

while for adipogenic differentiation the best suitable medium was 

DMEM F12, 1% penicillin/streptomycin and 10% foetal bovine serum 

supplemented with 1 µM dexamethasone, 500 µM isobutyl-

methylxanthine, 1 µM rosiglitazone and 10 µg/ml insulin.  

 

Finally, the hypothermic differentiation model of adipogenesis was 

tested in hUCT-MSCs from gestational diabetic and healthy 

backgrounds. A decreased metabolic activity was found in diabetic 

cells at lower temperature. Healthy cells showed less adipogenic 

potential at hypothermic conditions, however no difference in lipid 

content was found between temperatures and different metabolic 

backgrounds. Using these hUCT-MSCs models, upregulation of 

AdipoQ, PPARg, Glut4 mRNA and UCP1 protein expression in MSCs-

adipocytes derived from healthy cells was detected while diabetic 

adipocytes displayed increased b3-AR and PPARg and decreased 

PRDM16 mRNA at normal culture conditions. b3-AR was identified as 

the only upregulated gene in diabetic cells differentiated under 

hypothermic conditions. These results indicate b3-AR as a potential 

signalling pathway for functional evaluation in recruiting stored fat and 

energy expenditure in human adipocyte differentiation. 



The University of Nottingham  Abstract 

16 

In conclusion, results presented here suggest that MSCs differentiated 

under hypothermic conditions could provide a source of thermogenic 

beige adipocytes which can preserve induced molecular and 

metabolic features. Maintenance of these properties suggest a 

mechanism of differentiation memory particularly when combined with 

browning stimulus in order to activate energy expenditure in obese 

populations. Cold temperature (32ºC) as an adipogenic differentiation 

strategy in MSCs represents a potential approach to understand beige 

and brown adipogenesis. Overall these results highlight MSCs as an 

available cell source to model the differentiation and maintenance of 

functional beige adipocytes. 
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According to the world obesity federation (WOF), obesity is defined as 

an irregular or excess of fat accumulation which presents a risk to health. 

Obesity has been already catalogued as a chronic disease. Overweight 

and obesity are two major risk factors for a variety of chronic diseases 

such as diabetes, cardiovascular diseases and cancer1,2. 

Fat, also known as adipose tissue (AT), is composed by adipocytes, and 

is one of the organs regulating and coordinating energy homeostasis 

in the human body. There are two main types of AT, white and brown. 

White adipose tissue (WAT) is principally involved in the storage and 

mobilization of energy in the form of triglycerides (TG). WAT is 

distributed throughout the body in subcutaneous regions, being the 

principal type of AT found in adult humans. On the other hand, brown 

adipose tissue (BAT) regulates body temperature, generating heat by 

consuming stored energy. This consumption is stimulated during cold 

or diet-induced thermogenesis3. BAT its located in the paravertebral, 

supraclavicular and periadrenal regions in adult humans4.  

Adipocytes derive from multipotent mesenchymal stem cells (MSCs), 

which have the capacity to differentiate into a restricted set of cell types 

including myocytes, chondrocytes, osteocytes and adipocytes5–7. 

Recently some adipocytes have been described as “brite”, as they 

possess shared characteristics with BAT such as a positive correlation 

with metabolic health and thermogenesis8. The characterization of 

MSCs to adipose formation represents an important step towards 

identifying better treatments to target obesity related pathologies. This 

project investigates the molecular and cellular processes involved in 

the commitment of MSCs into the brown adipocyte lineage using cold 

exposure during their differentiation. Understanding the mechanisms 

regulating the formation of the diverse types of AT, especially beige 
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adipocytes, will open new therapeutic avenues for the management of 

adipose tissue-related diseases through the regulation of endogenous 

progenitor populations. 

 

 Structure and function of adipose tissue  

The adipose organ is located in several parts of the body, playing an 

important role in the regulation of energy homeostasis and carries out 

multiple fundamental endocrine functions9. It is mainly composed of 

adipocytes surrounded by fibroblasts, adipocyte precursors, 

endothelial cells, nerves and immune cells10. WAT is composed by 

white adipocytes which are characterised for containing an extensive 

unilocular lipid droplet. Its main role is the storage of excess energy in 

form of triglycerides (TG)11. On the contrary, BAT, is mainly involved in 

thermogenesis. BAT is composed by brown adipocytes harbouring 

multiloculated adipocytes that contain larger amount of mitochondria, 

providing them its characteristic brown colour12.  

 White Adipose Tissue (WAT) 

WAT is a dynamic endocrine organ that controls different activities, 

such as insulin sensitivity, lipid metabolism and satiety13. Also, it is the 

principal type of adipose tissue found in adult humans and is 

distributed throughout the body in subcutaneous regions, there are 

two main types: visceral WAT (vWAT) and subcutaneous WAT (sWAT). 

vWAT, or abdominal fat, is found around organs (e.g., stomach, liver, 

intestines, and kidneys) offering protective padding. Depending on the 

location, vWAT is sub-divided into mesenteric, retroperitoneal, 
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perigonadal and omental adipose tissue. The largest vWAT depots are 

the perigonadal, mesenteric, and retroperitoneal. sWAT is distributed 

under the skin and inside the abdominal cavity and provides protection 

from heat or cold. In humans, sWAT is located around the hips, thighs, 

and buttocks, in the cranial, facial and abdominal depots14,15 (Figure 

1.1A). sWAT role is to serve as heat insulation and protection against 

mechanical damage14,15 while vWAT purpose is to protect organs16. 

One example of sWAT is inguinal WAT (iWAT), which can be found 

anterior to the higher site of the hind limbs and beneath the skin in 

mice (Figure 1.1.D). The largest sWAT in mice are the anterior, 

interscapular and posterior inguinal (Figure 1.1.D)4,13,17. In human, 

obese women show a higher accumulation of sWAT leading to a pear-

shaped body form while in men vWAT  accumulates more in an apple-

shape, both fat accumulation are associated with a lower and higher 

metabolic risk, respectively18. Furthermore, it has been described that 

adipocytes from sWAT are bigger in men than in women, but this effect 

shrinks in obese people19. Regarding the subcutaneous and visceral 

WAT it has been seen a variability in their cellular and molecular 

biology properties, which suggest an heterogeneity within fat 

depots20–22. Several studies suggest that these depots should be 

studied as “separate mini organs”23 with heterogeneous adipocyte 

populations from different cell precursors16. 

Additional to large WAT depots, there are minor depots broadly 

located thought the body. Dermal adipose tissue (dWAT) consist of 

mature, unilocular white adipocytes which are in contact with skin 

appendages and hair follicles (HF) in human and mice24. In mice, dWAT 

forms a continuous layer separated from sWAT by the panniculus 

carnosus24. On the other hand, humans lack this specific layer but the 
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fascia superficiallis delimits two defined skin adipose compartments: 

the superficial areolar and deep lamellar layers25,26. These two layers 

have different cellular distribution and metabolic activity27,28. HF 

cycling occurs parallel with dWAT size variation29–31, dWAT expansion 

involves proliferation of adipocyte precursors which have defined by 

the expression of the cellular surface markers CD34, CD29 and 

Sca132,33. The cross-regulation between epithelial and adipose cell 

lineages during HF and dWAT expansion provides an example of 

functional association25. Moreover, it has been suggested that dWAT 

plays a key role in wound repair25, however the specific role of 

adipocytes is not yet fully understood but it could be related to two 

adipokines, leptin34–36 and adiponectin37–39 which have been involved 

in re-epithelialisation and re-vascularization, respectively.  

Another WAT depot can be located around the joints. Some examples 

of joint adipose tissue are located in the hip and knee joints, its function 

is to mitigate and decrease friction between neighbouring skeletal 

structures40. Interestingly, knee joint is conserved in extreme starvation 

which suggest its main role is biomechanical instead of energy 

storage25. However, in diseased joints, adipocytes secrete higher levels 

of IL-6 cytokine and adipokines, including adiponectin and leptin which 

are thought to function as paracrine drivers of joint inflammation41–43.  

Cardiovascular adipose tissue is divided in two: epicardial and 

pericardial WAT (eWAT and pWAT, respectively)44. eWAT is situated 

amongst the myocardium and the visceral layer of the pericardium and 

shields 80% of the heart’s outer area and is especially important in 

normal heart physiology and in other cardiovascular diseases45 (Figure 

1.1A). Epicardial adipocytes resemble white adipocytes however, 

these adipocytes express high levels of uncoupling protein 1 (UCP1)46, 
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suggesting that they actively produce heat and supply the heart with 

thermal protection, besides mechanical cushioning25. Furthermore, 

eWAT produces high levels of free fatty acids that function as a 

supplementary local energy source45, as well as to secrete pro and anti-

inflammatory cytokines that can signal the adjacent heart muscle and 

other arteries47,48. pWAT is located anterior to the eWAT between 

visceral and parietal epicardial and might modulate coronary arteries. 

It has been previously suggested that pWAT should be considered as 

perivascular fat (pVAT)44. pVAT is located around the aorta, common 

carotid and brachiocephalic arteries49. In rodents, aortic perivascular 

fat is composed of BAT and WAT, with BAT being the predominant 

tissue in thoracic over abdominal aorta. However, the function and 

implication of pVAT in vascular biology remains to be elucidated49.  

One of the most studied adipose depots is the bone marrow adipose 

tissue (bmAT). Bone marrow contains specialised adipocytes with 

brown and white characteristics50. Additionally, bmAT harbours 

progenitor populations such as mesenchymal stem cells which have 

the potential to differentiate into adipocytes, chondrocytes and 

osteocytes among other lineages51. These cells can be identified by the 

cell surface markers CD45-, CD31-, Sca1+, CD24+32. bmAT might 

function as an endocrine organ and control hematopoiesis52, it has 

been shown to increase in young women with prolonged calorie 

restriction when compared to control patients and healthier 

individuals53. Moreover, bmAT also increases in elder and obese 

individuals, as well as in growth hormone deficiency51,54. A study in 

mice suggests that adiponectin secreted by bmAT acts as a depot-

specific response when the body experience caloric limitations, 

regulating skeletal muscle during energy restriction55. Interestingly, an 
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experiment in rodents showed a 70% decrease in bmAT when they 

were exposed to cold temperatures, it is believed this loss is mediated 

via lipolysis56. Furthermore, it has been suggested that adipocytes in 

long bones stimulate hematopoietic stem cells maintenance and 

regeneration and it is probably mediated by a stem cell factor further 

to be investigated57.  

1.1.1.1 Molecular signature in white adipocytes 

White adipocytes are the most common type of adipocytes and their 

principal function is to store fuel and release adipokines such as leptin 

and adiponectin for the regulation of the systemic energy 

homeostasis17. White adipocytes are characterised for having one 

large lipid droplet, low mitochondria density, positive correlation with 

insulin resistance, and nearly undetectable expression of uncoupling 

protein 1 (UCP1)4,17. In addition, adiponectin (AdipoQ), resistin (Res), 

LPL, TCF21 and G3PDH, have been reported to be WAT specific 

markers4,58 (See Table 1.1). 

 

 

 

 

 

 

 

 

 



The University of Nottingham  Chapter 1× 

 8 

 

 

Figure 1.1. Distribution of (A) white and (B) brown adipose tissue depots in (B) adult 

human, (C) infant and in (D) mouse.  

A: White fat - Subcutaneous (abdominal, femoral and gluteal), visceral (epicardial, 

gonadal, mesenteric, omental and retroperitoneal). B: Brown fat (supraclavicular, 

cervical, axillary and paravertebral), C: Brown fat (interscapular). D: Brown fat - iBAT, 

interscapular BAT; sBAT, subscapular BAT; cBAT, cervical BAT; subcutaneous white 

fat - asWAT, anterior subcutaneous WAT; iWAT, inguinal WAT; visceral white fat - 

mWAT, mesenteric WAT; rWAT, retroperitoneal WAT; pgWAT, perigonadal WAT. 

The peritoneum is represented by a dotted line. Image adapted from: Park 2014 and 

Sanchez-Gurmaches et al 20164,17. 
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 Brown Adipose Tissue (BAT) 

BAT is known to dissipate energy in the form of heat, regulating non-

shivering thermogenesis, which suggests that this adipose tissue could 

have a natural anti-obesity role. There are two main regions in which 

brown fat is usually distributed, in the upper back region (interscapular) 

and around the kidney (perirenal). BAT can also be found around 

interscapular BAT (iBAT), axillary, paravertebral and perirenal sites. 

Although it was believed that BAT was restricted to the newborn and 

early childhood stages, it was proved by positron emission 

tomography (PET) that BAT is present in adult humans at certain 

anatomical sites such as cervical, supraclavicular, paravertebral, 

pericardial and some mediastinal and mesenteric areas (Figure 1.1.B 

and C). The largest depots in mice are in the interscapular, sub-

scapular, and cervical regions (Figure 1.1.D) 4,17. 

1.1.2.1 Molecular signature in brown adipocytes 

Brown adipocytes possess many features that distinguish them from 

white adipocytes, including numerous small lipid droplets, high 

mitochondrial density, negative correlation with insulin resistance, and 

positive UCP1 expression. UCP1 is located in the inner mitochondria 

membrane, when active its function is to uncouple the mitochondrial 

respiratory chain from ATP production to dissipate heat. UCP1 is 

activated in response to cold exposure and adrenergic stimuli17. 

Furthermore, BAT is clustered in highly vascularised regions, which 

allows BAT to dissipate the generated heat throughout the body blood 

vessels 4,17. Additionally to UCP1, Zic1, Eva1, Pdk4, Edf3, and Hsbp7 

have been reported to be BAT specific markers4,58 (See Table 1.1). 
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Table 1.1. Characteristics of white, beige and brown adipocytes. 

 White Beige Brown  
Location Inguinal 

(subcutaneous), 
mesenteric, 
retroperitoneal, 
perigonadal, 
omental 
(visceral) 

WAT depots 
(prominent in 
inguinal) 

Interscapular, 
cervical, axillary, 
paravertebral and 
perirenal. 

Morphology 
 
 

Unilocular/large 
lipid droplet 

Unilocular 
large/multiple 
small lipid droplets 

Multilocular/small 
lipid droplets 

Function Storage of 
energy as 
triglycerides 

Adaptive 
thermogenesis 

Heat production 

Mitochondria (+) Upon stimulation 
(+++) 

(+++) 

UCP1 Nearly 
undetectable 

Upon stimulation 
(+++) 

(+++) 

Pre-
adipocyte 
Markers 

WT1 Ebf2 CD137* 

Adipocyte 
Markers 

Lep 
RetN  
Agt 

TBX1 
CITED1 
Shox2 
CD137 
TMEM26 
Pat2* 
P2RX5* 
 

Lhx8 
Zic1 
Eva1 
Pdk4 
 

Shared 
brown and 
brite Markers  

/ UCP1 
DIO2 

CIDEA 
PGC-1a 
PPARa 

Cox7a1 
Cox8b 

Prdm16 
Ebf2 

Epsti1 
Shared pre-
adipocyte 
Markers 

Pdgfra 
LY6A 
CD34 
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Pref1 
CD29 

Shared 
Markers 

AdipoQ 
FABP4 
PPARg 

C/EBPIIB 
Adrenergic 
receptors α 
and β 
 

b3 (++), a2(+) b3  b3 (+++) 

Activators High fat diet Cold, 
thiazolidinediones, 
natriuretic 
peptide, FGF21, 
irisin, 
catecholamines, b 
–adrenergic 
receptor agonists 

Cold, 
thiazolidinediones, 
thyroid hormone, 
FGF21, BMP7, 
BMP8b, natriuretic 
peptide. 

Preadipocyte factor (PREF1; also known as DLK1) is a common marker for adipocytes. 

Wilms tumour 1 (WT1) is a specific marker of visceral white adipocyte progenitors in 

the mesothelium. Beige selective markers include T-box 1 (TBX1), Cbp/p300-

interacting transactivator with Glu/Asp-rich carboxy-terminal domain 1 (CITED1), 

short stature homeobox 2 (sHOX2). CD137. Transmembrane protein 26 (TMEM26). 

Proton-coupled amino acid transporter 2 (Pat2) and P2X purinoreceptor 5 (P2RX5). 

CD29 (also known as integrin β1). AdipoQ, adiponectin. C1Q and collagen domain 

containing: Agt, angiotensinogen; C/EBPIIB, CCAAT/enhancer-binding protein-IIb; 

CIDEA, cell death-inducing DFFA-like effector A; Cox, cytochrome c oxidase; DIO2, 

deiodinase iodothyronine type II; Fabp4, fatty acid-binding protein 4; Lep, leptin; 

LY6A, lymphocyte antigen 6 complex, locus A; PDGFR, platelet-derived growth factor 

receptor; PPAR, peroxisome proliferator-activator receptor; PRDM16, PR domain zinc 

finger protein 16. Brown selective markers include LIM homeobox protein 8 (Lhx8), 

zinc finger protein of the cerebellum 1 (Zic1), epithelial V-like antigen 1 (Eva1; also 

known as MPZL2), pyruvate dehydrogenase kinase 4 (PDK4) and epithelial stromal 

interaction 1 (Epsti1). RetN, resistin; UCP1, uncoupling protein 1. *Cell surface 

markers. Table 1 was extracted and modified from Park 2014; Jong et al 2015; Wang 

et al 20164,58,59. 
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 Beige Adipose Tissue (bAT) 

Brite or beige adipocytes are located through WAT and it is reported 

these cells can be activated by cold exposure and/or β-adrenergic 

stimulation, preventing weight gain in the absence of brown adipose 

tissue60. There are two hypotheses describing how beige or brite 

adipocytes appear to have a common origin with white adipocytes, 

one of them is through trans-differentiation from white to brown 

stimulated by adrenergic stimulation61 and the second one is by 

sharing same early progenitors62.  

It is generally accepted that these cells generate heat to help to 

maintain body temperature as well as brown adipocytes, however 

when beige adipocytes are not activated their appearance is 

characteristically similar to white adipocytes4,17. Brite adipocytes that 

exist in WAT, could be found specially in iWAT (Figure 1.1.D).  

1.1.3.1 Molecular signature in beige/brite adipocytes 

Brite adipocytes possess some features similar to brown adipocytes, 

such as multiple lipid droplets, medium mitochondria density, negative 

correlation with insulin resistance, and positive UCP1 expression upon 

stimulation. PRD1-BF1-RIZ1 homologous domain-containing 16 

(PRDM16) and the transcription co-factors peroxisome proliferator-

activated receptor (PPARg) coactivator-1α (PGC1a), PPARα/g and 

CCAAT-enhancer binding protein b (C/EBPb) are the complex involved 

in the differentiation into brown or brown-in-white (beige/brite) 

adipocytes63,64.  

Several thermoregulatory genes like UCP1, Cell Death-Inducing DFFA-

Like Effector A (CIDEA) or Cytochrome C Oxidase Subunit VIIIb (Cox8b) 

have been used to assess `beiging´ of white adipocytes. Additionally, 
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numerous markers such as, TBX1, TMEM26, CD137, FGF21, P2RX5, 

Pat2, Car4, and CITED1, have been reported to be exclusive for beige 

adipocytes4,58–60. There have been disagreements with some of these 

beige markers. It has been reported TBX1, CD137 and TMEM26 are 

specific of britening65 but in other publications these genes have not 

been acknowledged in response to hypothermal conditions or β-

adrenergic stimulation66, nevertheless TBX1 has been reported to be 

upregulated by cold stimulation67. Garcia et al, described for possible 

interconversion from white to beige can use any of the 

thermoregulatory genes with TMEM26 as exception, it was also 

pointed out upon adrenergic stimulation CIDEA and Car4 should be 

avoided due their low change, and CITED1 is not reliable due to its lost 

capacity to discriminate between brown and beige adipocytes. To 

evaluate the change from whitening to beiging, UCP1, CIDEA, and 

COX8b can be used. For this purpose, the top beige markers in murine 

studies are FGF21, P2RX5, Pat2 and Car460 (See Table 1.1). 
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 Mesenchymal stem cells (MSCs) 

MSCs have been investigated for their potency to form mesodermal 

lineages such as osteoblasts, adipocytes, chondrocytes and 

myocytes6,7 MSCs can be isolated from bone marrow (BM) aspirates, 

skeletal muscle, connective tissue, adipose tissue (AT), umbilical cord 

blood (UCB) and cord tissue (UCT), foetal blood and liver, human 

trabecular bones and periosteum. MSCs can be identified with several 

markers as CD29, CD44, CD73, CD90, CD105 and primitive Stro-15. 

MSCs can be differentiated in vitro and have been shown to be 

regulated by key transcription factors, for adipose tissue formation the 

PPARg, for osteogenic differentiation is Runx2/Cbfa1, Sox9 for 

chondrocyte formation and MyoD for skeletal muscle68.  

 Adipogenic differentiation  

Due to their plasticity, it has been suggested that MSCs could be 

targeted to switch in to the brown adipogenic lineage to help control 

energy homeostasis and combat metabolic diseases to the dysfunction 

and excess of white adipose tissue, such as obesity and diabetes type 

269. Some studies have demonstrated that an increment in BAT and its 

thermogenic activity could counteract obesity by increasing body 

energy expenditure64. Members of the transforming growth factor-b 

(TGF- b), the bone morphogenetic protein (BMP) family, the fibroblast 

growth factor (FGF) family, the wingless (Wnt), hedgehog families, and 

others developmental signalling molecules are implicated in the 

differentiation of MSCs to adipogenic development (Figure 1.2). It has 

been demonstrated that BMP7 helps as a potent inductive signal for 

brown adipogenic differentiation70,71. Likewise, BMP8b is secreted by 
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brown and beige adipocytes enhancing thermogenesis and 

promoting browning72,73, while BMP2 and BMP4 have a role in white 

adipogenesis74. FGF16, 19 and 21 are also needed in brown 

adipogenesis75. On the other hand, Wnt signalling inhibit fat formation 

and enhances myogenesis or osteogenesis in MSCs75. Lastly, the 

hedgehog gene has been identified as a determinant factor between 

brown and white adipogenesis75. Subpopulations of adipogenic 

progenitors have been identified in brown, white and skeletal muscle. 

These cells are referred to as Sca-1+ progenitor cells, (ScaPCs) and 

display Sca-1+, CD45-, and Mac1- markers76. 

It has been demonstrated that white and brown adipocytes follow 

different routes from MSCs to adipocyte but in both cell types PPARg is 

the main regulator of differentiation (Figure 1.2)77. 
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Figure 1.2. Differentiation into skeletal muscle, white, beige or brown adipocytes.  

Studies had demonstrated that brown cells share a progenitor cell (Myf5+, Pax7+ and 

Sca1+) with skeletal muscle. The Myf5+, Pax7+ and Sca1+ precursor cells are induced 

by peroxisome proliferator-activated receptor g (PPARg) and CCAAT/enhancer-

binding proteins (C/EBPs) in cooperation with the transcriptional co-regulator PR 

domain- containing 16 (PRDM16) and peroxisome proliferator activated receptor 

gamma coactivator 1 alpha (PGC-1a) to transform into brown adipocytes. Agents that 

can promote brown adipogenic differentiation include norepinephrine, insulin/IGF1, 

thiazolidinedione (TZD), cyclooxygenase 2 (Cox2), orexin, bone morphogenetic 

protein 7 (BMP7) and others. At the molecular level, a number of transcriptional/post-

transcriptional regulators have been shown to specify or enhance brown phenotype, 

such as FOXC2, Plac8 and miR-193b-365. On the other hand, Myf5+, Pax7+ and Sca1+ 

precursor cells are regulated by Myogenin and MyoD to transform into skeletal 

muscle. The Myf5- and Sca1- cells are induced by BMP2, BMP4, insulin/IGF1, C/EBPs 

and PPARg to transform into white adipocytes. White adipocytes can also be 

transformed to beige/brite adipocytes, by cold exposure, b-adrenergic receptor, 

FGF21 (fibroblast growth factor 21), PGC-1a, TZD, SMAD3, Irisin, PPARg, PRDM16. 

Image modified from Townsend & Tseng 2012 and Park 20144,75. 
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1.2.1.1 White adipocytes from progenitor cells (MSCs) 

The C/EBP transcription factor has been described as one of the main 

regulators of white adipogenic differentiation. The early induction of 

C/EBPb and d leads to the activation of C/EBPa and PPARg. Once 

adipogenesis induction has started, cAMP is phosphorylated and 

induces the expression of C/EBPb. At the early stage of adipogenic 

differentiation, mitogen activated protein (MAP) kinase and GSK3b 

phosphorylate C/EBPb, two monomers of C/EBPb are induced after 

C/EBPb phosphorylation, and a DNA binding domain appears. Pre-

adipocytes enter the cell cycle due to the binding of C/EBPb to DNA, 

showing that C/EBPb plays an important role in mitotic clonal 

expansion. Finally, C/EBPb and DNA binding activates C/EBPa and 

PPARg which turns into a positive feedback maintained until adipocyte 

maturation4,77.  

PPARg is known for controlling key genes involved in adipogenic 

functions, such as lipid transport and metabolism, insulin signalling and 

adipokine production. Thiazolidinediones (TDZs) are synthetic PPARg 

agonists, their function is to enhance insulin resistance and decrease 

blood glucose levels in patients with diabetes type 277. 

1.2.1.2 Brown adipocytes from progenitor cells (MSCs) 

Brown adipogenesis during development has been linked to a positive 

Myf5 progenitor cell (Figure 1.2)17. The transforming growth factor β-

family proteins control browning, as well as BMP7 and myostatin70,71. 

Brown adipogenesis could be suppressed by Wnt signalling4. C/EBPb 

and the transcriptional PRDM16 are the key factors inducing the 

expression of PPARg and PGC-1a needed for brown adipogenic 

differentiation63. PGC-1a couples with PPARg  to regulate 

mitochondrial biogenesis and oxidative metabolism78. Additionally, 
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C/EBPb has been investigated to be the main factor of UCP1 

expression and the thermogenic activity, while its upregulation in white 

adipocytes promotes browning4.  

1.2.1.3 beige adipocytes from progenitor cells (MSCs) 

Beige adipogenesis has been detected in classical WAT depots79,80. As 

mentioned before, these adipocytes possess many brown 

characteristics, but they do not express myocyte enriched genes 

(Figure 1.2)80. This suggests that beige adipocytes have a distinct 

origin from a non-Myf5 cell lineage. In vivo, beige cells have positive 

UCP1 detection upon cold or b-adrenergic stimulation80. In mice, it has 

been investigated that these beige depots play a more important role 

than iBAT for losing weight after cold or b-adrenergic stimulation81. The 

interconversion of white into active beige adipocytes could be an 

encouraging approach to increase energy expenditure. Lastly, it has 

been described that the molecular signature of brown human depots 

are more similar to brite fat depots from mice65. 

 Adipose-derived stem cells (ADSCs) 

Adipose-derived stem cells (ADSCs) are found in the stromal vascular 

fraction (SVF) of adipose tissue and display similar characteristics to 

adult bone marrow-derived MSCs82,83. Their easy availability and 

purification make them an accessible source. ADSCs could be isolated 

and differentiated into mature adipocytes. Furthermore, ADSCs are a 

comparable source between primary pre-adipocytes in vivo and pre-

adipocytes cell lines. Adipose-derived stromal cells express the 

following surface markers: CD31-, CD34+, CD45-, CD90+, CD105-, 

CD146-, and represent between 70 and 90% of the total CD45- adipose 
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cells. Adipose committed pre-adipocytes express specific surface 

markers that include CD34+/CD31- and are negative for CD105 

expression, allowing a selective purification by flow cytometry cell 

sorting83. 

 Cellular models of white, brown and brite differentiation 

 MSCs cell lines  

1.4.1.1 D1 cell line 

The murine bone marrow-derived D1 MSC cell line was first isolated by 

Diduch et al., and has been proven to differentiate in vitro into 

osteocytes, chondrocytes, adipocytes and myocytes; to form in vivo a 

bone-like structure and some adipogenesis in diffusion 

chambers68,84,85. PPARg, Runx2 and Sox2 are highly expressed in D1 

cells86. PPARg is key regulator for adipocyte differentiation87 while 

Runx2 is needed for osteoblast differentiation88 and Sox2 is vital for 

self-renewal and proliferation of osteoblast precursors89. This means, 

D1 cell line possess the ability to differentiate into adipocytes and/or 

osteocytes86. The D1 cell line has shown osteogenic characteristics, 

involving production of type I collagen, high alkaline phosphatase 

activity and expression of osteocalcin mRNA84. It has been shown that 

D1 cell line requires dexamethasone (Dex) to differentiate into the 

adipogenic lineage expressing a fat specific gene called 422 (aP2), 

which is expressed during adipogenic differentiation of pluripotent 

mesenchymal cells, otherwise it will differentiate mostly into 

osteoblasts85. The addition of a PPARg agonist, rosiglitazone (Rosi), 

induces adipogenic differentiation of D1 cells increasing triglyceride 

production and reducing the length of the differentiation process from 
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2 to 3 week to 6 to 7 days90. Together, Dex and Rosi, induce the 

commitment of a stem cell into the adipogenic lineage giving rise to 

functional adipocytes by activation of C/EBPa and PPARg91. Due to the 

characteristic of the D1 cell line to express PPARg and to differentiate 

in a short period of time, it has been proposed to be a suitable model 

to investigate adipogenic potential and explore browning and 

‘britening’ with different pro and anti-adipogenic agents. 

Recently, the D1 cell line has been used as a model of browning using 

cold exposure92 or caffeine addition93 during the adipogenic 

differentiation treatment.  

 Pre-adipocyte cell lines 

The most used pre-adipocyte lines are the 3T3-F442A and 3T3-L1, 

from the Swiss 3T3 cell line. These lines have the advantage of 

indefinite passages and homogeneous cellular population which offers 

a reliable source of white adipogenesis study94. These cell lines have 

showed multilocular fat droplets and brite characteristics69. Another 

cell line is Ob17, derived from epididimal fat pads of obese adult mice. 

These cells present a later pre-adipogenic stage in white 

adipogenesis83,94. Additionally, the D12 cell line, has been 

immortalized from mouse iWAT, this cell line can differentiate into 

brown adipocytes and retain brown characteristics such as UCP1 

expression upon certain stimulation (b-adrenergic agonist)65.  

 Immortalized cell lines from human BAT 

Only one cell line derived from human BAT has been described. The 

PAZ6 cell line was derived from the SVF of human infant BAT and then 
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immortalized through infection with SV40 large T antigen95. The PAZ6 

cell line has been investigated as an adipogenic line which expresses 

low levels of UCP1 and forms multilocular adipocytes after 2 weeks of 

differentiation treatment. TZD treatments induce the expression of 

several adipocyte markers (aP2, LPL, β3-AR, HLS) and UCP2, which is 

an isoform of UCP1 expressed in white adipocytes. This could indicate 

that PAZ6 cell line might possess a mixed brown/brite phenotype8,62. 

Recently, a protocol has been described to establish immortalized 

human brown and white preadipocytes from human neck fat biopsies96. 

 Primary cultures of human AT 

Primary cultures from human adipose tissues have been widely used to 

investigate white and brown adipogenesis being considered the 

closest model for in vivo differentiation. 

1.4.4.1 Primary cultures derived from human WAT 

Adipose derived stem cells (ADSCs) and pre- and mature adipocytes 

from the liposuction aspirate fluid (LAF) have been isolated and 

characterized82. 48 hrs overexpression of PGC-1a, in 13 days in vitro 

adipogenic treatment mature white adipocytes (sWAT) isolated 

surgically from human, induced the expression of UCP1 and other 

hallmarks described in brown adipogenesis97. 

ADSCs have been investigated for their potential to exhibit UCP1 

mRNA expression and multiloculated cells after one week in 

adipogenic culture conditions. It was reported that these cells lost the 

UCP1 expression and presented unilocular lipid droplets after being 

cultured for two weeks98, suggesting a possible switch from 

browning/beigeing to whitening99. 
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1.4.4.2 Primary cultures derived from human BAT 

Some reports have described the isolation and use of primary BAT cells 

from supraclavicular fat to study brown adipogenic differentiation100–

102. A recent primary BAT culture derived from human foetal 

interscapular tissue was developed for the first time. This model 

displays an ability to differentiate towards mature classical brown 

adipocytes and represents an opportunity to study in vivo 

adipogenesis in humans103.  

 Primary cultures of adult MSCs. 

As mentioned above, another potential human source to investigate 

brown and white adipogenesis are MSCs. These cells are present is 

several tissues throughout the body. Sources from adult and foetal 

bone marrow, umbilical cord blood (UCB) and muscle have been 

investigated towards adipogenesis62.  

1.4.5.1 Adult bone marrow MSCs 

MSCs derived from bone marrow (BM) have the multipotentiality to 

differentiate into adipocytes, osteocytes and chondrocytes7. BM-MSCs 

have been investigated towards their potentiality to differentiate into 

distinct adipocytes types, such as white, beige and brown. It has been 

suggested that BM-MSCs overexpress PGC-1a104, paired with these 

observations it was observed an increased expression in several brown 

markers such as, PPARa, PPARg and C/EBPb 104. These cells also 

showed a higher expression of genes regulating electron transport 

chain, cellular respiration, the Krebs cycle and fatty acid b-oxidation. 

Moreover, PGC-1a expressing cells displayed a decreased expression 

in white markers with higher mitochondrial content, UCP1 mRNA and 
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protein expression and oxygen consumption levels105,106. These 

observations suggest that PGC-1a is an important regulator of beige 

and brown adipogenic differentiation and metabolic activation106.  

1.4.5.2 Fetal bone marrow MSCs (fBM-MSCs) 

fBM-MSCs have only been used once so far to evaluate the ability to 

differentiate towards adipocytes. This investigation showed that fBM-

MSCs have the potentiality to go towards white or brown adipocytes 

according to the donor background. UCP1, PGC-1a, PRDM16 and 

RIP140 were the genes selected to evaluate browning in 

undifferentiated cells, however no expression could be observed, 

concluding that fBM-MSCs could be used as a heterogeneous 

population for white and brown models of adipogenesis. Importantly, 

Morganstein and colleagues identified a novel estrogen related 

receptor a (ERRa) pathway involved in to control of UCP1 expression107. 

1.4.5.3 Fetal Muscle-derived MSCs  

As described before, brown adipocytes have a common progenitor 

with myocytes (Figure 1.2). Crisan and colleagues described that cells 

isolated from muscle expressing the surface marker CD34 have the 

ability to differentiate to brown adipocytes with a high level of UCP1 

expression and uncoupled respiration. However, after several 

passages these cells lose their potentiality towards browning which 

suggest a shift from brown to white adipogenic phenotype108.  

1.4.5.4 Umbilical Cord Blood (UCB) MSCs  

UCB MSCs have been recently analysed for its potentiality towards 

whitening and browning, showing these cells are not an appropriate 

stem cell type to be differentiated into white and brown adipocytes due 

to their little capacity to differentiate into adipocytes109. Isolation and 
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characterisation of MSCs from umbilical cord tissue (UCT) have been 

reported110–114, however the brown adipogenesis potential of UCT has 

not been reported yet115,116. 

 human pluripotent stem cells (hPSC) 

hPSCs have been recently used with the aim of detecting key factors 

and pathways for white and brown adipogenic differentiation117,118. 

The first study that investigated these cells used Mesenchymal 

Progenitor Cells (MPCs) derived from human Embryonic Stem cells 

(hESc) and human induced Pluripotent Stem cells (hiPSCs). The MPCs 

were transduced with several single factors to evaluate each factor 

potential. Cells transfected with PPARg2 alone were able to 

differentiate into white adipocytes while cells with a combination of 

PPARg2 and C/EBPb and/or PRDM16 gave rise to brown adipocytes. 

White derived MPCs adipocytes expressed insulin sensitivity and 

similar properties to primary adipocytes while brown derived MPCs 

adipocytes showed mitochondrial activity, UCP1 and PGC-1a 

expression117. The second study used a mix of different molecules, a 

TGFb-inhibitor SB431542 in combination with ascorbic acid and EGF, 

to promote hiPSCs brown/beige differentiation at a similar level of 

brown adipocytes located in human depots. These brown progenitor 

cells expressed a pool of brown markers, UCP1, Pax3, CIDEA, DIO2, 

Zic1 and CD137. These results emphasize the importance of TGFb 

pathway in brown adipogenesis118. 
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 Adipogenic medium  

A large number of adipogenic differentiation protocols use standard 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

of fetal bovine serum (FBS). There are several modulators used for 

whitening and browning, mostly they have been identified and 

characterised in mouse models in vitro and in vivo71,76. Generally, three 

components are used in adipogenic induction medium for bone 

marrow MSCs, those are insulin, dexamethasone (Dex), and 3-Isobutyl-

1-methylxanthine (IBMX)119.  

 Insulin  

In WAT insulin stimulates glucose uptake, an important physiological 

process that is insulin mediated in which glucose transporter 4 (GLUT4) 

is translocated to the plasma membrane to facilitate an elevation entry 

of glucose120 for adipogenic synthesis of triglycerides121.  

Insulin and insulin like growth factor 1 (IGF-1) stimulate multiples 

intracellular pathways that triggers adipogenic induction and 

maturation via the activation of an intracellular signalling cascade 

including insulin receptor (INSR), insulin receptor substrate (INS) 

proteins, phosphatidyl inositol 3-kinase (PI3K) and protein kinase B 

(AKT)122,123. MSCs express INSR-A, a splice variant of INSR, linked to cell 

proliferation and less-differentiated cells123. AKT phosphorylates and 

regulate numerous transcription factors involving adipogenesis such 

as the forkhead box O (FOXO) and the mammalian target of rapamycin 

(mTOR) which lead to the activation of PPARg, therefore adipogenic 

differentiation124. 
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 Dexamethasone (Dex) 

Dex is a synthetic anti-inflammatory steroid compound ligand for 

glucocorticoid receptor (GR) that activates osteogenic and adipogenic 

differentiation in a cell-, time-, and concentration-dependent manner. 

High and extended exposure of Dex, produce a larger number of 

adipocytes in vitro suppressing osteogenic differentiation91,125,126.  

Dex accelerate adipogenic differentiation by directly promoting the 

expression of several transcription factors C/EBPa, b  and d, KLF5 and 

9 and   PPARg in the early stage of differentiation127. The main role of 

Dex is to bind GR and enhance adipogenic genes through the 

activation of C/EBPb by H3K27 acetyltransferase CBP. It has been 

reported that Dex alone can induce adipogenic differentiation in 

certain bone marrow derived cell lines85,128 or Dex and insulin in 

stromal cells129. 

 Rosiglitazone (Rosi) 

Rosi is a PPARg agonist, these types of components are not only 

beneficial to people under diabetic conditions but also are widely used 

to accelerate adipogenic differentiation of pre-adipocytes or 

progenitor cells with the ability to differentiate into adipocytes in vitro. 

Rosi binds to PPARg, incrementing the capacity of the cells to be 

stimulated to insulin, it also increases the amount of differentiation of 

cells90,91,130. It has also been reported that brown adipocytes exposed 

24 hrs to Rosi showed UCP1 gene expression, increased basal 

respiration rate and lipoprotein lipase (LPL) activity. It has been implied 

that Rosi could induce the thermogenic mechanism from 

lipoproteins131.  
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 IBMX  

IBMX is a nonselective phosphodiesterase inhibitor, increasing 

intracellular cAMP and protein kinase A (PKA). Activation of PPARg is 

regulated by PKA signalling pathway. Furthermore, IBMX and Dex 

induce C/EBPβ and δ, which have been described above. PPARg 

agonists, thiazolidineldiones or glitazones, are used for diabetes 

treatment, and are also known for enhance adipogenesis in vitro. For 

example, rosiglitazone binds to PPARg, and stimulate adipocytes 

uptake of insulin119. IBMX and Dex induce PPARg, enhancing 

adipogenic differentiation in the presence of PPARg agonists like, 

rosiglitazone69,91,126. 

 Triiodothyonine (T3)  

Thyroid hormone (TH) effects are regulated by T3, which mediates 

gene expression through binding to the nuclear receptors, TRa and 

b132, leading to the activation of both the PI3K133 and the MAPK 

pathway134. Activation of PI3K induces the phosphorylation and 

activation of AKT/protein kinase B and phosphorylation of mTOR135 

which drives to an increase of certain genes, some of them involves 

hypoxia-inducible factor (HIF-1a), calcineurin inhibitor (ZAKI-4a)135,136, 

GPD, ME, PEPCK, S14, FAS, Glut4 and LPL, among others132,137. T3 is a 

regulator of adipogenic differentiation and mechanism related, 

lipogenesis, lipolysis, gluconeogenesis and glycolysis both in vivo and 

in vitro137 by controlling PPARs137.  

Deiodinases D1, D2 and D3 control the availability of T3132. D3 is 

stimulated by serum and mitogens during proliferation of 

preadipocytes whereas D2 deiodinase (DIO2) is associated to the 
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differentiation program of adipocytes, throughout C/EBPs, increasing 

the adrenergic response and rising T3 in BAT132 for thermogenesis and 

lipolysis137. Moreover, T3 increases the adrenergic stimulation of 

UCP1137,138 and in thermoneutrality, T3 is also required for UCP1 mRNA 

expression and stability, this response is mediated by TRb1 isoform132. 

The role of TH during the proliferative stage of brown adipocytes is to 

impede bFGF and aFGF mitogenic effect, suggesting an important role 

of T3 during proliferation137.  

Finally, the function of T3 is equally transcriptional and stabilising the 

mRNA, plus it is synergic with the function of insulin137. 

 Other growth factors  

There are several factors that have been described in order to enhance 

white or brown adipogenic differentiation. BMPs are known for 

producing more of an effect not only in osteogenesis, but also on 

adipogenesis and angiogenesis. BMP7 has been investigated for 

promoting brown adipogenesis by inducting of PRDM16 and PGC-1a, 

increasing UCP1 expression, PPARg, C/EBPs and mitochondria 

biogenesis71,74,119. Ascorbic acid is normally used in osteogenic 

differentiation but has also been reported to increase the accumulation 

of lipid droplets139. FGF-2 has showed to increase cellular proliferation 

and induce PPARg expression140,141. CL-31623 is a b-adrenergic 

receptor (b3-AR) agonist that has been investigated in vivo an in 

vitro142,143. An increased UCP1 expression in brown but not in white 

adipogenic cultures was detected after CL-31623 treatment142. Rats 

that were treated with this compound produce multilocular adipocytes 
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in WAT with UCP1 positive expression143. Both studies suggest that b3-

AR agonists could induce browning in vivo but not in vitro. 

 Cold stimuli for brown activation  

Shivering is initiated by exposure to cold, a normal involuntary 

response to maintain body temperature in adults and other 

mammals138. Although it is a rapid way to initiate heat production is less 

efficient than heat produced through mitochondrial uncoupling in 

BAT132. In addition to BAT, beige adipocytes located in WAT can 

activate UCP1, this activation is followed by cold exposure in response 

to the b-adrenergic stimulation144. When the demand for heat 

increases in the cold, heat is generated. Thermogenesis is activated by 

cold in vivo due to the activation of the sympathetic nervous system 

(SNS) through the norepinephrine (NE) liberated from the nerve 

endings onto brown and beige adipocytes137,138,144. NE binds to the b-

AR activating adenylate cyclase which rise cAMP, then lipolysis is 

activated and free fatty acids (FFA) are increased leading to UCP1 

activation137,144,145. It has been described that some adipocytes located 

in WAT in vivo and white adipocytes in vitro possess a temperature 

sensitive, b-AR-independent and cell-autonomous program, capable 

to respond to cold stimulus activating thermogenesis and upregulating 

brown genes144. 

1.5.7.1 Cold exposure in vivo 

1.5.7.1.1 Cold exposure in humans 

Targeting BAT in humans has been a recent research focus as it is 

believed that the recruitment of BAT could counterbalance obesity and 
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the metabolic diseases developed. Several human studies evaluating 

cold acclimation and BAT increased activation have been done. 

One of the first studies done was performed by Davis146, male subjects 

were exposed to cold temperature which resulted in elevated heat 

production. This study did not state which tissue was responsible and 

at that time it was unsure if humans could possess enough amount of 

active BAT146. Similar studies starting with 2.5 hrs to ten days cold 

acclimation, reported no sex differences in BAT presence and 

activation, nevertheless it was suggested that a variable indoor 

environment with recurrent cold exposure could be an suitable 

approach to increase energy expenditure147 without changes in food 

intake148. Another study also reported increased BAT activity in most 

healthy subjects when exposed to cold, and interestingly a negative 

correlation between body max index (BMI) plus percentage of body fat 

with BAT was found as lower BAT activity was detected on obese 

subjects149, nevertheless it has been reported that ten days cold 

acclimation in obese subjects can recruit BAT150. Furthermore, Blondin 

and colleagues demonstrated that daily cold exposure for four weeks 

in males increases the volume of metabolically active BAT, its oxidative 

capacity, hence its contribution to cold-induced thermogenesis151. 

They have also shown that acute cold exposure in healthy lean men 

leads to glucose uptake closely related with BAT metabolic activation. 

It appears that glucose utilisation is greater in muscle than in BAT 

during cold exposure152 however after four weeks of cold acclimation 

there is a reduction in muscle thermogenesis and a shift to BAT 

activation153. These studies indicate that cold acclimation could result 

in an increase in energy expenditure which might lead to prevent 
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weight gain or help reduce weight in obese people. However, the 

maintenance of BAT activation is still being investigated.  

1.5.7.1.2 Cold exposure in animals 

Several studies have been done evaluating different mammals, the 

most studied are mice, rats, guinea pigs, among others. The aim of 

most of these studies is to elucidate the molecular, protein, hormones 

and bioenergetics impact of cold response in different types of AT. 

Rosenwald et al, reported beige adipogenesis induction from cold 

stimulated mice, these traits were reverted to a white status 

accompanied with a decrease of brown selective genes within six 

weeks of warm acclimatisation, nonetheless these brite cells have the 

capacity to revert into brite adipocytes on additional cold stimulation67. 

Gene expression of WAT and BAT of mice after of cold exposure has 

been extensively evaluated, the main genes involved in thermogenesis 

are normally upregulated, UCP1, PGC-1a and C/EBPb but also several 

other pathways have been identified, such as cytochrome P450, 

apolipoprotein154, SERCA2a (sarcoendoplasmic Ca2+ ATPase)155, b3-

AR79, also improvement in glucose tolerance and enhanced insulin 

sensitivity have been detected156.  

1.5.7.2 Cold exposure in vitro  

In vitro adipogenic differentiation has been also evaluated, browning 

of 3T3-F442A adipocytes kept up to 10 days in cold exposure was 

found to be reversible by UCP1 decrease to base line once the 

temperature was changed to normal conditions (37°C)144. Furthermore, 

Altshuler-Keylin and colleagues showed that beige to white adipocyte 

transition occurred by loss of multilocular lipids and UCP1 expression 

in 15 to 20 days once a b-AR agonist is removed157. In contrast, brown 

adipocytes are capable of maintaining their multilocular morphology 
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for one month on the same culture conditions157. These results 

demonstrate a distinct mechanism from beige to brown adipocytes of 

UCP1 maintenance after the main stimulus is removed which could be 

explained by mitochondrial biogenesis and mitophagy of brown and 

beige adipocytes, respectively157,158. 

Cold exposure has been proved to enhance in vitro differentiation of 

bone marrow MSC into a beige/brown status. It was previously 

demonstrated that after one week of warm adaptation, beige 

adipocytes differentiated under cold culture conditions (32°C) were 

still showing increased UCP1 protein92, however molecular 

mechanisms underlying beige adipocyte phenotype maintenance 

after rewarming are poorly understood. 

1.5.7.2.1 Transient Receptor Potential channels (TRPs) 

The thermotransient receptor potential (TRP) channels, are the most 

characterised molecular sensors for temperature in cells, adipocytes 

being one of them159. These channels respond to certain stimuli such 

as: PIP2, Ca2+, temperature, osmotic pressure, cyclic nucleotides, 

phosphorylation potential among others160. It is know that adipocytes 

express the transient receptor potential cation channel subfamily V 

members (TRPV) 1, 2 and 4159,161. Among these three, TRPV1 and 

TRPV4 have been reported to inhibit adipogenic differentiation162. 

However, their modulation with temperature exposure has been 

described as follows. TRPV1/TRPV4 double-knockout mice adipocytes 

isolated from the stromal-vascular adipose depots, are able to respond 

to 4 h of cold temperature exposure (31°C) and increase UCP1 mRNA 

expression. These results suggests that temperature sensing 

mechanism could be independent of TRPV1 and TRPV4144. Although 

the role of Ca2+ is not well known, recent reports have demonstrated 
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that beige adipocytes possess an independent-UCP1 mechanism 

involving the sarco-endoplasmic reticulum Ca2+ -ATPase 2b (SERCA2b) 

which can generate heat163. Overall these results could indicate that 

TRPs activation thought Ca2+ might be linked to adipogenic browning. 

However, further experiments are needed in order to determine 

whether TRPV1 inhibition reduces the browning response induced by 

hypothermal culture conditions and if other TRPV family members are 

involved in mediating the temperature response.  

TRPV2, is known to be a Ca2+permeable channel sensitive to 

temperature and to be a critical player for thermogenic function on 

primary mouse brown adipocytes164. However, its evaluation during 

temperature exposure has not been previously described. Sun and 

colleagues showed TRPV2 activation by mechanical force, their results 

concluded that TRPV2 negatively regulates browning differentiation 

both in vivo and in vitro164,165.  

Additionally, to temperature stimuli, TRP agonist have been also been 

reported when stimulating browning in adipocytes. TRPV1 and the 

transient receptor potential cation channel subfamily A member 1 

(TRPA1) activation in 3T3-L1 adipocytes has been shown with the 

alkamide trans-pellitorine by suppressing lipid accumulation166. 

Furthermore, the transient receptor potential cation channel subfamily 

M member 8 (TRPM8) is functionally present in mouse brown 

adipocytes. Menthol, a TRPM8 agonist, has been used to promote 

browning. Ma and colleagues showed that induction of brown 

adipocytes promotes UCP1 upregulation and is associated with 

protein kinase A phosporylation167. Moreover, primary mice white 

adipocytes have also been reported to exhibit a high TRPM8 mRNA 
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after menthol stimulation increasing thermogenic genes, which 

suggest TRPM8 could be involved in WAT browning168. Human white 

adipocytes has also been activated by menthol and icilin treatment, 

these cells showed UCP1 expression, mitochondrial activation, glucose 

uptake and heat production induced by TRPM8169. 

The TRP involvement in temperature exposed-adipocytes needs to be 

additionally explored in order to characterise their function in a cell-

autonomous manner. Further questions are still unknown. Are these 

TRP channels cell type specific? Is Adrb3 linked to the TRP thermogenic 

function? Are other TRP members compensating when one of them is 

inhibited?  
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Aims 

This project aims to establish a stem cell-based model of adipogenic 

differentiation and in vitro suitable conditions to enable the 

comparative study of pathways involved in the regulation, kinetics and 

expression profile of white, brown and beige adipogenesis. 

Using mesenchymal stem cells as adipogenic progenitors from mice 

and human, this project will analyse the process of adipogenic 

differentiation through 4 experimental aims:  

 

Establish and validate an in-vitro model of adipogenesis 

using stem cells  

This first objective will involve the establishment and validation of and 

in vitro model of adipogenesis using a mouse mesenchymal stem cell 

line, in order to optimise the conditions towards adipogenic 

differentiation: white, beige/brown. The properties of stem cell-

derived adipocytes will be analysed and compared to the molecular 

signatures associated with primary white, brown and beige adipose 

tissue.  

Hypothesis: mMSCs are able to differentiate into beige adipocytes 

under hypothermal culture conditions (32ºC).  
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Evaluate the cellular response and resulting gene 

expression changes upon exposure to pro/anti-

adipogenic regulators including candidate pathways 

activator/inhibitor and environmental stimuli 

The second objective of this investigation will be to assess the effect of 

different pro- and anti- adipogenic in vitro regulators and 

environmental stimuli such as T3 and cold exposure, on the activation 

of brown adipogenic markers in the stablished in vitro MSC model. The 

effect of cold and warm in vitro differentiation conditions will be 

evaluated in order to maintain the beige/brown characteristics in the 

MSC-derived adipocytes.  

Hypothesis: cold mMSCs derived adipocytes are able to maintain 

beige like properties after 21 days of being transferred to normal 

culture conditions (37ºC). 

 

Isolation and characterisation of human umbilical cord 

tissue MSCs 

The third objective of this research is to isolate and characterise 

primary MSCs derived from healthy and gestational diabetes 

conditions, for this purpose umbilical cord tissue will be used. This part 

will involve testing different isolation protocols, growth and adipogenic 

differentiation media in order to provide the best conditions for both 

states. 

Hypothesis: Isolation of hMSCs from UCT is feasible through an 

enzymatic method. Furthermore, hMSCS from UCT are able to 

differentiate into adipocytes. 
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Use the established in vitro conditions to evaluate the 

adipogenic response of stem cells isolated from 

different physiological states and evaluate the effect on 

the nature of the adipogenic response.  

The last objective or the project will involve testing the in vitro 

established conditions of adipogenesis to compare the adipogenic 

response of primary MSCs from umbilical cord tissue originating from 

healthy and gestational diabetic donors, with the aim of identifying 

whether these browning responses can be achieved and/or are 

affected.  

Hypothesis: hUCT-MSCs from gestational diabetic (GD) background 

will display a higher adipogenic potential at normal culture conditions 

(37ºC) than healthy cells, while at hypothermal conditions (32ºC) GD 

cells will be impaired to differentiate towards adipogenic lineage 

whereas healthy cells will be able to show beige like properties. 
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2.1 Chemicals and Reagents  

All commonly used solution stocks were prepared and autoclaved. 

Generally used plastic ware was purchased from Thermo Fisher 

Scientific (UK) unless otherwise stated.  

A list of equipment and reagents can be found in the Appendix (p. 226). 

Mouse bone marrow mesenchymal stem cells (mMSCs) D1 was kindly 

provided by Dr. Virginie Sottile, cell line was obtained from ATCC (CRL-

12424). The human adipose-derived stem cells (hADSCs) were kindly 

provided by Dr. James Law (ThermoFisher UK, Cat. No R7788-115) and 

primary mouse BM-derived stem cells were isolated and provided by 

Dr. Zubair Nizamudeen. 

Human umbilical cord tissue (hUCT) was purchased from the Anthony 

Nolan institute, all hUCT were from male babies, background of the 

donors was chosen as healthy and gestational diabetes, a table with 

the specifications of each hUCT can be found in Chapter 2.3.1, p. 46. 

2.2 Cell culture  

All cells were kept at either 37ºC or 32ºC, 95% humidity and 5% CO2. 

Cell culture experiments were performed in a type II Biological Safety 

Cabinet. 

2.2.1 mMSCs D1 culture  

mMSCs D1 cell line (mMSCs) was cultured using DMEM low-glucose, 

1% of L-Glutamine (200mM), 1% of non-essential amino acids (100X - 

NEAA), 1% of penicillin/streptomycin (10,000 U/ml - P/S) and 10% fetal 
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bovine serum (FBS) (referred to as standard medium -SM-). Medium 

was changed every 2 to 3 days depending upon seeding density and 

confluency.  

2.2.2 Passaging of mMSCs 

mMSCs were passaged when confluency reached 70 - 80%. The cells 

were washed with sterile PBS and treated with 500 µl of 0.05% 

trypsin/EDTA per T25 flask for up to 3 minutes. Trypsinised cells were 

then diluted in SM and transferred to a new cell culture flask at a ratio 

of 1:4 to 1:8 to seed the next cultures. Medium was renewed every 2 to 

3 days as needed.  

2.2.3 Gelatine coated plates and coverslips 

A solution of 0.1% gelatine with 1% of P/S was prepared in sterile 

distilled water and filtered before its use. 24 well plates were prepared 

with or without sterile glass coverslips (1.5H; 170±5µm; 18 x 18 mm; 

Scientific Laboratory Supplies or Zeiss), wells were coated with 500 µl 

of gelatine for 15 min at room temperature, gelatine was aspirated 

before cells were seeded. 

2.2.4 mMSCs adipogenic differentiation 

Adipogenic differentiation was done by seeding 80,000 cells/well in a 

24-well plate and 2,000,000 cells in T25, adipogenic treatment was 

started at a confluency of 80% and stimulated by supplementing SM 

with 10 µg/mL insulin, 1 µM rosiglitazone, 1 µM dexamethasone and 

100 µM 3-isobutyl-1-methylxanthine (IBMX), length of the treatment 

varied as indicated. Triiodothyronine (T3) was added in combination to 
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the adipogenic differentiation medium as indicated. Cells were 

differentiated in parallel at 37°C and 32°C thermal conditions as 

indicated.  

2.2.5 Cryopreservation of mMSCs 

mMSCs were trypsinised, collected in SM and centrifuged for 5 minutes 

at 200g. After aspirating the supernatant, the pellet was resuspended 

in a 1:1 solution of FBS and ice-cold freezing mix (60% SM, 20% FBS 

and 20% dimethyl sulfoxide (DMSO)) and transferred to a cryovial. 

Cells were kept up to 72 hrs at -80ºC, for long term storage cells were 

transferred to liquid nitrogen. For cell reanimation, cryovials were 

quickly thawed and transferred to a tube containing 4 ml of SM. Cells 

were then centrifuged for 5 minutes at 200g, the pellet was 

resuspended in 5 ml of SM and transferred to a flask according to 

frozen ratio. 

2.3 Human umbilical cord tissue (hUCT) 

2.3.1 Background of the hUCT 

hUCT were ordered with certain specifications. Unfortunately, due the 

poor number of UCT from diabetic background, all GD tissues received 

by the Anthony Nolan were collected. Exclusion criteria for the tissues 

collected included infectious diseases. Demographic information, 

including maternal and paternal ethnicity were obtained. Data on birth 

weight was also recorded. Table 2.1 shows detailed background of all 

hUCT received. 
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Table 2.1. Information from the umbilical cord tissues collected. All tissues collected were from male babies. 

Sample Nº 
Maternal 
ethnicity 

Paternal 
ethnicity 

Baby 
weight (gr) 

Date/Time 
collection 

Date 
isolation 

Description Final status 

9221218152 

851 
White British European 2595 

22.03.2018 

12:05 
23.03.2018 Healthy Cultured 

9221218166 

248 
UK UK - 

09.09.2018 

03:10 
10.09.2018 Healthy 

Discarded 

(Virology) 

9221218166 

272 
UK/Ireland UK 3260 

09.09.2018 

10:20 
10.09.2018 

Gestational 
diabetic + 
Maternal history 

Cultured 

9221218167 

837 
Mixed white Mixed white 3775 

27.10.2018 

21:48 
29.10.2018 

Gestational 
diabetic 

Discarded 

(no cells) 

922121816 

852 
Eastern Europe Eastern Europe 3410 

28.10.2018 

06:28 
29.10.2018 Healthy 

Discarded 

(no cells) 

9221219172 

794 
Southern & other 
European (White) 

Southern & 
other European 
(White) 

3555 
13.02.2019 

14:17 
14.02.2019 Healthy Cultured 
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9221219172 

767 
South Asian South Asian 3590 

13.02.2019 

06:35 
14.02.2019 

Gestational 
diabetic 

Cultured 

9221219167 

481 
South Asian South Asian 2555 

13.02.2019 

06:30 
14.02.2019 

Gestational 
diabetic 

Discarded 

(Virology) 

9221219172 

828 
UK/Ireland 

African 
Caribbean & 
African (black) 

3950 
14.02.2019 

12:23 
15.02.2019 Healthy Cultured 

9221219173 

823 
UK/Ireland UK/Ireland 3220 12.03.2019 13.03.2019 

Gestational 
diabetic 

Cultured 
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2.3.2 hUCT isolation  

Optimization of the isolation method was done with one hUCT (#851) 

collected from the Anthony Nolan centre, 24 cm long approximately, 

tissue was cut in half.  

First half of the hUCT was processed with the explant method. Tissue 

was washed three times in PBS, followed with 70% etOH for 30 seconds, 

and finally washed with PBS again to remove any etOH residuals, both 

ends of the cord were cut. Cord tissue was carefully cut in explants of 

10 mm pieces with incisions in the inner matrix, 12 explants were 

obtained and each one was put in a well from a 6-well plate, four 

explants were placed per 6-well plate, to be treated with different 

growing MSC medium. Medium was changed every two days, explants 

were removed until cells reached 80% confluency170.  

Second half of the hUCT was treated with an enzymatic method, tissue 

was intensely washed with PBS containing 1% P/S, then tissue was 

minced and digested at a ratio of 4 mL of collagenase Type B (0.4 U/mL) 

per cm of minced tissue for 2 hours at 37 °C with intermittent intense 

agitation every 15 min. Afterwards, tissue was neutralised with DMEM 

low-glucose containing 1% P/S and filtered through a 70 µM cell 

strainer. To obtain the pellet, the filtered tissue was centrifuged at 

2,000 rpm for 5 minutes and the pellet was resuspended in 10 mL of 2% 

FBS in DMEM low-glucose followed by another centrifugation at the 

same conditions170. Finally, each pellet was resuspended in 5 mL of 

three different standard medium and seed in a three different T25 

culture flask. Medium was changed every two days.  
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A variation of the enzymatic method had to be improvised due to the 

thickness of the digested hUCT and its inability to be filtered. After the 

neutralisation step with DMEM, the tissue was immediately seeded into 

three T75 flasks and each flask was fed with its corresponding media 

(see Chapter 2.3.4 hUCT-MSC culture, p. 48). Medium was changed 

every 2-3 days, without removing the remaining undigested tissue from 

the flasks. A graphical representation of the hUCT isolation 

optimisation can be seen in Figure 2.1. 

After the isolation process was optimised the subsequent hUCT were 

isolated with the enzymatic method without the centrifugation step 

described above. 
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Figure 2.1.Graphical representation of the hUCT-MSC isolation. Detailed description 

can be found in Chapter 2.3.2, p. 44. 

2.3.3 Mycoplasma test 

When cells reached around 70% confluency, 500 µl of medium was 

extracted of each donor sample cells’ flask and tested for mycoplasma 

contamination. EZ-PCR™ Mycoplasma Detection Kit was used 

following the manufacturer’s protocol (EZ-PCR™ Mycoplasma 

Detection Kit Instructions for Use). Each sample was run with its 

appropriate positive and negative (sterile water) controls. 

2.3.4 hUCT-MSCs culture  

Three different MSC media were evaluated in order to determine 

which one provided a heathy status and rapid growing time on hUCT-

MSC cells. Medium number one, two and three had the following 

compounds; medium 1: DMEM F12 + 10% FBS + 1% P/S171; medium 

2: DMEM low glucose + 10% FBS + 1% P/S114; medium 3: DMEM low 

glucose + 1% L-glutamine + 1% P/S + 10% human platelet lysate 

(hPL)172.  

After the media optimisation was done the subsequent hUCT-MSCs 

were cultured in medium number three described above. 

2.3.5 Passaging of hUCT-MSCs 

hUCT-MSCs were passaged when confluency reached 80 to 90%. The 

cells were washed with sterile PBS and treated with 500 µl of 0.05% 

trypsin/EDTA per T25 flask for up to 5 minutes. Trypsinised cells were 
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then diluted in the indicated medium and centrifuged for 5 minutes at 

200g, the pellet was resuspended in the indicated medium and 

transferred to a new cell culture flask at a ratio of 1:4 to 1:8 to seed the 

next cultures. Medium was renewed every 2 to 3 days as needed.  

After the media optimisation, the subsequent hUCT-MSCs were 

passaged in medium number three described in Chapter 2.3.4 hUCT-

MSCs culture, p. 48. 

2.3.6 Proliferative potential 

During the passaging of hUCT-MSCs, cells were counted using a 

hemocytometer and population doubling (PD) was obtained for each 

passage according to the formula: PD= log2 (Nf/Ni), where Ni is the 

initial cell number and Nf is the harvested cell number. The population 

double time (DT) was obtained according to the formula: DT= T/PD 

where T is the time for each passage (https://www.doubling-

time.com/compute.php).  

2.3.7 hUCT-MSC adipogenic differentiation 

To continue with the medium optimization, adipogenic differentiation 

was set up with cells grew in each medium. Two different adipogenic 

cocktails were tested. Medium A contained their corresponding 

growth medium supplemented with: 10 µg/mL insulin, 1 µM 

rosiglitazone, 500 µM IBMX and 1 µM dexamethasone114, and medium 

B which had two steps: the induction medium, in which cells were fed 

for the first three days with their growth medium supplemented with: 

10 µg/mL insulin, 1 µM rosiglitazone, 500 µM IBMX and 1 µM 

dexamethasone, followed by a four days feeding step of maintenance 
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medium with growth medium supplemented with: 10 µg/mL insulin. 

Cells were differentiated for 28 days, and medium was changed every 

2 or 3 days173.  

After the media optimisation was done the subsequent hUCT-MSCs 

were differentiated in medium number one described in Chapter 2.3.4 

hUCT-MSCs culture, p. 48, supplemented with: 10 µg/mL insulin, 1 µM 

rosiglitazone, 500 µM IBMX and 1 µM dexamethasone114. 

2.3.8 hUCT-MSCs osteogenic differentiation 

For the osteogenic differentiation cells were seeded in 24 well plates 

and started until 50% confluency was reached. Osteogenic medium 

was supplemented with DMEM F12 + 10% FBS + 1% P/S171, 10 mM b-

glycerophosphate, 50 µM ascorbic acid, 100 nM dexamethasone111,174. 

Cells were differentiated for 28 days, and medium was changed every 

2 or 3 days. 

2.3.9 Cryopreservation of hUCT-MSCs 

The procedure was similar to the cryopreservation procedure 

described for the mMSCs (Chapter 2.2.5 Cryopreservation of mMSCs, 

p. 44); however, FBS was replaced for hPL, instead. 
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2.4 Live assays and staining 

2.4.1 Metabolic activity 

Presto Blue was used to measure either cell viability or metabolic 

activity at the last day of each treatment. Human or mouse MSCs were 

seeded in 24-well plates, and differentiated in parallel at 32°C and 

37°C. At the end of experiment, medium was replaced with 500 µL of 

a working solution of 10% v/v Presto Blue stock solution, then cells 

were transferred back to the incubator at 32°C or 37°C. After 45 min 

incubation triplicates of 100 µL were taken from every well and 

transferred to a 96-well plate. The fluorescent signal was measured 

with a multimode microplate reader (Tecan Infinite 200 PRO) using an 

excitation wavelength of 560 nm and an emission wavelength of 590 

nm. The measured fluorescent signal was expressed as arbitrary 

fluorescent units (AU). For every measurement, the background signal 

of the solution was determined and subtracted as described before175. 

A standard curve was done, metabolic activity was measured every 10 

min for 90 min to select the best incubation time (Appendix, p. 225). 

2.4.2 Seahorse Assay.  

mMSCs were seeded into the XFe96 Microplates to measure the OCR, 

an indicator of mitochondrial respiration, and the ECAR, an indicator of 

glycolysis. Prior to the start of the Seahorse XF Cell Mito Stress Test 

Assay, cells differentiated at either 37 or 32°C were washed 3 times and 

incubated in XF-Basal Medium supplemented with 10 mM glucose, 

1mM sodium pyruvate, and 2mM L-glutamine. OCR and ECAR 

readings were taken over time under basal conditions and after the 
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addition of mitochondrial inhibitors (1.5 or 2.5 μM oligomycin, 0.8 or 

0.5μM FCCP and 1μM rotenone/antimycin for treatments described in 

Chapter 3 or 4, respectively) at 37°C and 32°C. OCR and ECAR were 

determined using the Seahorse Wave 2.4 XF-96 software and the data 

obtained for each condition were normalized to the cell number per 

well and expressed as the OCR in pmol/min/104 cells. Measures of 

mitochondrial respiration (basal respiration, ATP-linked respiration, 

proton leak, maximal and reserve capacity) were derived by the 

sequential addition of oligomycin, FCCP and rotenone/antimycin. First, 

the basal respiration rate was calculated by subtracting the residual 

OCR determined after the addition of rotenone. ATP-linked respiration 

was determined from the difference between basal OCR and OCR 

following oligomycin addition. The difference in OCR between 

rotenone and oligomycin represented the amount of oxygen 

consumed due to proton leak respiration. Maximal OCR was 

determined by subtracting the OCR after rotenone addition from the 

OCR induced by FCCP. Lastly, the mitochondrial reserve capacity was 

calculated by subtracting basal respiration from maximal reserve 

capacity. 

ECAR was measured simultaneously with OCR using the same 

conditions as described previously176 and glycolytic rate was 

determined by monitoring extracellular pH induced by the change in 

lactate. Similar to OCR, basal ECAR refers to the ECAR measured 

before injection of rotenone. To determine the influence of low 

temperature on oxidative phosphorylation and glycolysis, basal OCR 

was plotted against basal ECAR. Finally, coupling efficiency, an 

indicator of the proportion of respiratory activity used to make ATP, 
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was determined by calculating the percentage of OCR immediately 

following the oligomycin treatment with the final baseline value. 

2.4.3 Mitochondrial staining and quantification 

Mouse or human MSCs were cultured as indicated in coverslips, 

MitoTracker Orange CM-H2 TMRos or MitoTracker Deep Red (100 nM, 

Molecular Probes) together with Hoechst 33258 (20 µg/mL, Invitrogen) 

and Bodipy 493/503 (10µM, Molecular Probes) staining was performed 

according to the manufacturer’s protocol and applied to cells in culture 

at 37°C and 32°C for 45 minutes. After two medium wash, coverslips 

were fixed for 15 min with ice-cold 4% paraformaldehyde (PFA), 

mounted on microscopic slides with FluoroGel mounting medium 

(GeneTex, USA) and assessed with a Zeiss fluorescence microscope. 

Mitochondria numbers were evaluated using 15 randomly selected 

images per condition of three biological replicates. Relative 

fluorescence intensity was measured applying identical instrument 

settings. Moreover, relative fluorescence intensity was measured with 

ImageJ software creating a macro, shortly maximum entropy threshold 

was applied in all pictures followed by a gaussian blur and an un-sharp 

mask, same conditions were applied to all pictures. An example of the 

analysis is shown in Figure 2.2. 
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Figure 2.2.Example of the densitometric analysis of MitoTracker positive area.  

(A) shows fluorescent image taken of mMSCs at day 14 of differentiation at 32ºC, 

MitoTracker Orange CM-H2 TMRos (red), Hoechst 33258 (nuclei – blue) and Bodipy 

493/503 (LDs – green), (B) red channel (MitoTracker), (C) image showing analysis done 

in ImageJ. Scale bar 10 µm. 

2.4.4 Calcium staining and quantification 

Live cells were stained for 60 min with Fluo-4 DirectTM (Invitrogen) 

according to manufacturer’s instructions. Shortly, a final volume of 1X 

Fluo-4 DirectTM calcium reagent was added to the well of each 

treatment and then plates were incubated at 37°C or 32°C. Fluorescent 

measurements were done in triplicates using an excitation wavelength 

of 494 nm and an emission wavelength of 516 nm in a multimode 

microplate reader (Tecan Infinite 200 PRO, Tecan, Switzerland). After 

the calcium response was measured, fluorescent and brightfield 

images were taken using identical settings with a Nikon eclipse TS2 

microscope coupled to a Nikon D3300 camera. 

2.5 Fixation of cells for subsequent staining 

At the end of each treatment, medium was removed of each well, cells 

were washed once with 500 µl PBS, fixed with 500 µl of 4% ice-cold 

paraformaldehyde (PFA) per well (24 WP), incubated for 15 min at RT 
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and subsequently washed twice with PBS. Cells were stored at 4ºC in 

PBS until staining. 

2.5.1 Oil Red O (ORO) imaging and quantification 

For ORO staining, cells fixed with 4% PFA were subsequently stained 

with 60% working solution of ORO for 10 min, cells were rinsed twice 

with water, washed for 1 min with 60% isopropanol and if indicated 

subsequently stained with haematoxylin. The staining was quantified 

by extracting ORO staining with 100% isopropanol and measuring 

absorbance in triplicates at 510 nm with a multimode microplate 

reader (Tecan Infinite 200 PRO). For every measurement, the 

background signal of the blank (isopropanol) was determined and 

subtracted. The measured absorbance signal was expressed as 

arbitrary absorbance units (AU).  

2.5.2 Hoechst staining and quantification 

Fixed cells were stained using 500 µL of a working solution of 20 µg/mL 

Hoechst in 50mM Hepes buffer, pH 7.0 and incubated for 30 min at 

room temperature. Hoechst working solution was removed and 

washed twice with Hepes buffer, pH 7.0 for 2 min to remove any non-

bound dye. To extract Hoechst 500 µL of denatured ethanol was added 

to each well and incubated for 5 min at room temperature, shaking the 

plate every minute. Then, triplicates of 100 µL were taken from every 

well and transferred to a 96-well plate. The fluorescent signal was 

measured with a multimode microplate reader (Tecan Infinite 200 PRO) 

using an excitation wavelength of 360 nm and an emission wavelength 

of 460 nm. The measured fluorescent signal was expressed as arbitrary 
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fluorescent units (AU). For every measurement, the background signal 

of the blank (ethanol) was determined and subtracted177. 

2.5.3 Immunocytochemistry  

Cells seeded on coverslips were differentiated as indicated and fixed 

with 4% PFA, washed twice with PBS and if necessary permeabilised for 

30 min using 0.1% Triton X-100 (Sigma) in PBS, followed by three 5 min 

PBS washes. Coverslips were blocked using 10% normal goat serum or 

fetal bovine serum in PBS (depending on secondary antibody host) for 

60 min at room temperature. Samples were then incubated in the 

appropriate primary antibody for 90 min and washed three times in 

PBT (PBS + 0.1% Tween20 – Sigma) before the incubation with the 

appropriate fluorophore-conjugated secondary antibodies ) together 

with Hoechst 33258 (20 µg/mL, Invitrogen) and Bodipy 493/503 (10µM, 

Molecular Probes) for 60 min at room temperature in the dark. After 

three to five washes in PBT, samples were then dried and mounted with 

FluoroGel mounting medium (GeneTex, USA) and examined with Zeiss 

Elyra PS.1 microscope. If biotinylated secondary antibodies 

(VectorLabs) were used, signal was visualized with 3,3′-

diaminobenzidine (DAB) as the chromo- gen (VectorLabs), samples 

were mounted on slides using DPX and examined with a Nikon 

microscope.  

All antibodies used in this study are presented in Table 2.2. 
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Table 2.2 List of antibodies used for immunocytochemistry. 

Primary antibody Host Source Dilution 

Anti-UCP1 Rabbit Abcam (ab10983) 1:500 

Anti-UCP1 Goat Novus Biologicals (NB100-
2828ss) 

1:100 

Anti-Ob Rabbit Santa Cruz (sc-843) 1:100 

Anti-CD137 Rabbit Abcam (ab203391) 1:100 

Anti-TMEM26 Rabbit Novus Biologicals (NBP2-
27334ss) 

1:100 

Anti-TRPV1 Rabbit ThermoFisher Scientific (PA1-
29421) 

1:100 

CD73 Rabbit Abcam (ab175396) 1:100 

CD90 Rabbit Abcam (ab133350) 1:100 

CD105 Mouse Abcam (ab11414) 1:100 

Secondary 
antibody 

Host Source Dilution 

Anti-rabbit IgG 
Alexa 488 

Goat ThermoFisher Scientific 
(A11008) 

1:1000 

Anti-mouse IgG 
Alexa 488 

Goat ThermoFisher Scientific 
(A11001) 

1:500 

Anti-goat IgG  

Alexa 488 

Donkey Abcam (ab150129) 1:1000 

Anti-rabbit IgG 
Alexa 594 

Goat ThermoFisher Scientific 
(R37117) 

1:500 

Anti-rabbit IgG 
Alexa 633 

Goat ThermoFisher Scientific 
(A21070) 

1:500 

Anti-goat IgG  

Alexa 647 

Goat ThermoFisher Scientific 
(A21244) 

1:500 

Anti-goat IgG  

Alexa 647 

Donkey ThermoFisher Scientific 
(A21447) 

1:500 

HRP Anti-Rabbit IgG Goat Vector Laboratories (PI-100) 1:300 
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2.6 Molecular Biology 

2.6.1 Harvesting mouse tissue for RNA extraction 

Mouse tissue was collected from different depots, iBAT, eWAT, sWAT, 

muscle and liver. Tissue was carefully isolated and washed twice with 

sterile PBS, minced and collected into an Eppendorf tube with 500 µl 

of TRI® Reagent, approximately 50 mg of tissue were collected per 

depot. Figure 2.3 shows isolated tissue depots. 

 

Figure 2.3. mouse tissue: eWAT (yellow), iWAT (orange), iBAT (brown) and muscle 

(red). 
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2.6.2 Harvesting cells for RNA extraction 

At the end of each treatment, medium was aspirated and washed once 

with PBS. Cells were then harvested by adding 500 µl of TRI ® Reagent 

per T25 flask using a cell scraper, cells were collected in an Eppendorf 

tube and frozen immediately in dry ice. Cells were kept at -80ºC until 

RNA extraction was done. 

2.6.3 RNA extraction  

Cells and tissue kept at -80ºC in TRI ® Reagent were then thawed at 

room temperature. Then, 70 µl and 120 µl of chloroform for cells and 

tissue was added, respectively, per 500 µl of TRI® Reagent. Samples 

were vortexed for 2 minutes and incubated at room temperature for 10 

minutes, then samples were centrifuged at 12000g for 15 minutes at 

4ºC. The supernatant part (top transparent layer) was retrieved into a 

new tube, a 1:1 volume of 70% etOH was added to the supernatant 

retrieved and mixed properly. Next, the mixture was transferred to a 

pink tube and centrifuged at 10000g for 1 minutes at 4ºC. The flow 

throw was discarded. RNA extraction was then continued following 

instructions starting from #6 on the RNeasy® micro Handbook p. 21-22.  

2.6.3.1  RNA quantification 

The RNA was quantified by spectrophotometry based on the OD260 

nm using the nanodrop ND-1000 spectrophotometer (Nanodrop 

Technologies). A260/280 ratio around 2 and 2.0-2.2 ratio for A260/230 

were accepted. 
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2.6.4 Reverse (RT) - Polymerase Chain Reaction (PCR) 

According to the total RNA quantified from mouse MSCs, WAT, BAT 

and liver tissue samples. RNA was normalized to 0.5 or 1 µg/µl. For RT-

PCR the High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems) was 

used following manufacturer’s instructions. Detail methods can be 

found in the ThermoFisher Scientific web.  

The reactions were set up in a thermal cycler (Touchgene gradient, 

Scientific Laboratories Supplies). With the following steps: an initial 

step of 1 hour at 37ºC and a final step of 5 minutes at 95ºC followed by 

8ºC on hold. For each set of experiments, two NRTC (non-reverse 

transcriptase control) and two NTC (non-template control) were used. 

2.6.5 Primer optimisation and validation 

2.6.5.1 Primer design  

Specific primers were designed using Primer3 (https://primer3.org). 

for each gene its cDNA sequence showing only exons was obtained 

from Ensembl (https://www.ensembl.org/index.html). The product size 

of each primer set was set in between 90-200 base pairs. Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to verify 

the specificity of the primer pair. The general primer picking conditions 

of each primer set are shown in table 2.3. All designed primers were 

purchased from Eurofins MWG Operon (Ebersberg, Germany). 

Table 2.3. Primer design conditions. 

 Minimum Optimal Maximum 
Size 18 20 24 
Tm 57 60 62 
GC% 45 50 60 
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2.6.5.2 Primer validation  

All primer sets were diluted with DNase free water according to the 

information sheet provided by Eurofins to 100 pmol/µl. The 

optimisation process was followed by testing the primers with their 

respective tissue for specificity expression. 

2.6.5.2.1 PCR 

PCR was performed in a reaction volume of 20 µl with 40 cycles of 

amplification. The reactions were set up in a thermal cycler (Touchgene 

gradient, Scientific Laboratories Supplies). With the following steps: an 

initial denaturation step for 30 seconds at 94ºC; a cycle consisted of a 

denaturation step for 30 seconds at 94ºC, followed by 30 seconds at 

an annealing temperature of 60ºC and an extension step at 68ºC for 60 

seconds; and a final step of 5 minutes at 68ºC followed by 8ºC on hold. 

All primers were diluted at a ratio of 1:40 to start, according to primer 

dimers or band strength primers were then diluted 1:80 and PCR 

recipe was adjusted (Table 2.4, positive/negative 1 or 2). PCR was 

performed with each set of primers, according to their specificity cDNA 

from mouse WAT, BAT or liver was used. Two positive (cDNA) and one 

negative (SDW instead of cDNA) reactions per gene were performed. 

The amplified products were analysed by agarose gel electrophoresis 

(Chapter 2.6.5.2.2). 

Table 2.4. PCR recipes.  

 Positive Negative 
1 2 1 2 

DNase free water - 5 µl 2 µl 8 µl 
Sample (RNA) 2 µl 3 µl - - 
One Taq master 
mix 

10 µl 10 µl 10 µl 10 µl 

Primer up 4 µl 1 µl 4 µl 1 µl 
Primer down 4 µl 1 µl 4 µl 1 µl 
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2.6.5.2.2 Electrophoresis 

Agarose was mixed with 1X TAE buffer (Tris-Acetate-EDTA) to give 2% 

of gel required. The suspension was heated in a microwave oven to 

dissolve the agarose. Ethidium-bromide was added at a concentration 

4 ng/ml. after pouring the melted agarose into a gel-casting tray with 

comb, the gel was allowed to settle for 20 minutes. 20 µl of the PCR 

samples were loaded onto the gel. Gels were run from 90-120 V for 

about 35 minutes with a BioRad Power Pac 300. The PCR products on 

the gel were visualised using the Luminescent Image analyser Fuji LAS-

3000 (FIjufilm) and band sizes were estimated using the Quick-load 

DNA ladder- 100bp (BioLabs, New England). 

2.6.5.2.3  Gel extraction (DNA) 

After performing the PCR, the DNA fragments of interest were cut out 

from an agarose gel and extracted using the Qiagen gel extraction kit 

following the manufacturer’s instructions (Quick-Start Protocol can be 

found in the Qiagen page). 

2.6.5.2.4 DNA quantification 

DNA purity and concentration were quantified by spectrophotometry 

based on the OD260 nm using the nanodrop ND-1000 

spectrophotometer (Nanodrop Technologies). A260/280 ratio around 

1.8-2 and 2.0-2.2 ratio for A260/230 were accepted. 

2.6.5.2.5 Standard curves of each gene done by quantitative Real-Time 

PCR (qPCR) 

To test efficiency of each set of primer a standard curve was prepared 

using the DNA extracted per gene starting from 1ng/µl DNA to 0.01 

fl/µl using 0.1 mg/ml of tRNA water. Standards were run in duplicates 

to calculate the coefficient of variation within each experiment.  
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A master mix was done for each gene: 5 µl of Fast SYBRTM green master 

mix, 1 µl forward primer, 1 µl reverse primer and 1 µl DNase free water; 

a total of 8 µl per well. 2 µl of each standard concentration were added 

at the end in each well. For each PCR plate (MicroAmp® Fast 96-well 

reaction plate, 0.1 ml, Applied Biosystems) duplicates of two NRTC, 

two NTC, and one negative (water instead of cDNA) were done. Once 

prepared, PCR plates were sealed using optical adhesive covers 

(Applied Biosystems) and centrifuged for 2 minutes in a mini plate 

spinner (Labnet). 

The reactions were set up in a thermal cycler Step One Plus (Real-Time 

PCR system and v.2.2 software, Applied Biosystems) selecting fast 

mode and SYBRTM green reagents with the following steps: an initial 

activation step for 20 seconds at 95ºC; a cycle consisted of a 

denaturation step for 3 seconds at 95ºC, followed by 30 seconds at an 

annealing/extension temperature of 60ºC; the melt curve was done 

from 65-95ºC, increasing 0.5ºC every 5 seconds. 

Newly designed primers used in this study are listed in Table 2.5. 
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Table 2.5. List of primers used for gene expression analysis. 

Target 
gene Primers sequence Dil. Eff%. R2 

Adiponectin 
    Forward 
    Reverse 

 
AACTTGTGCAGGTTGGATGGC 
TTCTCTCCCTTCTCTCCAGGA 

 
1:40 

 
101.07 

 
1 

CD137 
    Forward 
    Reverse 

 
CGTGCAGAACTCCTGTGATAAC 
GTCCACCTATGCTGGAGAAGG 

 
1:80 

 
105.99 

 
0.99 

CIDEA 
    Forward 
    Reverse 

 
TGACATTCATGGGATTGCAGAC 
GGCCAGTTGTGATGACTAAGAC 

 
1:80 

 
84.58 

 
0.99 

CITED1 
    Forward 
    Reverse 

 
AACCTTGGAGTGAAGGATCGC 
GTAGGAGAGCCTATTGGAGATGT 

 
1:80 

 
99.42 

 
1 

FABP4 
    Forward 
    Reverse 

 
TGGAAGCTTGTCTCCAGTGA 
AATCCCCATTTACGCTGATG 

 
1:40 

 
99.40 

 
0.99 

LHX8 
    Forward 
    Reverse 

 
AAGAGGCAGCTGTCCACG 
GAAGCTGGTCCGAGCTCTTT 

 
1:80 

 
99.57 

 
1 

PPARγ 
    Forward 
    Reverse 

 
GCCGAGTCTGTGGGGATAAA 
GTGAGACATCCCCACAGCAA 

 
1:80 

 
98.69 

 
0.99 

RIP140 
    Forward 
    Reverse 

 
TCCCCGACACGAAAAAGAAAG 
ACATCCATTCAAAAGCCCAGG 

 
1:40 

 
97.01 

 
1 

Reference 
genes     

RPLP0 
    Forward 
    Reverse 

 
CTGGAGAAACTGCTGCCTCA 
AGTGTTCTGAGCTGGCACA 

 
1:80 

 
97.42 

 
1 

TBP 
    Forward 
    Reverse 

 
CCTTGTACCCTTCACCAATGAC 
ACAGCCAAGATTCACGGTAGA 

 
1:40 

 
146.28 

 
0.96 

B2M 
    Forward 
    Reverse 

 
CCCTGGTCTTTCTGG 
TGTTCGGCTTCCCAT 

 
1:80 

 
103.86 

 
0.99 



The University of Nottingham  Chapter 2× 

64 

2.6.6 qPCR  

2.6.6.1 mMSCs qPCR 

qPCR was performed using either Fast SYBRTM Green Taq polymerase 

master mix or TaqMan universal master mix with murine-specific 

oligonucleotide primers (Eurofins) or FAM-MGB TaqMan probes. 

2.6.6.1.1 Fast SYBR green protocol 

When possible, standard curves were run at the same time than 

samples from the different set of experiments. Same master mix and 

qPCR protocol was followed as described in Chapter 2.6.5.2.5 (p. 70) 

2.6.6.1.2 TaqMan protocol 

According to the limit detection of the designed primers (>35 cycles), 

TaqMan probes were chosen for the following genes: UCP1, PRDM16, 

ATP2a2, COX8b, P2RX5, DIO2, TRPV1, TRPV2 and TRPV4 

(Thermoscientific TaqMan Gene Expression assays; assay: 

Mm00494069_m1, Mm00712556_m1, Mm01201431_m1; and BioRad 

TaqMan Gene Expression assays; assay, qMmuCIP0034367, 

qRnoCIP0024301, qMmuCEP0052679, qMmuCIP0031313, 

qMmuCIP0035343 and qMmuCIP0032629, respectively).  

A master mix was done for each gene: 5 µl of iTaqTM Universal Probes 

Supermix, 0.5 µl Taqprobe, 2.5 µl water; a total of 8 µl per well. 2 µl of 

sample were added at the end in each well. For each plate run 

(MicroAmp® Fast 96-well reaction plate, 0.1 ml, Applied Biosystems) 

duplicates of two NRTC, two NTC, and one negative (water instead of 

cDNA) were done. Once prepared, PCR plates were sealed using 

optical adhesive covers (Applied Biosystems) and centrifuged for 2 

minutes in a mini plate spinner (Labnet). 
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The reactions were set up in a thermal cycler Step One Plus (Real-Time 

PCR system and v.2.2 software, Applied Biosystems) selecting fast 

mode and TaqMan reagents with the following steps: an initial 

activation step for 2 minutes at 95ºC; a cycle consisted of a 

denaturation step for 5 seconds at 95ºC, followed by 30 seconds at an 

annealing/extension temperature of 60ºC; the melt curve was done 

from 65-95ºC, increasing 0.5ºC every 5 seconds. 

2.6.6.2 hUCT-MSC qPCR 

For human MSCs total RNA from MSCs samples was extracted and 

normalized to 1 µg/µl and reverse transcribed to cDNA as previously 

described (Chapter 2.6.4 RT-PCR, p. 66). TaqMan probes were chosen 

for the following genes: Actb, Adiponectin, PPARg, b3-AR; Glut4, 

FGF21, InsR, Lep, PGC1a, PRDM16, DIO2, CIDEA, RetN (BioRad 

TaqMan Gene Expression assays; assay, qHsaCEP0036280, 

qHsaCEP0054708, qHsaCEP0051687, qHsaCEP0055256, 

qHsaCEP0054748, qHsaCIP0032896, qHsaCIP0031043, 

qHsaCIP0031310, qHsaCIP0026151, qHsaCEP0052327, 

qHsaCEP0055819, qHsaCEP0024748, qHsaCEP0050303, respectively) 

and UCP1 (Thermoscientific TaqMan Gene Expression assay: 

Hs00222453_m1).  

qPCR reactions and program were similar to the one described above 

(Chapter 2.6.6.1.2 TaqMan protocol, p. 73). 

2.6.7 geNorm  

To analyse gene expression the best reference genes in each set of 

experiments were selected by geNorm using Microsoft Excel. First, 

geometric mean is calculated and pairwise variation of each gene was 



The University of Nottingham  Chapter 2× 

66 

compared to all other genes analysed, a stability value (M) was then 

calculated and the two most stable genes were selected (lower M 

value). Raw Ct values of the gene of interest were converted to relative 

quantities (Rel Q) using the following formula:  

!"#	% = 2("#$	&'()*+,-	&'()*) 

where 2 means 100% efficiency of the gene of interest. 

The relative gene expression of the gene of interest was normalised 

using Rel Q against the geometric mean of the selected reference 

genes. The formula described above takes different PCR efficiencies 

into account by substituting 2 accordingly.  

2.6.7.1 mMSCs geNorm 

Gene expression was determined using geNorm normalization 

algorithm against two selected reference genes out of three: TBP 

(TATA sequence binding protein), B2M (Beta-2-Microglobulin) or 

acidic ribosomal protein subunit P0 (RPLP0), (TBP and RPLP0 stability 

value M=0.47 and B2M and RPLP0 stability value M=0.36 for Chapter 

3 and 4, respectively). 

2.6.7.2 hUCT-MSCs geNorm 

Gene expression was determined using geNorm normalization 

algorithm against two selected reference genes (stability value M=0.25) 

elongation factor 2 (EEF2) (qHsaCIP0028057) and acidic ribosomal 

protein subunit P0 (RPLP0) (qHsaCEP0041375). 
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2.7 Imaging and image analysis 

2.7.1 Brightfield and fluorescent images 

Brightfield images were taken using a Nikon eclipse TS100. As 

indicated fluorescent images were taken using Nikon eclipse 90i 

fluorescent microscope, a micropublisher 5.0 RTV digital camera and 

Volocity software version 5.2.0, Improvision Ltd. All images were taken 

using same settings and conditions. 

2.7.2 Super-resolution imaging in structured illumination mode 

For super-resolution imaging, cells mounted with CitiFluor (CF3) 

medium (Agarscientific, UK) were imaged using a Zeiss Elyra PS.1 

microscope, in structured illumination mode (SIM), with the following 

settings: objective Plan- Apochromat 63 x /1.4 Oil DIC M27, filter set 

LBF −405/633, cmos camera exposure time 20 ms. Three imaging 

tracks were set up in fast frame mode, which alternates the excitation 

lasers (solid state 405, 488 nm and 633 nm, at 1, 1.2 and 4.5% laser 

power settings, respectively). In the fast frame mode, images from the 

three channels were acquired almost simultaneously with an exposure 

time difference of 20 ms between the blue, red and green channel. 

Image processing and channel alignment was done using the 

manufacturer’s software 

(https://www.zeiss.com/microscopy/int/products/microscope-

software/zenlite.html). 
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2.7.3 Morphometric and stereological analysis 

The percentage of differentiated cells was estimated by dividing the 

total number of differentiated cells by the total number of all cells, 

using randomly selected micrographs per condition (three biological 

replicates) at a final magnification of 400. The same images taken for 

Mitochondrial staining, using only the green channel (Bodipy 493/503 

staining), were used to evaluate Maximum Feret’s Diameter (MFD), the 

longest distance between any two points of the object. Ferret’s 

diameter is generally used in optical microscopy to measure the size of 

irregularly shaped particles178. In order to analyse lipid droplets (LDs) 

distribution, LDs in fifteen micrographs per group were measured. For 

all calculations and measurements, ImageJ software was used. Images 

displaying only LDs were transformed to 8-bit, then colour threshold 

was adjusted to black and white, next watershed was applied to 

separate LDs reaching each other, finally LDs were then measured. An 

example of the analysis is shown in Figure 2.4. 

 

Figure 2.4. Example of the morphometric and stereological analysis.  

(A) shows fluorescent image taken of mMSCs at day 14 of differentiation at 32ºC, 

MitoTracker Orange CM-H2 TMRos (red), Hoechst 33258 (nuclei – blue) and Bodipy 

493/503 (LDs – green), (B) green channel (Bodipy 493/503 staining), (C) image show 

analysis performed in ImageJ. Scale bar 10 µm. 
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2.7.4 Densitometric analysis of UCP1 positive area 

Twelve to fifteen fields per condition (three biological replicates) were 

randomly selected at either x400 or x630 magnification and the UCP1 

positive areas were calculated using the processing software ImageJ. 

The images were converted to HSB stack with saturation settings for 

MinThreshold and MaxThreshold to segment UCP1 positive areas. The 

percentage of area within the threshold range was measured. When 

indicated a macro used in ImageJ software was created, maximum 

entropy threshold was applied in all pictures followed by a gaussian 

blur and an un-sharp mask, same processing conditions were applied 

to all pictures. An example of the analysis is shown in Figure 2.5. 

 

Figure 2.5. Example of the densitometric analysis of UCP1 positive area. 

(A) shows fluorescent image taken of mMSCs at day 14 of differentiation at 37ºC, 

UCP1 (red), Hoechst 33258 (nuclei – blue) and Bodipy 493/503 (LDs – green), (B) red 

channel (goat anti rabbit - Alexa Fluor 633), (C) image show analysis performed in 

ImageJ. Scale bar 10 µm. 
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2.8 Statistical analysis  

All data were evaluated and interpreted graphically using Graph Pad 

Prism 7 Software (https://www.graphpad.com). For data that was 

normally distributed t-test was used. To evaluate the statistical 

significance in two groups comparison, in gene expression analysis 

data, the nonparametric Mann Whitney test was used. For three or 

more groups evaluation, the nonparametric Kruskal-Wallis test with 

multiple comparison was done with uncorrected Dunn’s test to 

evaluate the statistical significance between groups. Statistical 

significance was accepted at p<0.05, with *p<0.05; **p<0.01; 

***p<0.001. Errors bars plotted on graphs are presented as the mean 

± SEM. n= 3 or 4 individual experiments. For principal component 

analysis, ClusVis (https://biit.cs.ut.ee/clustvis/) was used.  

.
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Chapter 3. Low temperature 

exposure induces browning of 

bone marrow stem cell derived 

adipocytes in vitro  
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 Main Findings 

 

• mMSC derived adipocytes show both leptin and UCP1protein 

expression at normal culture conditions. 

• mMSC derived adipocytes display leptin nuclei translocation 

when exposed to cold temperature. 

• mMSC generate adipocytes that have a specific phenotype 

with a prevalence of beige/brown molecular characteristics.  

• cold differentiated adipocytes show an increased bioenergetics 

response. 
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 Introduction 

Traditionally, two types of adipose tissue are recognized in mammals: 

white adipose tissue (WAT) and brown adipose tissue (BAT)145. Both 

types are specialized to store energy in the form of lipids, whilst BAT 

has capacity to dissipate energy in the form of heat, thereby 

contributing to thermogenesis in mammals179,180. Heat production in 

BAT is mediated by a unique uncoupling protein 1 (UCP)1 which 

stimulates proton conductance across the mitochondrial membrane to 

uncouple respiration from adenosine triphosphate (ATP) synthesis145. 

A third type of adipocytes has been recently discovered. Beige 

adipocytes resemble brown adipocytes due to multilocular lipids 

droplets, high mitochondrial density and UCP1 expression158 and can 

be activated through cold exposure or β-adrenergic stimulation181.  

The most potent physiological stimulus to activate UCP1 is cold 

exposure, which has been shown to promote the appearance of UCP1 

both in vivo and in vitro144,149. It is unclear, however, whether this 

thermal response could have a comparable impact on the regulation 

of stem cell differentiation into adipocytes. The importance of thermal 

stimulation in determining the composition of fat is emphasized from 

the fact that brown-like adipocytes can also appear at anatomical sites 

corresponding to WAT99,143 to form recruitable ‘beige’ adipocytes80,182. 

Unlike classic BAT, beige cells express much lower amounts of UCP165, 

but after cold stimulation or treatment with b-adrenergic receptor 

agonists, they resemble classic BAT and UCP1 is upregulated65,183. 

Moreover, when fully stimulated, beige adipocytes undergo UCP1-

mediated respiration65, but their molecular and developmental 

characteristics are different from brown adipocytes. For example, in 
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addition to UCP1, beige cells express a subset of specific markers such 

as CD137, TMEM26, CITED1 and P2RX5, which is also recognised as 

an adipogenic regulator58–60,65,66,184,185.  

Critically, all adipocytes are mesenchymal in origin4. Mesenchymal 

stem cells (MSCs) are present in a wide range of tissues, and used as a 

cellular model to study differentiation towards a variety of lineages186.  

Bone Marrow (BM) derived MSCs are characterised by their potential 

to differentiate into several cell types, including osteoblasts, 

chondroblasts, adipocytes and myocytes6. Recently, more complex 

roles have been attributed to BM adipocytes, not only as a passive fat 

depot, but also as cells actively participating in BM lipid metabolism 

and osteogenesis, with features described as a mix of both WAT and 

BAT characteristics. However, detailed characterization of BM-derived 

mMSCs and the mechanism enabling them to develop into brown, 

beige or white adipocytes have not previously been examined. MSCs 

have recently been proposed to provide a source of thermogenic cells 

that could ultimately be used to treat obesity and/or diabetes. An 

important step towards this goal is to establish the optimal conditions 

for inducing brown and/or white-to-brown adipogenesis from MSCs 

and to test our hypothesis regarding the effects of different 

temperature conditions on adipogenic differentiation in vitro. It is 

known that BM adipocytes secrete and express high levels of 

adiponectin and leptin, raised leptin is one marker of adipocyte 

differentiation. Accordingly, the potential of BM-derived mouse MSCs 

to undergo browning and the extent to which this can be modulated 

by the temperature at which the cells are incubated during 

differentiation was evaluated, together with its potential impact on 

brown/beige markers and leptin expression. 
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The present chapter investigates the principal molecular and cellular 

processes driving the commitment of mouse MSCs into the brown 

adipocyte lineage. Low temperature was observed to stimulate 

browning in mMSCs adipogenic cultures, increase adipocyte number 

and, upregulate adipogenic and thermogenic factors. Cold-exposed 

differentiated cells showed a clear cytoplasmic remodelling, illustrated 

by both an increase in mitochondria content and a build-up in small 

multilocular lipid droplets (LDs). Finally, brown-adipogenic 

characteristics were confirmed by the detection of the beige and 

brown cell-specific molecular markers TMEM26, CD137 and P2RX5, as 

well as FABP4, UCP1, LHX8, COX8b and RIP140. These results show 

that mMSCs generate adipocytes that have a specific phenotype with 

a prevalence of beige/brown characteristics and display temperature-

responsiveness, with upregulation of beige and brown markers, 

increased bioenergetics response, accompanied by morphological 

changes in line with BAT features, indicating that MSCs provide a 

source of thermogenic adipocytes which can be used to model BAT-

based approaches to treat metabolic diseases. 
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The work for this chapter was performed in collaboration with Ksenija 

Velickovic (K.V.) PhD. K.V. and H.A.L.L., carried out all cellular 

experiments, optimisation of ORO, mitochondria and calcium staining. 

K.V. preformed all immunostainings and seahorse analysis. H.A.L.L. 

carried out the design and optimisation of the primers used for the 

study and molecular analysis. Interpretation of results, final review and 

discussion of the study was done by all authors cited here: 

DOI:10.1038/s41598-018-23267-9.  

K.V. and H.A.L.L. performed all cell culture, metabolic activity, ORO and 

lipid quantification. K.V. performed all immunofluorescence, 

MitoTracker staining, confocal microscopy, image analysis and 

seahorse measurements and analysis. H.A.L.L optimised Mitotracker, 

Bodipy and Hoechst staining, designed and validate all primers, 

performed RNA extraction, RT-PCR, qPCR, molecular analysis, calcium 

images and transferred cells.  

 

 Methods 

mMSCs D1 (BM-derived mouse MSCs) were differentiated as 

described in Chapter 2.2.4 mMSC adipogenic differentiation, p. 40. 

Adipocytes were differentiated for 11 days at 37ºC and 32ºC culture 

conditions. At the end of the treatment metabolic activity, morphologic, 

lipid content, molecular signature; UCP1, TMEM26, CD137, leptin and 

TRPVs protein expression as well as bioenergetic capacity was 

analysed as described in Chapter 2.4.1, p. 50; 2.4.3, p. 52; 2.5.1, p. 54; 

2.5.3, p. 55. BM-derived mouse MSCs will be referred as mMSCs. 
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 Results 

 Mouse Mesenchymal stem cells (mMSCs) achieve an 

adipogenic phenotype and express both UCP1 and leptin.  

In order to examine the time course of mMSC differentiation, cells were 

treated with adipogenic medium at 37°C. By day 9, cells were clearly 

distinguishable from untreated cells maintained in standard medium, 

as confirmed by oil red O (ORO) staining (Fig. 3.1A). To further 

characterize the adipogenic response, UCP1 and leptin 

immunostaining was performed. Both markers were observed to be 

expressed in the majority of differentiated cells (Fig. 3.1B). UCP1 was 

found only after adipogenic treatment, while leptin was observed in 

both control and adipogenic conditions (Fig. 3.3A and C). 



 

 78 
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Figure 3.1. mMSCs differentiated adipocytes show uncoupling protein (UCP)1 and 

leptin expression.  

(a) mMSCs acquired an adipogenic phenotype confirmed by ORO staining. Scale bars: 

50 μm. (b) Super-resolved structured illumination microscope image showing 

presence of leptin+/UCP1+ cells in adipocytes-treated mMSC cultures analysed by 

immunofluorescence. Leptin (red) and UCP1 (green) were found to be co-expressed 

in differentiated cells (asterisks highlight LDs), with DAPI nuclear counterstain (blue). 

Scale bars: 10 μm. n = 3 individual experiments. Panel A performed by Hilda Anaid 

Lugo Leija; panel B performed by Dr. Ksenija Velickovic. 

 Enhanced adipogenesis and morphological changes shows 

signs of browning in hypothermic conditions.  

In order to investigate the influence of temperature on UCP1 

expression in our model, cells were either maintained at 37°C 

(standard temperature) or 32°C (lower temperature) and subjected to 

adipogenic treatment. Using the Presto Blue assay, no deleterious 

effect was noticed in adipocytes differentiated at 32°C and metabolic 

activity was increased (Fig. 3.2A and B). Cells were then subjected to 

ORO staining to further evaluate adipogenic differentiation. A large 

perinuclear LDs were observed in the cytoplasm of adipocytes 

differentiated at 37°C, compared with numerous, smaller LDs located 

further away from the nucleus in adipocytes differentiated at 32°C (Fig. 

3.2C). Morphometric analysis of LD diameter confirmed the prevalence 

of larger LDs in adipocytes differentiated at 37°C (Fig. 3.2D), which was 

accompanied by a lower total lipid content (Fig. 3.2E) and fewer 

differentiated cells (Fig. 3.2F). Taken together these results show 

increased metabolic activity, cellular differentiation and lipid content 

when incubated at a cooler temperature.
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Figure 3.2. Cellular response of mMSCs exposed to 9-day adipogenic differentiation 

under standard or hypothermal conditions.  

(a and b) Metabolic activity measured in adipogenic treated cultures maintained at 32 

and 37°C. (c) ORO staining of cells after 9 days of differentiation at 32°C and 37°C, 

and (d) changes in LDs size distribution (mean diameter). Scale bars, 20 μm. (e) 

Changes in lipid content per well in cells differentiated at 32 and 37°C. *** 

Comparison of the same treatments at different temperature. Statistical significance 

was set at p<0.05. (f) Proportion of lipid-containing cells after differentiation at 32°C 

and 37°C. Measurements (d and f) were done on 50 randomly selected micrographs 

per condition (n = 3 individual experiments). Data are shown as mean ± SEM. 

Statistical significance was set at p<0.05. Panels A, B, C & E performed by Hilda Anaid 

Lugo Leija; D & F performed by Dr. Ksenija Velickovic. 
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 Temperature-related changes in differentiated mMSC-

derived adipocytes: increased UCP1 protein expression and 

leptin translocation to the nucleus.  

Next, the effect of temperature on UCP1 and leptin was analysed (Fig. 

3.3), and although UCP1 was observed in most differentiated 

adipocytes, exposure to a lower temperature strongly enhanced UCP1 

abundance (Fig. 3.3A and B). Similarly, leptin was expressed in both 

adipogenic groups but surprisingly, unlike adipocytes differentiated at 

37°C where leptin was localized in the cytoplasm, whereas in 

adipocytes differentiated at 32°C leptin was found to be localized in 

the nucleus (Fig. 3.3C and D). This difference was confirmed by 

immunofluorescence detection using confocal microscopy imaging of 

serial sections with a thickness less than 1 µm (Fig. 3.4). The same 

morphological changes related to LD size and their distribution were 

observed in primary mouse BM-derived adipocytes as well as in human 

adipose-derived stem cells (hADSCs) (Fig. 3.5). Furthermore, in both 

cell types UCP1 protein expression was increased (Fig. 3.5A) in 

adipocytes differentiated at 32°C and leptin was observed to be 

localized in the nucleus (Fig. 3.5B).
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Figure 3.3. Temperature-related changes in differentiating mMSCs.  

(a) Detection of uncoupling protein (UCP)1 protein expression in adipocytes 

differentiated at 37 vs 32°C visualized with 3, 3′-diaminobenzidine (DAB) as the 

chromogen. Scale bar: 20μm. (b) Image quantification of UCP1-positive cell area. Data 

represent the mean ± SEM. Statistical significance was set at p<0.05. (c) Leptin 

immunodetection in adipogenic cells in cultures differentiated in 37 vs 32°C visualized 

with 3, 3′-diaminobenzidine (DAB) as the chromogen. Scale bar: 20μm. (d) 

Fluorescence image of leptin (red) cytoplasmic localization in adipocytes 

differentiated in 37°C (left image) and leptin nuclear localization in adipocytes 

differentiated at 32°C (right image). DAPI was used to identify nuclei (blue) and 

asterisks indicate LDs. Image inserts show enlarged view of adipocytes in boxed areas. 

Scale bar: 10 μm. (e) Representative fluorescence image of leptin nuclear localization 

(red) in adipocytes differentiated at 32°C. DAPI was used to identify nuclei (blue) and 

BODIPY was used to identify LDs (green). Insert shows enlarged view of nucleus in 

boxed area. Scale bar: 10μm. n = 3 individual experiments. Performed by Dr. Ksenija 

Velickovic. Differentiation performed equally by Hilda Anaid Lugo Leija and Dr. 

Ksenija Velickovic; immunocytochemistry, quantification and imaging performed by 

Dr. Ksenija Velickovic. 
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Figure 3.4. Image from a confocal z-stack with orthogonal views of leptin (purple) 

localization in mMSCs differentiated adipocytes at 32°C.  

DAPI was used to identify nuclei (blue) and BODIPY was used to identify LDs (green). 

Scale bar: 2 μm. Performed by Dr. Ksenija Velickovic. 
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Figure 3.5. Temperature-related changes in differentiating mouse primary bone 

marrow (BM) mesenchymal stem cells (MSC) derived and human adipose-derived cells 

(hADSCs).  

Detection of (a) UCP1 and (b) leptin (purple) protein expression in adipocytes 

differentiated at 37 vs 32°C. DAPI was used to identify nuclei (blue) and BODIPY was 

used to identify LDs (green). Arrows indicate leptin nuclear localization in cells 

differentiated at 32°C. Scale bar: 5 μm. n = 3 individual experiments. Performed by 

Dr. Ksenija Velickovic. 

 

To determine whether this adipogenic phenotype acquired at 32°C 

may be reversible as found in vivo, cells differentiated at 32°C were 

subsequently transferred to standard culture conditions (37°C). These 

cells exhibited a morphology more similar to cells differentiated solely 

at 37°C than that of cells differentiated at 32°C (Fig. 3.6). 

Morphological changes were accompanied with changes in UCP1 and 

leptin expression (Fig. 3.6B, C and D).As can be seen from (Fig. 3.6), 

cells transferred from 32°C to 37°C showed a pattern of UCP1 

expression similar to that of cells differentiated at 32°C, as well as 

positive leptin reaction in nuclei, showing that the hypothermic cells 

retained their cold phenotype after rewarming (Fig. 3.6D). Additionally, 

cells transferred from 37 to 32°C showed the same pattern of UCP1 

thermotransient receptor potential ion channel subfamily V (TRPV)1 

expression as cells differentiated at 32°C (Fig. 3.6E). 
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Figure 3.6. Morphological changes in cells transferred from 32 to 37°C and UCP1 

expression.  

(a) mMSCs were differentiated at 32°C for seven days, transferred to 37°C for the 

next seven days and stained with ORO. During this period, cells achieved 

intermediate phenotype with large LDs and enhanced differentiation. (b) 

Morphological changes are accompanied by variation in UCP1 protein expression. 

Higher level of UCP1 expression could be seen in groups differentiated at 32°C and 

transferred to 37°C. (c) Image quantification of UCP1-positive cell area. Data 

represent the mean ± SEM. Statistical significance was set at p<0.05. (d) Leptin 

expression in adipocyte nuclei in groups differentiated at 32°C and transferred to 

37°C. Scale bars: 50 μm. (e) Representative image showing double staining of TRPV1 

(purple) and UCP1 (green) protein expression in adipocytes transferred from 32 to 

37°C. DAPI was used to identify nuclei (blue) and asterisks indicate LDs. Scale bar: 5 

μm. Images representative of 3 individual experiments. *p<0.05, **p<0.01, 

***p<0.001. Differentiation and ORO performed by Hilda Anaid Lugo Leija; 

immunocytochemistry and quantification performed by Dr. Ksenija Velickovic. 

 Lower temperature conditions affect PGC-1a expression, the 

bioenergetic status and reduce coupling efficiency of MSC-

derived adipocytes.  

The dynamic process of adipocyte differentiation in both WAT and BAT 

is accompanied by changes in the mitochondrial number 

(mitochondrial biogenesis), shape and localization, and is under the 

control of several transcription factors including PGC-1α, a PPARg 

coactivator and main regulator of mitochondrial biogenesis and 

oxidative phosphorylation187,188. PGC-1α immunostaining (Fig. 3.7A), 

and mitochondrial staining performed using MitoTracker Orange (Fig. 

3.7B), revealed that cells differentiated at 32°C exhibited strong 

nuclear PGC-1α signal compared to the cytoplasmic staining observed 

in cells differentiated at 37°C. MitoTracker relative fluorescence 
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intensity was slightly increased in adipocytes differentiated at 32°C 

compared with 37°C, although statistical significance was not reached 

(Fig. 3.7C). However, MitoTracker relative fluorescence intensity 

measured around LDs (Fig. 3.7D) was significantly enhanced in 

adipocytes differentiated at 32°C, which confirmed that at lower 

temperature mitochondria were more frequently observed adjacent to 

the LDs compared with mitochondria in cells differentiated at 37°C. 
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Figure 3.7. PGC-1α immunoexpression, mitochondrial localization and bioenergetics 

measurement during mMSCs differentiation under different temperature conditions.  

(a) Fluorescence image of PGC-1α (purple) in adipocytes differentiated at 37 °C and 

32 °C. DAPI was used to identify nuclei (blue) and BODIPY was used to identify LDs 

(green). (b) mMSC-derived adipocytes stained with MitoTracker Orange CM-H2 TRos 

(red) and DAPI nuclear counterstain (blue). Asterisks indicate LDs. Scale bar: 10 μm. 

(c) Relative fluorescence intensity of MitoTracker staining was determined at 

randomly selected images, measuring relative fluorescence intensity on whole image 

(d) Relative fluorescence intensity of MitoTracker staining was determined at 

randomly selected ROI around LDs, at distance of 3 µm from LD’s membrane. Data 

represent the mean ± SEM. Statistical significance was set at p < 0.05. (e) OCR 

following differentiation of adipocytes at 37 and 32 °C, respectively. (f) Six parameters 

of mitochondrial function calculated from the bioenergetics profile (basal respiration, 

proton leak, ATP-linked respiration, maximal capacity, spare capacity and non-

mitochondrial respiration). Data represent the mean ± SEM. Statistical significance 

was set at p < 0.05. (g) ECAR following differentiation of adipocytes at 37 and 32 °C, 

respectively. (h) Quantitative ECAR analysis of adipocytes differentiated at 37 and 

32 °C, respectively following treatments with mitochondrial inhibitors. (i) Coupling 

efficiency indicating the proportion of respiratory activity used for ATP synthesis. Bars 

represent mean ± SEM. Statistical significance was set at p < 0.05. (j) The metabolic 

profile for both adipogenic groups was determined by plotting ECAR to OCR. Bars 

represent mean ± SEM. Statistical significance was set at p < 0.05. n = 6 individual 

experiments. Performed by Dr. Ksenija Velickovic. 
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The bioenergetic status of cells was then investigated using a Seahorse 

XF96 flux analyser (Chapter 2.4.2 Seahorse assay, p. 50). OCR and 

ECAR readings were taken over time under basal conditions and after 

the addition of mitochondrial inhibitors (1.5 μM oligomycin, 0.8 μM 

FCCP and 1μM rotenone/antimycin). The overall respiratory responses 

(Fig. 3.7E) were calculated for the six key regulators of mitochondrial 

function. Adipocytes differentiated at 32°C had a markedly higher 

mitochondrial respiration under basal conditions and following 

oligomycin treatment (Fig. 3.7F), which results in chemically-induced 

uncoupling. Furthermore, ATP-linked oxygen consumption rate (OCR), 

maximal OCR, reserve capacity and non-mitochondrial OCR were all 

increased in adipocytes differentiated at 32°C (Fig. 3.7F) and coupling 

efficiency (Fig. 3.7I), an indicator of the proportion of respiratory 

activity used for ATP synthesis, was reduced.  

Simultaneously with the OCR detection, the extracellular acidification 

rate (ECAR) (Fig. 3.7G and 3.7H) was raised in cells differentiated at 

32°C. Following oligomycin treatment, when mitochondrial ATP 

synthesis is blocked, both adipocyte cultures were able to upregulate 

glycolysis to meet the demand for ATP. The ECAR response also 

increased more during carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP) and rotenone/antimycin treatment in 

adipocytes differentiated at a low temperature (Fig. 3.7H). Plotting 

basal ECAR against OCR (Fig. 3.7J) summarised the effect of 

temperature which, when reduced, led to an increase not only in 

glycolysis, but also in oxidative phosphorylation, indicating more 

metabolically active cells. 
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 Mouse MSC-derived adipocytes exhibit characteristics of 

white, beige and brown adipocytes at protein and mRNA 

level.  

To determine whether our new model could generate adipocytes that 

exhibit the main features of beige cells, immunofluorescence detection 

(Chapter 2.5.3. p.55) was performed for CD137 and TMEM26 in 

undifferentiated mMSCs at 37°C (Fig. 3.8) and was found to be positive, 

with co-localisation on the cell membrane.  

 

Figure 3.8. CD137 and TMEM26 immunodetection in undifferentiated mMSCs at 37°C.  

Fluorescence image of beige precursor markers showing cell membrane expression. 

DAPI was used to identify nuclei (blue). Scale bars: 20 μm. Images representative of 

3 individual experiments. Differentiation equally performed by Hilda Anaid Lugo Leija 

and Dr. Ksenija Velickovic; immunocytochemistry performed by Dr. Ksenija Velickovic. 

 

Co-staining for CD137 and UCP1 showed that most of the adipocytes 

differentiated at 32°C were positive for both (Fig. 3.9). Nuclear leptin 

localization in UCP1-expressing cells was further confirmed using 

immunofluorescence and confocal microscopy (Fig. 3.10). Additionally, 

this confirmed leptin and UCP1 co-expression in adipocytes 
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differentiated at both 37 and 32°C, with nuclear translocation of leptin 

only observed in the later. 

 

Figure 3.9.Expression of beige and brown markers in mMSCs-derived adipocytes 

differentiated at 32°C.  

(a) Representative image showing the prevalence of beige cell-specific marker CD137 

(red), multilocular phenotype and uncoupling protein (UCP)1 expression (yellow). 

DAPI was used to identify nuclei (blue) and BODIPY was used to identify LDs (green). 

The dashed square highlights difference in staining between two adjacent adipocytes. 

Scale bar: 50 μm. (b) Enlarged view of the square area, with individual and merged 

images showing adipocytes positive for both beige selective markers, CD137 (red) 

and brown cell-specific marker, UCP1 (yellow). Scale bars: 10μm. n = 3 individual 

experiments. Differentiation equally performed by Hilda Anaid Lugo Leija and and Dr. 

Ksenija Velickovic; immunocytochemistry and imaging performed by Dr. Ksenija 

Velickovic. 
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Figure 3.10.Leptin nuclear localization in UCP1+ mesenchymal stem cell-derived 

adipocytes differentiated at 32°C.  

(a) Representative image showing double staining for leptin (red) and uncoupling 

protein (UCP)1 (purple). DAPI was used to identify nuclei (blue) and BODIPY was used 

to identify LDs (green). Scale bar: 100 μm. (b) Enlarged view of the square area, with 

individual and merged images showing adipocytes nuclei positive for leptin (red) and 

positive for UCP1 (purple). Arrows indicate nucleus positive for leptin and UCP1 

cytoplasmic expression in the same cell differentiated at 32°C Scale bar: 10μm. n = 3 

individual experiments. Differentiation equally performed by Hilda Anaid Lugo Leija 

and Dr. Ksenija Velickovic; immunocytochemistry and imaging performed by Dr. 

Ksenija Velickovic. 
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For the gene expression analysis (Chapter 2.6 Molecular Biology, p. 57) 

RNA was normalized to 0.5 µg/µl to perform real-time PCR (Fig. 3.11) 

and, whilst PPARγ gene expression was detected in all samples, the 

expression of other general adipogenic markers, such as AdipoQ and 

FABP4, was found only in adipogenic-treated cultures. In addition, cells 

differentiated at 32°C showed increased expression for each of these 

genes (Fig. 3.11A) when compared to its respective control. 

Furthermore, leptin and leptin receptor expression were confirmed in 

all experimental groups (Fig.3.12). Similarly, beige-selective genes 

CITED1, CD137 and P2RX5 were expressed in all samples, and 

upregulated during differentiation at 32°C when compared to its 

control (Fig. 3.711B). Notably, adipocyte differentiation at 32°C 

promoted the upregulation of brown-selective genes, including UCP1, 

LHX8, COXb8 and RIP140, but decreased the expression of CIDEA (Fig. 

3.11C) when compared to its control. Furthermore, expression of the 

TRPV1, 2 and 4 was detected in BM-derived adipocytes differentiated 

at 37 and 32°C, respectively. However, cells differentiated at 32°C 

significantly increased the expression of TRPV1, when compared to 

adipocytes differentiated at 37ºC showing its involvement in mediating 

temperature-sensing mechanism (Fig. 3.11D). Moreover, 

immunofluorescent staining confirms TRPV1/UCP1 co-expression in 

adipocytes differentiated at 32°C and 37°C, with enhanced TRPV1 

immunoexpression in cells differentiated at 32°C (Fig. 3.11E and 3.11F). 

 

 



 

 97 

 



The University of Nottingham  Chapter 3× 

 98 

Figure 3.11. Real-time PCR analysis of gene expression during mMSCs differentiation 

under different temperature conditions.  

(a) Expression levels of general adipocytes markers: AdipoQ, FABP4 and PPARγ. Data 

represent the mean ± SEM of three replicas. Statistical significance was set at p<0.05. 

(b) Expression levels of beige lineage markers: CITED1, CD137 and P2RX5. Data 

represent the mean ± SEM of three replicas. Statistical significance was set at p<0.05. 

(c) Expression levels of brown lineage markers: UCP1, PRDM16, CIDEA, LHX8, 

COX8b and RIP140. Data represent the mean ± SEM of three replicas. Statistical 

significance was set at p<0.05. (d) Expression levels of TRPV1, TRPV2 and TRPV4. 

Data represent the mean ± SEM of three replicas. Statistical significance was set at 

p<0.05. (e and f) Representative images showing double staining of TRPV1 (purple) 

and UCP1 (green) protein expression in adipocytes differentiated at 37 (e) and 32°C 

(f) DAPI was used to identify nuclei (blue) and asterisks present LDs. Scale bars: 5μm. 

n = 3 individual experiments. Panels A - D performed by Hilda Anaid Lugo Leija; 

panels E & F performed by Dr. Ksenija Velickovic. 

 

 

Figure 3.12. Real-time PCR analysis of Leptin and Leptin  

Receptor gene expression during mMSCs differentiation under different temperature 

conditions at day 9. Data represent the mean ± SEM of three replicates. Statistical 

significance was set at p<0.05. Performed by Hilda Anaid Lugo Leija. 
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 Ca+ levels  

Since TRPV1 is Ca2+-permeable cation channel and its activation leads 

to calcium influx, cells were stained with Fluo-4, a Ca2+-sensitive dye. 

While signal for intracellular calcium was not detected in the majority 

of cells differentiated at 37°C, more cells differentiated at 32°C showed 

high cytoplasmic Fluo-4 signal, consistent with TRPV1 activation in cells 

differentiated under low temperature conditions (Fig. 3.13). 

 
Figure 3.13. Temperature-related changes in differentiated mouse MSCs stained with 

Fluo-4.  

Detection of Ca2+ (green) in adipocytes differentiated at 37 vs 32°C after 9 days. 

DAPI was used to identify nuclei (blue). Stars indicate LDs-laden adipocytes. Scale bar: 

10 μm. Performed by Hilda Anaid Lugo Leija. 
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 Discussion  

 Adipogenic phenotype and expression of UCP1 and leptin in 

mouse Mesenchymal Stem Cells (mMSCs)  

Differentiation of mMSCs showed cells were able to successfully 

differentiate into adipocytes as previously reported86. In order to 

assess if our cells were able to differentiate into brown and white like 

adipocytes, leptin and UCP1 immuno-expression was performed at the 

end of the adipogenic treatment at 37°C. Adipose tissue secretes 

leptin, this protein has been found in WAT and rat’s brown adipose 

tissue at birth189. The nuclear presence of steroid and thyroid 

hormones is well documented190, and as adipocytes express the leptin 

receptor, it is possible that the leptin-leptin receptor complex enters 

adipocyte nuclei as recently observed in cancer cells191. Thus, the 

nuclear localisation and possible regulatory role of leptin in adipocytes 

could be linked to existing literature in other cellular models, including 

myoblasts192 suggesting a possible new regulatory role for leptin, a 

hypothesis consistent with its reported stimulatory effect on fatty acid 

oxidation192. It has also been reported the expression of leptin by 

adipocytes differentiated from primary bone marrow culture193 but the 

co-expression of leptin and UCP1 has only been reported in unilocular 

adipocytes in vivo194, suggesting the role of leptin is related to cell 

morphology, hence to thermogenesis activity194. UCP1/leptin dual 

expression phenotype, shown here, could indicate their functional 

diversity and potential to develop into both white and brown like 

adipocytes. Leptin nuclear function might influence in the control of 

adipocyte fate during development and differentiation process in 

addition to its role in appetite control195. 
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 Browning phenotype and increase of adipogenesis in cold 

temperature conditions 

Low temperature exposure is one of the most important physiological 

stimulators of cellular energy metabolism187, especially for BAT, and, in 

vivo, is known to increase proliferation, differentiation, UCP1 activity145 

and the browning of beige adipocytes61,144. Here, increased metabolic 

activity determined by Presto blue assay and Seahorse XF96 analysis 

was accompanied with raised adipogenesis and changes in 

intracellular lipid content, as determined by calculating number of 

differentiated cells and the ORO assay in both treatments, respectively. 

Adipocytes differentiated at normal culture conditions showed lower 

frequency of differentiated cells and bigger lipid droplets compared 

with adipocytes under cold conditions. Both the lipid content and the 

proportion of differentiated cells were raised under low temperature 

conditions, followed by the appearance of numerous, small lipid 

droplets located in the cytoplasm further away from the nucleus, one 

of the most relevant morphological signs of browning4,75. 

 Lower temperature conditions affect the bioenergetics 

profile and mitochondria frequency of adipocytes derived 

from mMSCs. 

A key structural aspect of adipogenesis and the browning process is 

mitochondrial biogenesis145 when mitochondria are remodelled, 

changing shape and size, increasing in number and cristae 

formation196. Even thought, mitochondria observed in adipocytes 

differentiated at 37°C were less frequent, relative fluorescence 

intensity quantification did not reveal any differences when compared 
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to 32°C. The main observation in adipogenic differentiation at 32°C 

were the size of lipid droplets which appear smaller and more 

numerous compared to adipocytes differentiated at 37°C, suggesting 

the enhancement of mitochondrial fatty acid oxidation in cold 

temperature. This was supported by the proximity of mitochondria and 

lipid droplets observed in this study, suggesting a modified 

distribution to optimise substrate supply.  

It is known that adipogenic differentiation promotes a transition from 

glycolytic metabolism to oxidative phosphorylation197, and an 

enhanced glycolytic rate has typically been interpreted as a 

consequence of reduced efficiency of ATP formation176. Here we found 

enhancement of two ATP-producing metabolic pathways, thus clearly 

indicating high energy demands of cells differentiated at 32°C. 

Furthermore, the metabolic profile, UCP1 activation, increased lipid 

content and reduced coupling efficiency suggest raised fatty acid 

oxidation and lipogenesis. These two processes have already been 

reported to act in parallel. Simultaneous induction of specific genes 

involved in fatty acid oxidation and synthesis in brown, beige and white 

adipocytes occurs, enabling a continuous cycle of triglycerides 

hydrolysis and resynthesis198. These processes require large amounts 

of ATP and could, at least partly, be a further cause of increased 

metabolic activity as observed in our study. 

 White, beige and brown features shown by MSC-derived 

adipocytes at mRNA level 

Hypothermic differentiated adipocytes displayed an increased 

expression of beige cell markers i.e. UCP1, CITED1, COX8b and 
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P2RX558 when compared to their control, unfortunately such increase 

was not shown to be significant when it was compared to adipocytes 

differentiated at 37ºC. Only CD137 marker was detected in both 

control and adipogenic cells and it could be an indication of mMSCs’ 

commitment to an adipogenic beige lineage4. Additionally, double-

staining showed adipocyte differentiation at a low temperature 

promoted the appearance of CD137/UCP1-positive cells. Gene 

expression was analysed in order to assess the transcriptional 

regulation of adipocytes differentiated from our cell model. Adipocyte 

cultures differentiated from mMSCs expressed several white, brown 

and beige fat markers, with a prevalent molecular signature of beige 

adipocytes in both the non-differentiated and differentiated state. 

P2RX5 is a beige adipogenic marker and its expression has been 

shown to increase in BAT and subcutaneous WAT in mice in response 

to chronic cold exposure66. On the other hand, COX8b has been 

described as a distinctive marker of WAT `browning´60. Upregulation of 

these genes, COX8b, UCP1, P2RX5, CITED1 and CD137 could suggest 

a transition from white to beige/brown adipocytes when differentiated 

at hypothermic conditions which was not achieved at a warmer 

temperature (37ºC). Unfortunately, some inconsistencies and 

limitations of the temperature effect were found with UCP1 gene 

detection, it is recognised that mRNA is not the principal determinant 

of protein quantity and function199. Increased TRPV1 expression 

suggested that cold exposure is able to affect adipogenic 

differentiation directly in cell-autonomous manner, activating a 

thermogenic program independently from of the central nervous 

system. These findings extend the observations accordingly to one 

previous report showing that 3T3-F442A adipocytes can directly sense 
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temperature to activate thermogenesis144. Interestingly, TRPV1 was 

recently identified as a novel regulator of leptin resistance in mice200.  

 Cold-induced brown phenotype and UCP1 expression in 

MSC-derived adipocytes are retained after rewarming.  

In order to corroborate UCP1 positive expression in cells differentiated 

under cold culture conditions, UCP1 expression by 

immunocytochemistry was performed and quantified. For the 

adipogenic differentiation treatments, results showed that mMSCs can 

express higher amount of UCP1 protein immunoexpression. This UCP1 

increase together with mitochondria redistribution after adipogenic 

induction at hypothermic conditions, highlights two hallmarks of brown 

adipogenesis4,75,107. It is known that UCP1 is necessary to activate 

thermogenesis on brown adipocytes199 therefore, to evaluate if UCP1 

activation could be retained after re-warming, adipocyte derived-

mMSCs differentiated under cold conditions were transferred to 

normal culture conditions, it was shown the UCP1 retaining capacity of 

this model after 7 days of re-acclimation, this could be explained by the 

ability of the cells to “remember”, it has been shown endothelial cells 

in culture have a “memory” capacity when these cells were induced to 

high glucose stress201, however morphological changes in lipid 

droplets size could be spotted once cells where transferred, giving a 

mixture in characteristics resembling white adipocytes with UCP1 

expression. 
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The results presented here are the answer to one specific hypothesis, 

namely whether mMSCs are capable to differentiate into beige 

adipocytes under hypothermal culture conditions (32ºC). In summary, 

results showed that mMSCs were able to successfully differentiate into 

adipocytes with leptin and UCP1 co-expression. MSC-derived 

adipocytes differentiated under hypothermal conditions exhibited an 

intermediate beige and brown phenotype showing small lipid droplets 

and mitochondria remodelling with increased metabolic activity, 

differentiated cells and lipid content. Notwithstanding adipocytes 

differentiated at hypothermic conditions did not achieve a significant 

increase in beigeing/browning gene expression when compared with 

their warmer counterpart, these results show the importance of cold 

exposure during adipogenesis by increasing certain browning traits 

which are not achieved at normothermic culture conditions, such as 

increased bioenergetics. Gene expression also confirmed a defined 

beigeing/browning molecular signature of cold differentiated mMSCs 

by the upregulation of COX8b, UCP1, P2RX5, CITED1 accompanied 

with increased TRPV1 expression and immuno-expression of CD137 

when compared to their controls. Finally, MSC-derived adipocytes 

differentiated in standard culture conditions under hypothermal 

conditions also exhibited a mixed phenotype with both characteristics 

of cells differentiated at 32°C and at 37°C. They retained leptin and 

high UCP1 signal while holding larger lipid droplets as an adaptive 

response. These intermediate characteristics indicate that MSC-

differentiated cells exhibit phenotypic plasticity and suggest a possible 

cellular memory of previous environmental conditions. 
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Chapter 4. MSC derived-

adipocytes differentiated under 

hypothermic conditions exhibit a 

brown phenotype after warm 

acclimatisation 
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 Main findings  

 

• Transfer MSC-derived adipocytes maintained their multilocular 

morphology and exhibit an intermediate brown/beige gene 

expression profile. 

• UCP1 protein expression in Transfer adipocytes remained 

similar to that found in cells kept at 32°C. 

• Transfer MSC-derived adipocytes are able to remain 

metabolically active after up to 3 weeks of acclimatisation. 

• An intermediate profile in Transfer cells could suggest a shared 

mechanism of calcium mediated UCP1-independent 

thermogenesis. 
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 Introduction  

White and brown adipocytes have different origins and functions10. 

White adipocytes, which provide energy storage in the form of 

triglycerides, are characterised by single large lipid droplets and few 

mitochondria. By contrast, brown adipocytes are multilocular and 

contain several small lipid droplets and many mitochondria, that 

promote energy expenditure through heat production10,132,138,202. The 

defining characteristic of brown adipocytes is the presence of the 

mitochondrial uncoupling protein 1 (UCP1), which when stimulated 

enables the free flow of protons across the inner mitochondrial 

membrane without phosphorylating ADP138,203. Consequently, the 

potential thermogenic capacity of brown fat is up to 300 times greater 

than all other tissues145. In addition to brown and white adipocytes, 

beige adipocytes have recently been reported to display a similar 

morphology to white cells in the basal state, but can be stimulated by 

cold exposure to acquire an activated brown-like morphology with 

significant UCP1 expression4,92,144,147. The extent to which a 

temperature induced stimulation of beige fat can be maintained upon 

return to a warm environment has not been widely studied. In vivo it 

appears that beige adipocytes from cold-stimulated mice revert to 

white fat within six weeks of warm acclimatisation67. Similarly, in vitro 

browning during adipogenic differentiation, mediated by maintaining 

the adipocytes at 27-33°C for 10 days is not maintained after the 

temperature was restored to 37°C144. Once established, however, 

brown adipocytes can maintain their multilocular morphology for one 

month in the same culture conditions157. This longer term adaptation 

appears to be mediated by a different mechanism from that initially 

promoting the appearance of UCP1 and could include adaptations in 
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the rate of biogenesis157 and mitophagy204. Mesenchymal stem cells 

(MSCs) are progenitors found in the bone marrow which have the 

potential to differentiate into several cell types4,7, including 

adipocytes4,102,205–208. Cold exposure has been shown to enhance the 

in vitro differentiation of MSCs into UCP1-expressing adipocytes92, but 

the extent to which this phenotype can be retained after return to 

normothermic conditions (i.e. 37°C ) is not known.  

This chapter continues with the evaluation of the stability and the 

acquired cellular features using the in vitro model of MSC 

differentiation under hypothermic conditions described in Chapter 3. 

Results described here demonstrate that these differentiated cells 

maintained some brown-like features and an intermediate 

thermogenic phenotype over 3 weeks of subsequent culture under a 

temperature of 37°C. Here, cells transferred from 32 to 37°C were 

found to maintain their multilocular morphology and to exhibit an 

intermediate gene expression profile, with both brown-like and white 

adipocyte characteristics, which declined after being returned to 37°C 

incubation for 21 days. UCP1 protein expression, however, remained 

similar to that found in cells maintained at 32°C. Metabolic profile 

analysis indicated that the bioenergetic status of cells initially 

differentiated at 32°C adapted post-transfer to 37°C, showing an 

increase in mitochondrial respiration and glycolysis. The ability of the 

transferred cells to respond under stress conditions (e.g. FCCP 

treatment) demonstrated higher functional capacity of enzymes 

involved in electron transport chain and capability to supply substrate 

to the mitochondria. Overall, MSC-derived adipocytes incubated at 

32°C were able to remain metabolically active and retain brown-like 

features after up to 3 weeks of acclimatisation at 37°C, indicating these 
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phenotypic characteristics acquired in response to environmental 

conditions are not fully reversible. 

 

 Methods  

To continue with the analysis on the stability of the browning traits 

induced by hypothermic conditions, mMSCs D1 were exposed to 

different culture environments (Fig. 4.1), cells were differentiated 

during 7 days at 32ºC and then transferred to standard culture 

conditions (37ºC – referred as Transfer). Parallel cells were 

differentiated at 37ºC and 32ºC to compare metabolic, morphologic, 

molecular signature, UCP1 protein expression and bioenergetic 

capacity of the transferred cells for an endpoint of 14, 21 and 28 days 

under adipogenic differentiation treatment, methods are described in 

Chapter 2.4.1, p. 50; 2.4.3, p. 52; 2.5.1, p. 54; 2.5.3, p. 55. Adipogenic 

differentiation experiments were done with the adipogenic medium 

described in Chapter 2.2.4, p. 40. Supplemented with 1 nM of T3 

(Sigma Aldrich, UK). 
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Figure 4.1. Schematic diagram of MSCs adipogenesis treatments.  

MSCs were cultured in adipogenic medium at 37°C or 32°C for 7 days, and then either maintained at this temperature or transferred to 37°C. Green arrows 

indicate samples’ timepoints at 14, 21 or 28 days. 



The University of Nottingham  Chapter 4× 
 

 112 

 Results 

 Cold-induced adipocytes retain brown-like cellular and 

morphological features when returned to a normothermic 

environment 

At the end of each timepoint, mitochondria abundance and UCP1 

protein expression were measured by quantifying the relative 

fluorescence of the MitoTracker Deep Red (100 nM, Molecular Probes) 

staining and UCP1 immunofluorescence intensity, respectively. When 

compared to normothermic control cultures, cells transferred from 32 

to 37°C showed similar expression of UCP1 protein and morphological 

features associated with hypothermal conditions, such as multilocular 

lipid droplets and increased mitochondria number which was 

maintained until day 21 (Fig. 4. 2). 
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Figure 4.2. Effect of culture temperature on the abundance of mitochondria and 

uncoupling protein (UCP)1.  

Representative images of (A) MitoTracker staining and (B) UCP1 shown in red, with 

Hoechst 33258 nuclear counterstain in blue, and Bodipy in green. Scale bar = 10 µM. 

Relative fluorescence intensity of (C) MitoTracker and (D) UCP1 staining as measured 

in 15 randomly selected micrographs of 3 independent experiments. *p<0.05, 

**p<0.01, ***p<0.001. 

 

In order to study the metabolic behaviour of the Transfer cells, Presto 

Blue assay was done at 14, 21 and 28 days of adipogenic culture. 

Compared to normothermic controls, metabolic activity was 

significantly increased in cells maintained at 32°C, but not in cells 

subsequently transferred back to 37°C (Fig. 4.3A). Next, cells were 

stained with ORO staining for further assessment. In contrast with 

metabolic activity, lipid content increased with time in cells that were 

maintained at 32°C and in those subsequently transferred to 37°C (Fig. 

4.3B). Same trend could be observed when the percentage of 

differentiated cells was analysed (Fig. 4.3C) as well as with the shift 

detected in lipid droplets size (Fig. 4.3D). The changes in lipid content 

were reflected by differences in cell morphologies, as MSCs 

differentiated at 37°C contained large perinuclear lipid droplets 

consistent with a white phenotype, while those differentiated at 32°C 

were mostly multilocular with smaller lipid droplets on days 14 and 21, 

and then exhibited larger lipid vacuoles by day 28. Cells transferred 

from 32 to 37°C displayed an intermediate phenotype with mixed uni- 

and multilocular cells, which became more unilocular by 28 days, 

however some adipocytes were able to maintain multilocularity (Fig. 

4.4), which could suggest an intermediary phenotype.
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Figure 4.3. Cellular and morphological response of adipogenic MSCs differentiated 

under normal, Transfer and hypothermic conditions at 14, 21 and 28 days.  

(A) Metabolic activity measurements in adipogenic cultures. (B) Lipid content 

measured by Oil Red O staining in adipogenic cultures. (C) Proportion of 

differentiated cells containing lipid droplets and (D) lipid droplet size measured for 

each condition and time-points, lipid droplets >50 µm were not detected on day 14. 

Data are shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 

 

 

 



× 
 

 

 117 

 

 

 

 

 

 

 

 

 

 

 



The University of Nottingham  Chapter 4× 
 

 

 118 

 

Figure 4.4. Oil Red O (ORO) staining of mMSCs differentiated under adipogenic 

treatment in normal, transferred and hypothermic conditions.  

Representative images of ORO at day 14, 21 and 28 of differentiation treatment. 

Arrows indicate multilocular cells and asterisks indicates cells with one single lipid 

droplet. 
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 Cold-induced adipocytes maintain brown-like marker 

expression when returned to 37°C for 21 days 

In order to analyse gene expression and the effect of the temperature 

on the Transfer cells against normal and hypothermic adipocytes, RNA 

was normalized to 1 µg/µl and real-time PCR was performed (2.6 

Molecular Biology, p. 57). Gene expression changes showed that while 

hypothermal conditions induced enhanced expression of adipogenic 

markers AdipoQ, FABP4 and PPARg, expression in Transfer cells was 

not significantly different from cells differentiated at 37°C (Fig. 4.5A). 

When evaluating brown markers, expression levels were higher in the 

hypothermal 32°C condition over the time-course, compared to MSC 

cells differentiated under normal conditions, and Transfer cells showed 

a dynamic pattern, with significantly higher UCP1 signal at day 14 and 

21 which progressively decreased at later time-points, while CIDEA 

and PRDM16 expression were maintained over the time-course. 

Expression of 2 other brown markers, COX8b and LHX8, also increased 

in Transfer cells compared to normal 37°C cultures, in a pattern 

comparable to that seen in hypothermal cultures (Fig. 4.5B). Three 

brown and beige markers were also evaluated: DIO2, P2RX5 and 

CITED mRNA, but no significant changes for these markers were 

detected (Fig. 4.6). To evaluate adipocyte’s response to T3 in Transfer 

cells via adrenoreceptors and calcium regulation, b3-AR and SERCA2 

were also evaluated. Transfer cells showed an increased b3-AR mRNA 

by day 14 and 21 compared to 32ºC differentiated adipocytes, and an 

intermediate mRNA SERCA2 expression (Fig.4.7). 

To have a better understanding of the overall gene expression analysis, 

hierarchical clustering analysis (HCA) and principal component 
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analysis (PCA) of the common, beige and brown adipogenic expressed 

genes were performed. For HCA, datasets were grouped per gene, 

and then presented across the 3 time-points in order to show variation 

overtime. By day 28, HCA revealed that Transfer adipocytes exhibited 

an intermediate molecular signature, between that of normothermic 

and hypothermic culture conditions (Fig. 4.5C). When samples were 

analysed PCA adipogenic cells differentiated under normal 37°C 

culture conditions showed a more defined cluster at later time-points 

exhibiting homogeneity in gene expression, while Transfer cells 

overlapped with both 37°C samples and 32°C groups (Fig. 4.5D).  

Both analyses confirmed MSC Transfer adipocytes exhibited an 

activated transitional state, showing MSC are able to differentiate 

under hypothermal condition culture and maintain brown gene 

expression after 21 days of being transferred to 37°C. 
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Figure 4.5. The effect of incubation temperature on gene expression patterns as 

determined by hierarchical clustering (HCA) and principal component analysis (PCA).  
(A) Expression levels of common adipogenic markers: Adiponectin, FABP4 and PPAR!. 

(B) Expression level of brown adipogenic markers: UCP1, PRDM16, CIDEA, COX8b, 

and LHX8. (C) Heatmaps of the GeNorm normalization on expression levels of 

common adipogenic markers: Adiponectin, FABP4 and PPAR!, beige adipogenic 

markers: CITED1 and P2RX5, and brown adipogenic markers: UCP1, PRDM16, CIDEA, 

LHX8, DIO2 and COX8b. Each row represents a gene while each column symbolises 

a timepoint at 14, 21 and 28 days -brown = high (1.5), yellow = low (0)-. (D) Scatter 

plots of the two principal components containing 73.2% of total variance for day 28. 

n = 4 individual experiments per timepoint. Data represent the mean of four replicas 

± SEM. Statistical significance was set at p < 0.05. *p<0.05, **p<0.01, ***p<0.001. 

 

 

 

 
Figure 4.6. Changes in gene expression between normal, Transfer and hypothermic 

treatments of adipogenic MSC cultures at day 14, 21 and 28.  

Expression of brown and beige adipogenic markers P2RX5, DIO2 and CITED1. All 

data was normalised using GeNorm. Data are shown as mean ± SEM. *p<0.05, 

**p<0.001, ***p<0.0001. 
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Figure 4.7. Changes in gene expression between normal, Transfer and hypothermic 

treatments of adipogenic MSC cultures at day 14, 21 and 28.  

Expression of brown and beige adipogenic markers b3-AR and SERCA2. All data was 

normalised using GeNorm. Data are shown as mean ± SEM. *p<0.05, **p<0.001, 

***p<0.0001.  

 

To further explore the temperature responsiveness of Transfer 

adipocytes, expression of thermotransient receptor potential (TRPV) 

ion channels 1, 2 and 4 were evaluated. At day 14, TRPV1 expression 

was significantly increased in Transfer cells and hypothermal 

conditions compared to normal 37°C conditions, and while TRPV2 

maintained a similar trend over the whole time-course, TRPV4 only 

showed the same trend at day 28 (Fig. 4.8A). In order to detect if 

Transfer cells could be using both UCP1-dependent and independent 

thermogenesis, evaluation of intracellular calcium was done in all 

timepoints. Calcium measurements in Transfer and hypothermal 

differentiated cells showed higher intensity than cells differentiated 

under normal culture conditions (Fig. 4.8B), images of calcium staining 

corroborate fluorescent measurements (Fig. 4.8C and Fig.4.9). An 

overview of changes in TRPV expression pattern under the different 

treatments can be observed in Fig. 4.8D. 
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Figure 4.8. Gene expression comparison of thermotransient receptor potential ion 

channels at same time-points by real time PCR.  

(A) TRPV1, TRPV2 and TRPV4. All data was normalised using GeNorm. Data represent 

the mean of four replicas ± SEM. Statistical significance was set at p < 0.05. (B) 

Calcium intensity measurements 494/516. Data represent the mean of three replicas 

± SEM. Statistical significance was set at p < 0.05. (C) Representative images of 

calcium staining (Fluo-4 - green) at day 28. Asterisks indicate differentiated cells 

showing calcium staining. Scale bar: 20 μm. (D) Summary of changes in TRPV 

expression pattern under the different treatments. Arrow pointing up and down 

means no significance between 37°C and 32°C treatments. 
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Figure 4.9. Zoom image of Figure 4.8D Transfer. Live staining showing calcium 

staining in Transfer cells at day 28.  

(a) Representative image showing the prevalence of calcium staining (Fluo-4 Direct in 

green), MitoTracker (red), Hoechst 33258 was used to identify nuclei (blue). The 

dashed square highlights difference in staining between two adjacent adipocytes. 

Scale bar: 20 μm. (b) Enlarged view of the square area, with individual and merged 

images showing adipocytes positive for both calcium (green) and MitoTracker (red). 

Scale bars: 10μm. n = 3 individual experiments. 
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 Metabolic function of cold-induced adipocytes is modified 

when returned to a thermoneutral environment 

Metabolic function was analysed by a Seahorse XF96 flux analyser 

(Chapter 2.4.2 Seahorse assay, p. 50). OCR and ECAR readings were 

taken over time under basal conditions and after the addition of 

mitochondrial inhibitors (2.5 μM oligomycin, 0.5μM FCCP and 1μM 

rotenone/antimycin). The higher rate of oxygen consumption in cells 

maintained at 32°C was not sustained when these cells had been 

transferred to 37°C (Fig 4.10A). Transfer cells were however able to 

upregulate glycolysis to meet the requirement for ATP when upon 

FCCP stimulation (Fig 4.10B), reflecting an intermediary bioenergetic 

status in these cells, in which glycolysis rather than mitochondrial 

respiration was enhanced. No differences were observed when 

analysing basal respiration, ATP production, proton leak and non-

mitochondrial oxygen consumption when Transfer cells were 

compared to normothermic conditions. 

The bioenergetic status of Transfer cells was characterised by an 

intermediary profile, showing a maximal respiration and spare capacity 

higher than cells differentiated at 37°C, but significantly lower than 

cells differentiated at 32°C. Additionally, coupling efficiency of Transfer 

cells showed no significant difference between hypothermal 32°C 

cultures when compared to constant 37°C condition (Fig 4.10C). When 

plotting basal ECAR against OCR, Transfer adipocytes showed 

increased glycolysis and mitochondrial respiration reflecting more 

metabolically active cells following their acclimatisation to normal 

culture conditions (Fig 4.10D). 
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Figure 4.10. Effect of incubation temperature on the bioenergetics status of 

adipogenic MSC cultures after 28 days.  

(A) Oxygen consumption rate (OCR), (B) Extracellular acidification rate (ECAR), (C) 

mitochondrial function calculated from the bioenergetics profile (basal respiration, 

ATP-linked respiration, proton leak, non-mitochondrial respiration, maximal 

respiration, spare respiratory capacity and coupling efficiency) and (D) metabolic 

profile. Data shown as mean ± SEM, n = 6 individual experiments. *p<0.05, **p<0.01, 

***p<0.001. 
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 Discussion  

Mesenchymal stem cells can form adipocytes, and exposure to 

hypothermic conditions has been shown to trigger the induction of 

brown-like properties, including morphological, biometabolic and 

molecular traits92,144.  

It was hypothesised that cold mMSCs derived adipocytes are able to 

maintain beige like properties after 21 days of being transferred to 

normal culture conditions (37ºC). Therefore, the present study 

investigated whether these brown-like cells produced in vitro at 32°C 

were able to adapt to environmental changes, and whether their 

acquired traits may be reversible over time. To this end, adipocytes 

differentiated from MSCs at 32°C following an established protocol92 

were then transferred to normal 37°C culture conditions, and their 

capacity to maintain brown features was analysed over 3 weeks of 

subsequent culture.  

 The bioenergetics benefits are retained 

Mitochondria evaluation in Transfer adipocytes showed a significant 

decrease overtime when compared to adipocytes differentiated in 

hypothermic conditions. Nonetheless, UCP1 protein expression was 

maintained over the course of the treatment as well as in 32°C 

adipocytes. These results paired with COX8b mRNA reduction209 

suggest a decline in mitochondrial content once the browning stimulus 

is removed, possibly as a step towards whitening157. Although the 

presence of T3 in the differentiation medium69,101 was not by itself 

sufficient to trigger an increased bioenergetics capacity nor mRNA 
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UCP1 expression in MSC-derived adipocytes when maintained under 

normal 37°C conditions, an increase in UCP1 protein expression 

overtime was observed. However, it would be interesting to show if T3 

is a key player on the rewarming conditions or if temperature by itself 

is enough to maintain this brown signature. 

The bioenergetic analysis further showed that Transfer adipocytes 

could be activated when the mitochondrial uncoupler FCCP210 was 

added, displaying higher OCR, ECAR, maximal respiration, spare 

capacity and metabolic profile than adipocytes differentiated at 37°C, 

which reflect a transitional bioenergetic status in which glycolysis rather 

than mitochondrial respiration was enhanced. Glycolysis has been 

confirmed to support full adipocyte thermogenesis in BAT by 

providing pyruvate formation and other intermediates for metabolic 

pathways as well as maintaining oxygen consumption rates211 

alongside in vivo evidence shows that intracellular glycolysis acts by 

controlling short-term nonshivering thermogenesis212. These results 

suggest that Transfer cells maintain a high glycolytic rate in order to 

replenish ATP when uncoupled oxidative phosphorylation and 

thermogenic activation is occurring211. Altogether with the 

mitochondrial measurements and increased UCP1 protein 

expression213, show that Transfer cells are metabolically activated by 

enhancing lipolysis and fatty acid oxidation, agreeing with a previous 

report done in 3T3-L1 adipocytes treated with FCCP210. These 

observations also suggest that beige MSC-derived adipocytes have a 

distinctive bioenergetic response, as these cells can both store lipids 

and produce heat when stimulated65, adding to previous in vitro92,144 

and in vivo99,214 reports to highlight MSCs as a source of adipocytes 

that can be used to study brown/beige adipogenesis.  
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 The induced brown-like phenotype is not fully reversible 

When evaluating the phenotype of Transfer culture treatment, cultures 

exhibited an intermediary amount of lipid content, morphology and 

percentage of differentiated cells more similar to that of cells kept at 

32°C than that of cells differentiated under normothermic culture 

conditions. This is in accord with the two main processes of brown 

adipocyte generation, i.e. de novo and trans- differentiation79. 

Additionally, lipogenesis and lipolysis, two key mechanisms in brown 

adipocytes, are required for UCP1 proton transport215,216 which could 

explain why adipocytes that were differentiated in hypothermal and in 

Transfer conditions contained more lipid content and differentiated 

cells over the course of the treatment. Even though Transfer cells 

possessed significantly less mitochondria than hypothermic 

differentiated adipocytes, their ability to retain UCP1 protein could be 

due to the capacity to maintain a brown/beige morphology with 

multilocular LDs, which provided more substrate availability than 

possessing larger or unilocular LDs.  

 Beige-brown marker expression 

Following the discovery that human BAT may be essentially comprised 

by beige adipocytes184, a recent interest on beige adipocyte gene 

expression maintenance has been investigated, however this process 

remains unclear. This study showed that expression of common 

adipogenic genes was followed by cell morphological changes, lipid 

content and percentage of differentiation, with Transfer adipocytes 

acquiring a transitional pattern for mRNA expression. A decrease in 

AdipoQ mRNA was observed, a marker which has been directly related 
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with obesity217, however maintenance of FABP4 and PPARg suggested 

a persistence in brown signature as these two genes play an important 

role in brown adipocyte physiology and functioning218,219. 

 

One of the objectives to achieve was to examine the brown/beige 

molecular signature of Transfer adipocytes, in order to do this 

evaluation several markers were selected. Is widely known that UCP1 

expression is present in brown and beige adipocytes, to uncouple 

respiration and consume energy in the form of heat145,158,220–222, 

however recent studies reports beige transition to white occurs after 

15 days of stimuli withdrawal, in which these cells lose their brown 

characteristics, specifically UCP1 mRNA and protein signature144,157. 

Here, Transfer differentiated cells showed a similar UCP1 mRNA and 

protein expression to 32°C differentiated adipocytes after 3 weeks of 

acclimation, demonstrating the ability of these cells to retain their 

uncoupling capacity after being returned to warm conditions. The 

intermediary COX8b mRNA expression of Transfer cells could be 

indicative of their response to stress under conditions of increase 

energy demand, since COX8b is involved in respiratory electron 

transport and has been recently described to mark beigeing in mouse 

WAT60. Calcium levels observed in Transfer adipocytes in addition with 

high b3-AR mRNA expression and SERCA2 mRNA intermediate 

expression at day 14 could suggest a regulation of SERCA2 by 

intracellular calcium223, since cold exposure could activate b3-AR and 

lead to increase intracellular calcium by activating SERCA2 in beige 

adipocytes163. However, a decrease of UCP1 and COX8b after 3 weeks 

paired with an intermediate bioenergetic profile, enhanced glycolysis 

and high intracellular calcium intensity of Transfer cells could suggest 
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a shared mechanism of calcium mediated UCP1-independent 

thermogenesis163.  

Furthermore, high expression of the classical beige and brown 

adipogenic markers CIDEA60 and LHX8224–226 was detected on Transfer 

cells. CIDEA plays a major role in controlling lipid storage, lipid droplet 

fusion227,228 and uncoupling UCP1 activity in BAT upon cold exposure60. 

Here, its high expression could be involved in maintaining the 

intermediate morphology seen in Transfer adipocytes229, by mediating 

the growth of LDs upon acclimatisation to normal culture conditions 

and controlling lipogenesis and lipolysis228. Moreover, the substantial 

increase in CIDEA in Transfer cells agrees with previous data showing 

that besides UCP1 and LHX8, CIDEA represents the best marker to 

evaluate the beige-ing of WAT during cold treatment60.  

The persistence of brown-like properties under changing conditions 

might hint at epigenetics mechanisms controlling the adipogenic 

response in MSCs230,231. In particular, cold exposure has been reported 

to promote chromatin remodelling triggered by JMJD1A (histone H3 

lysine 9 (H3K9) demethylase) phosphorylation231,232. Based on the 

above results it is suggested that the molecular signature of Transfer 

adipocytes is somewhat distinct from that of cells differentiated under 

constant 37°C or 32°C conditions. Our results align to an extent with 

that reported by Altshuller-Keylin and colleagues, who described that 

a full transition of beige to white adipocytes lasted 15 to 20 days157. 

Here an intermediate beige molecular signature was still present 3 

weeks after transferring adipocytes back to standard 37°C temperature, 

highlighting the plasticity of MSCs to generate and preserve de novo 

beige adipocytes. 
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 Temperature sensing channels  

This study revealed a complex interaction between TRPV1, 2 and 4 over 

the course of the differentiation treatments. TRPV1 has already been 

described to increase when cold stimulation is applied to 

adipocytes92,144, and its activation at a pre-adipocyte stage could be 

clinically beneficial by increasing intracellular calcium levels and 

preventing adipogenesis161. Furthermore, TRPV2 mRNA expression is 

known to augment in differentiated mouse brown adipocytes165,233. 

Here, it could be that a cascade of TRPV channels is necessary to retain 

the bioenergetics response, starting with the activation of TRPV1, 

maintenance of TRPV2 and finally the activation of TRPV4. Sun and 

colleagues showed that TRPV2 not only is the highest expressed 

thermoreceptor channel member but is also essential in brown 

adipocytes thermogenic function164,165,233. Taking into account calcium 

importance in UCP1-dependent234 and UCP1-independent adipocyte 

thermogenesis155,163,234, it is possible that TRPV2 is one of the main 

regulators for beigeing maintenance and/or temperature sensing 

mechanism of cells233. Although the role of TRPV4 has been diversely 

reported200,235, Transfer cells display a similar pattern to 32°C 

adipocytes in TRPV4 and UCP1 mRNA expression by day 28. These 

results together with bioenergetics response could indicate a positive 

correlation with TRPV4 intermediate expression and browning, this 

observation support it as one of the main regulator of BAT oxidative 

metabolism162. Further investigations on in vivo activation of TRPVs 

could be used as an approach to modulate obesity and related 

disorders. 
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Finally, the second objective of this investigation was achieved, it was 

possible to evaluate T3 and cold exposure in mMSCs as pro-

adipogenic in vitro regulator and environmental stimuli, respectively. 

Overall, these results suggest that MSCs differentiated under Transfer 

conditions may retain some brown-like features rather than completely 

reverting to a white phenotype, even after extended incubation in 

normal temperature culture conditions over 3 weeks. This indicate a 

type of cellular memory reflecting prior environmental culture 

conditions. It could thus be useful to monitor the epigenetic status of 

differentiating MSCs upon change in temperature conditions, and to 

evaluate potential overlap with genes involved in obesity. These results 

also underline MSCs as an accessible cell source to model the 

differentiation and maintenance of beige adipocytes.  
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Chapter 5. Isolation and media 

optimisation of hUCT MSCs 
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5.1 Main findings  

 

• hUCT-MSCs can be isolated with an enzymatic method using 

Collagenase B. 

• MSCs isolated from hUCT are able to successfully grow in a 

medium containing human platelet lysate. 

• hUCT-MSCs co-express CD90 and CD105, as well as CD73 

and CD105. 

• MSCs derived from hUCT can differentiate into adipocytes.  
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5.2 Introduction  

MSCs are plastic adherent cells with specific surface antigen 

expression; such as cluster of differentiation (CD) 73, CD90 and CD105 

positive expression and negative expression of CD11b, CD14, CD19, 

CD34, CD45, CD79a and HLA class II5. MSCs have become an 

attractive therapeutic tool because their distinctive characteristics to 

differentiate into several cell types including osteoblast, adipocytes, 

chondroblast and myoblast5,7. MSCs are easily isolated from different 

tissues such as bone marrow186,236, adipose tissue236, dental pulp237, 

placenta112, umbilical cord blood and umbilical cord tissue111,238. 

Umbilical cord tissue (UCT) is a rich source of mesenchymal stem cells 

(MSCs) and is known to possess higher amount of MSCs than cord 

blood111. MSCs are multipotent cells with high self-renew capacity and 

immune modulation properties.  

Also, hUCT is an alternative source of MSCs from a disposable tissue 

after delivery and its collection is non-invasive. Moreover, it has been 

reported that cells isolated from fresh or frozen tissue have the same 

ability to grow, differentiate and express same MSC markers113. For 

these reasons, hUCT appears to be an ideal source of MSCs which 

make them attractive for research and clinical application, such as graft-

versus-host disease, and diabetes mellitus types 1 and 2 and many 

others171,186,239.  

Although many efforts to standardize the isolation and culture of MSCs 

from hUCT have been done, literature on how to isolate and culture 

these cells is not consistent. Currently there are several techniques 

used which makes its standardization difficult. Firstly, some authors 

consider the isolation of whole UCT240–243, Wharton’s jelly region244–247, 
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or hUCT vessels248, using different isolation methods: enzymatic and 

explant protocols. Non-enzymatic isolation involves cutting the UCT 

into small pieces, explants of approximately 10 mm, and making 

incisions on the inner matrix to expose more tissue to contact with the 

culture medium170,249,250. Enzymatic disaggregation can be done by 

mincing the tissue manually or using a Miltenyi GentleMACS 

Dissociator (#130-093-235) with different enzymes varying from 

collagenase type I250,251, type IV252, a mixture of 

collagenase/hyaluronidase/trypsin170 and/or collagenase B253. 

Secondly, the ability of the cells isolated from the hUCT has been 

questioned, as some report that these cells lack the multilineage ability 

to differentiate254,255, while others claim only certain cell populations 

found in hUCT are able to differentiate110,256, others report an easy 

multilineage differentiation capacity240,241,257. Thirdly, different types of 

media have been used to culture and expand hUCT-MSCs. Media 

types vary with respect of the amount of serum and other 

supplements258,259 included. Some use FBS (foetal bovine serum), or 

FCS (foetal calf serum) and others hPL (human platelet lysate) or HS 

(human serum), and it has also been described that serum free media 

can be used for MSCs culture and expansion260. FBS is the most 

extensively used serum supplement for in vitro culture of MSCs due to 

its relatively easy production and rich content of growth factors and 

hormones that stimulate cellular proliferation, differentiation and 

maintenance258. On the other hand, several alternatives have been 

evaluated numerous studies describing the preparation and efficient 

use of hPL have been done259. Different recipes show DMEM with high 

glucose (4.5 g/l), supplemented with 10% FBS or HS261; or DMEM low 

glucose (1 g/l) supplemented with 10% FBS170; DMEM F12 
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supplemented with 10% FCS110; DMEM low glucose supplemented 

with L-glutamine and 10% hPL172, all media containing 1% of penicillin 

and streptomycin (P/S). One of the main goals is to use a xenogeny-

free medium, that provides robust expansion of MSCs and be suitable 

for clinical manufacturing172. 

This chapter evaluates two different isolation methods, three growth 

media and two adipogenic recipes in order to find which technique 

and media are suitable for culturing hUCT-MS cells. Results showed 

hUCT-MSCs can be obtained from both enzymatic, using Collagenase 

B, and explant methods cultured in DMEM low glucose supplemented 

with L-glutamine, hPL and P/S with a doubling time of 22.8 ± 4 h. 

Furthermore, MSCs isolated from hUCT showed plastic adherence, 

fibroblastic-like shape and co-expression of CD73 with CD105 and 

CD90 with CD105. Finally, cells are able to differentiate into adipocytes 

using a different medium from the one they were grown, containing 

DMEM F12, 10% FBS and 1% P/S supplemented with 10µg/ml insulin, 

1 µM rosiglitazone, 500µM IBMX and 1 µM dexamethasone. 
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5.3 Methods 

For the optimization of the isolation method one hUCT (#851-Chapter 

2. Table 2.1, p. 46) was collected from the Anthony Nolan centre, 24 

cm long approximately, tissue was cut in half. The isolation of MSCs 

from hUCT two protocols were tested, as described in Chapter 2.3.2 

hUCT isolation, p.44 (Figure 2.1, p. 46).  

The first protocol was performed in the first half of the hUCT using the 

tissue explants technique, no problems were encountered when 

processing the tissue, it was a straightforward method and easy to 

follow (Fig. 5.1). For the second protocol, the other half of the hUCT 

was minced (Fig. 5.2) and then the enzymatic method with Collagenase 

B was implemented, a technical problem was faced in the filtration step, 

as disaggregated hUCT became very thick and unable to easily be 

filtered. For this reason, the remaining unfiltered tissue was seeded 

immediately after the neutralisation step in each of the mediums 

described before. For the unfiltered tissue, remaining from non-

digested tissue, approximately 5 mm, could be seen when seeded into 

the flasks. This tissue was carefully kept during the medium changes 

until cells reached 60-70% confluency. In summary, three isolation 

protocols were evaluated parallel with three culture media (Figure 2.1, 

2.3.2 hUCT isolation, p. 44) 
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Figure 5.1. Picture of the first half of the hUCT before processing for explants. Each 

piece was cut in four 10 mm pieces. 

 

 

Figure 5.2. Picture of the second half of the hUCT after the mincing process and 

before the collagenase step.  
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5.4 Results 

5.4.1 Media evaluation for hUCT MSCs expansion 

Three different MSC media were evaluated in order to determine with 

one provided a heathy status and rapid growing time on hUCT MS cells 

(Chapter 2.3.4 hUCT-MSCs culture, p. 47).  

Results showed the explants method was not successful with medium 

one and two, while explants from medium number three managed to 

grow some MSC-like cells (Table 5.1 - Explants). When the enzymatic 

method with filtering was evaluated, no cells were observed in the 

flasks from method number two. Regarding the other two mediums 

(one and three), due to the small number of cells isolated with this 

method, they were not able to proliferate successfully and reach 

confluency. Table 5.1 shows number of cells obtained per passage 

from the third method, variation of the enzymatic method (unfiltered 

tissue), which resulted in the best of the three methods evaluated. With 

this method, each medium managed to grow MSC-like cells, the 

doubling time was 36.66± 0.5 h, 47.68 h and 22.8 ± 4 h for medium 

one, two and three, respectively (Table 5.1). To confirm these results, a 

second DT was performed only on cells grown in medium three, giving 

an average of 26.65 h over ten passages (Fig. 5.3). Moreover, hUCT 

MS-like cells from every media exhibited an elongated healthy 

morphology, forming colonies and attaching to plastic in each passage 

(Figure 5.4).  
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As shown in Figure 5.4 cells cultured in medium one and two exhibited 

a similar morphology when compared to cells cultured in medium 

three. However, cells cultured in medium three appeared to have a 

smaller size which could be the reason of harvesting more cells from 

medium three in each passage. Finally, it was determined that the 

enzymatic method (Collagenase B) without filtration step accompanied 

by medium number three were the best methods to isolate and grow 

hUCT MS-like cells, respectively. 
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Table 5.1. Cell number according to MSC medium used from different passages and doubling time (DT) calculation. 

MEDIUM P0 P1 P2 P3 DT 

1 

4.12 x 105 cells/T75 
flask 

 
 

04.04 
(412,000 cells seeded) 

1.3 x 106 cells/T75 
Total frozen: 2.6 x 

106 
 

09.04 
(330,000 cells seeded) 

8.25 x 105 cells/T75 
Total frozen: 1.6 x 106 

 
 

11.04 
(110,000 cells seeded) 

2.150 x 106 cells/T75 
Total frozen: 2.150 x 106 

 
 

17.04  

36.66 ± 
0.5 h 

2 

4.5 x 105 cells/T75 
flask 

 
 

07.04: 
(450,000 cells seeded) 

1.725 x 106 cells/T75 
Total frozen: 3.3 x 

106 
 

14.04: 
(333,000 cells seeded) 

2.587 x 106 cells/T75 Total frozen: 
5.1 x 106 

 
 

18.04: 
(630,000 cells seeded) 

 
1.950 x 106 cells/T75 Total frozen: 

5.85 x 106 
 
 

21.04  

47.68 h 

3 
 
 
 
 
 
 
 
 

Explants 

 
1.3 x 106 cells/T75 

flask 
 
 

07.04: 
(216,000 cells seeded) 

 
 
 

4.7 x 105 cells/T75 
flask 

2.737 x 106 cells/T75 
Total frozen: 14.415 

x 106 
 

11.04: 
(456,000 cells seeded) 

 
 

2.3 x 106 cells/T75 
Total frozen: 4.6 x 

106 

 
3.075 x 106 cells/T75 
Total frozen: 6 x 106 

 
 

14.04: 
(566,000 cells seeded) 

 
 
 
  

 
3.338 x 106 cells/T75 
Total frozen: 10 x 106 

 
 

16.04 
 
 
 
 
  

22.8 ± 4 h 
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Figure 5.3. Doubling time of hUCT-MSCs cultured in medium three.  

Cells were thawed at passage 0 and passaged ten times, in each passage cells were 

counted twice manually with a haemocytometer to calculate doubling time. (A) shows 

initial cell seeded number, final cell number after 72 or 48 h and doubling time 

calculated. (B) shows average doubling time of 26.65 h. Data are shown as mean ± 

SEM of the nine doubling times calculated. 
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Figure 5.4. hUCT MSC-like isolated with the collagenase method without filtration from donor 851 in medium one, two and three.  

Representative images were taken from each flask at same passage (P2). Scale bar 100 µm. 
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According to Dominici et al, minimal criteria to define human MSCs 

should be followed. First, MSCS should be plastic adherent when 

maintained in standard culture conditions. Second, MSCs must express 

certain markers such as: CD73, CD90, CD105, and lack expression of 

CD11b, CD14, CD34, CD45 or CD79a and HLA-DR membrane 

markers. Third, MSCs must differentiate into osteoblast, adipocytes 

and chondroblast in vitro5. 

5.4.2 Immunofluorescence characterization of hUCT-MSCs  

Here, cells isolated from donor 851 were stained for positive CD73, 

CD90 and CD105 individual markers. Fig. 5.5 shows the majority of the 

stained cells positive for each individual marker. 

To further investigate if the isolated hUCT-MSCs cells positively co-

express two out of the three CD73, CD90 and CD105 markers, cells 

were immunostained for each marker. Fig. 5.6 shows many cells have 

positive co-expression of the two membrane markers.  
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Figure 5.5. hUCT-MSCs stained individually for CD73, CD90 and CD105.  
Nuclei is stained in blue (DAPI), primary antibodies were coupled with Alexa Fluor 488 (green). Representative images were selected. Cells were stained at 

passages 1 and 2. Scale bar: 32 µm.
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Figure 5.6 hUCT-MSCs co-stained for CD73 with CD105 and CD90 with CD105.  

Nuclei is stained in blue (Hoechst 33258), primary antibodies were coupled with Alexa Fluor 488 (green) for CD73 and CD90, and Alexa Fluor 594 (red) for 

CD105. Representative images were selected. Cells were stained at passages 1 and 2. Scale bar: 32 µm. 
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5.4.3 Adipogenic medium evaluation for hUCT MSCs  

To continue with the medium optimization two different adipogenic 

cocktails were tested as described in Chapter 2.3.7 hUCT-MSCs 

adipogenic differentiation, p. 48. Both adipogenic recipes were 

prepared using each cells’ growth medium: one, two or three 

described previously (Chapter 2.3.4 hUCT-MSCs culture, p. 47), 

supplemented with the corresponding molecules (Figure 5.7). 

 

Figure 5.7. Adipogenic differentiation of hUCT-MSC. 

Schematic figure displaying different mediums used for adipogenic media evaluation, 

three media were used with two variations A and B. Detailed methods are described 

in Chapter 2.3.7. hUCT-MSC adipogenic differentiation. 
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Results showed that cells, from Medium 1A and B, were able to 

differentiate equally. Medium 2A and 2B were unsuccessful. 

Furthermore, cells from Medium 3A were able to differentiate contrary 

to cells differentiated in Medium 3B which were not able to be 

maintained and peeled off before the end of the treatment (Fig. 5.8A). 

Lipid content evaluation was done for each adipogenic differentiation 

(Figure 5.8B), results showed that cells treated with medium 2A and 2B 

did not give a significant increase in lipid content quantification. On the 

other hand, cells differentiated on Medium 1A and 3A showed a 

significant increase in lipid content when compared to their control. 

Untreated control cultures, which were grown in regular medium 

without adipogenic differentiation stimuli, from medium two and three 

exhibited varying degrees of spontaneous lipid droplet formation, as 

shown in Figure 5.8A- Control.  
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Figure 5.8. Evaluation of adipogenic differentiation with three different growth media 

and two adipogenic differentiation medium in hUCT MSC-like.  

(A) Oil Red O images of cells isolated and grown in their corresponding medium, cells 

were differentiated into adipocytes with two different cocktails (A and B). Scale bar 

100 µm. (B) Lipid content measured by Oil Red O staining in adipogenic cultures of 

hUCT-MSCs with cells grew and differentiated in their corresponding adipogenic 

medium. Data are shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 
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After evaluating the three different mediums with the two different 

adipogenic recipes, it was thought that cells grown with medium three 

could develop a better adipogenic differentiation response with 

adipogenic A mix prepared in growth medium one (Medium 1A). 

Results from this adipogenic differentiation showed that cells grown in 

medium three, had an improved adipogenic response with medium 

one than with its own differentiation medium (Medium 3A), showing no 

differentiation in control cells treated with Medium 1A compared with 

control cells from Medium 3A (Fig. 5.9A). After evaluating lipid content, 

a significant increase was detected in both adipogenic mediums, 

however, cells in Medium 1A showed a clear pattern of differentiation 

when compared to its control (Fig 5.9B).  

To confirm these results, three biological replicas (passages 1, 3 and 5) 

using Medium 1A in hUCT-MSC grown in medium three were assessed. 

Results showed that adipogenic differentiation on cells grown in 

medium three and differentiated in Medium 1A could be maintained 

throughout passages (Fig. 5.9C). Concluding that cells grown in 

medium three and differentiated with medium 1A had a higher lipid 

content accumulation and hence a better response. 
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Figure 5.9. Oil Red O staining and quantification of hUCT MSC-like passage 1 grown 

in medium three.  

(A) representative images of hUCT-MSCs stained with Oil Red O after adipogenic 

differentiation. Cells were grown in medium three and differentiated with adipogenic 

A prepared with medium one and three. Scale bar 50 µm. (B) Lipid content measured 

by Oil Red O staining in adipogenic cultures of hUCT-MSCs growth in medium three 

and differentiated with adipogenic A in medium one and three. (C) Cells grown in 

medium three were differentiated at passage 1, 3 and 5 with Medium 1A. Data are 

shown as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 
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5.4.4 Osteogenic evaluation of hUCT MSCs 

To further test hUCT-MSC ability to differentiate into different lineages, 

osteogenic response was tested (Chapter 2.3.8 hUCT-MSCs 

osteogenic differentiation, p. 49). After 28 days of osteogenic 

treatment, viability of the cells was evaluated, Fig. 5.10A shows a higher 

metabolic activity in cells under osteogenic treatment when compared 

with control. In order to evaluate extracellular calcium deposits, cells 

were then stained with Alizarin Red (AR). Even though AR quantification 

showed higher values in osteogenic differentiated cells (Fig. 5.10B) it 

can be seen in Fig. 5.10C the lack of the characterised red staining 

which suggest that hUCT-MSC were not successfully differentiated into 

osteoblast. Osteogenic cultures exhibited varying degrees of lipid 

droplets formation after the 28 days of cultivation, this could be due to 

the dexamethasone concentration used in the differentiation cocktail 

(100 nM). Dexamethasone is an anti-inflammatory steroid molecule 

that promotes both adipogenesis and osteogenesis upon time262, cell 

and concentration dependent exposure, it has been previously 

reported that dexamethasone can directly stimulate MSCs 

differentiation into adipocytes and inhibit their osteogenic 

differentiation125.  
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Figure 5.10. Alizarin red staining and quantification of hUCT MSC.  

(A) Viability assay with Presto Blue at day 28. (B) Alizarin Red quantification in 

osteogenic cultures. Data are shown as mean ± SEM of two biological replicas 

(passage 1 and 2), each replicate was done in triplicates. *p<0.05, **p<0.01, 

***p<0.001. (C) representative images of hUCT-MSCs stained with Alizarin Red after 

osteogenic differentiation. Scale bar 50 µm. 
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5.5 Discussion  

The first objective of this chapter was to isolate, characterise primary 

MSCs derived from healthy and gestational diabetes conditions. Due 

to the extensive literature found in isolation and culture of hUCT MSC, 

it was decided to evaluate two different isolation methods: explants 

and enzymatic. The second objective of this chapter was to grow and 

differentiate the isolated hUCT-MSCs into adipocytes. In order to 

achieve this objective three types of media and two adipogenic 

differentiation cocktails were evaluated with the aim of ensuring a 

healthy growth of the primary cells obtained from hUCT.  

5.5.1 Explant culture versus enzymatic isolation 

In order to achieve the first objective of this chapter two different 

isolation methods were evaluated. The explant method is considered 

to be one of the best isolation techniques used170, as reducing the size 

of the tissue improves the diffusion of gases and nutrients towards the 

cells263. It has been reported that higher number of cells can be 

obtained due to their migration capacity from tissue to plastic, so these 

cells present a more homogeneous populations with high proliferation 

rates and cells viability253,264. On the other hand, several enzymatic 

mixtures have been tested, collagenase B, collagenase type 2, trypsin, 

and mixtures of the aforementioned170,250–253,265. Several groups have 

reported that certain enzymatic methods could damage extra cellular 

matrix resulting in low yield244 and double the time for cell 

adherence265. Here, results showed that enzymatic method with 

collagenase B previously minced without filtration is an efficient and 

rapid way to disaggregate hMSCs. Although little pieces of non-
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disaggregated tissue were observed in the cultured flasks, it is 

believed that they may boost MSC migration, attachment and cell 

division. These results match to an extent with what Han and colleagues 

previously reported, using the tissue explant method had a lower yield 

of primary cells compared with the enzyme digestion method265. It was 

hypothesised that an enzymatic method will be the best isolation 

technique to isolate hUCT-MSCs. This theory is further supported with 

the results described above. 

5.5.2 Human Platelet lysate (hPL) medium provides the best 

growth 

For the growth of hMSCs, several media have been reported. So far, 

the majority of the standard media contains FBS, which contains high 

concentration of cell growth and attachment factors, as well as 

nutritional and physicochemical compounds essential for cell 

maintenance, while hPL contains growth promoting properties and its 

use helps differentiation, therapeutic and immunomodulatory 

potential maintenance. Both are used at a concentration of 10-20% 

(v/v)263. These results agree with previous reports172,266–269 that human 

platelet lysate (hPL) added to the growth medium gives a higher 

growth rate, smallest and viable cells172. Moreover, hPL cultured cells 

grow faster and recover from the cryopreservation process rapidly. It 

has been shown that hPL enriched medium could be produced in a 

good manufacturing practice, compliant format270 and could produce 

good expansion of MSCs258,259 by the release of cytokines and growth 

factors258,259. Also, identifying the dangers of xeno-immunization 

against bovine genes, transmission pathogens, ethical issues and 

possible availability restrictions, suggest the need for human 
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alternatives for the production of clinical cell therapeutic 

products266,271. 

5.5.3 Adipogenic differentiation medium differs from growth 

medium 

Several groups around the world use different adipogenic cocktails to 

induce MSC differentiation into adipocytes119. There are different 

molecules known as the main inducers of adipogenesis, such as insulin, 

indomethacin, dexamethasone and IBMX; with the variation of adding 

rosiglitazone and T3. For this reason and in order to achieve the second 

objective of this chapter, two different adipogenic regimens were 

evaluated, one with the same induction cocktail throughout the 

treatment and the second with an induction and maintenance medium.  

It has been demonstrated that MSCs from bone marrow cultured with 

hPL or FBS showed similar adipogenic differentiation. Furthermore, 

there are literature reporting the trilineage differentiation of MSCs 

derived from hUCT, many experiments also report variability between 

source material. For example, mixed cord, Wharton Jelly and artery 

showed a consistent differentiation for all the tested mesenchymal 

lineages110. However, these results show a clear difference with cells 

cultured with FBS compared with hPL with regards of adipogenic 

potential, showing that cells isolated and cultured with hPL have better 

response to the adipogenic cocktail and some of them spontaneously 

differentiate in their control medium. These results indicate that 

although cell proliferation was enhanced, the use of hPL could alter the 

expression of some hMSCs surface markers resulting not only in the 

immunosuppressive capacity decrease272 but also in a differentiation 
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potential reduction. Therefore, after completing the evaluation of the 

adipogenic potential of the isolated hUCT-MSCs with different media 

it was feasible to achieve the second objective of this chapter, to 

differentiate hUCT-MSCs into adipocytes. 

5.5.4 MSCs potential and membrane markers 

Several guidelines have been reported for the characterisation of 

hMSCs5. Here, isolated cells from hUCT showed positive co-expression 

of CD73 and CD105 as well as CD90 and CD105. These paired with 

their capacity of plastic attachment and their ability to differentiate into 

adipocytes shows the potentiality of these cells. It has been reported 

that hUCT cells isolated from vein were better differentiated towards 

adipogenesis but consistently poor with regards of osteogenesis110, 

and due to the UCT isolation was done with the whole cord it could be 

that cells from this depot took over the rest. Moreover, the variability of 

certain molecules, such as dexamethasone125, in the medium could 

play a major role for a successful differentiation, also it has been 

discussed that the type of the expansion medium used determined the 

stem cell character273. Overall, it is possible that an osteogenic medium 

optimisation is needed as well as the adipogenic optimisation done. 

To conclude, results shown here indicate that hUCT- MSCs present a 

somehow heterogenic population and multipotency. This study aimed 

to standardize the best isolation method, culture and differentiation 

medium for cells isolated from hUCT. Here, cells minced and then 

digested with Collagenase B gave the best doubling time of 22.8 ± 4 

h, showed plastic adherence and co-expressed CD73 or CD90 

together with CD105. Furthermore, hUCT MSCs were able to 
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differentiate into adipocytes. Extensive characterization of these cells 

adding some negative markers such as CD34 and CD45 as well as the 

positive markers already mentioned, is needed, preferably by flow 

cytometry in order to have a full profile of these cells. Additional 

osteogenic and chondrogenic differentiation studies are required to 

complete their multilineage potential. Furthermore, it would be of 

interest to replicate the enzymatic and explant isolation protocols with 

a greater sample number to establish optimized and standardized 

procedures. Finally, hUCT-MSCs possess several advantages, such as 

rapid availability, no hazard for the donor, small risk of rejection and 

large isolation cell numbers274. Developments in precise isolation and 

growth could facilitate their clinical application. 
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Chapter 6. Cold temperature 

exposure of hUCTs MSCs from 

healthy and diabetic 

backgrounds  

  

 

 

 

 

 

 

 



The University of Nottingham  Chapter 6× 

165 

 

 

 

 

 

6.1 Main findings  

 

• hUCT-MSCs from healthy and diabetic backgrounds are able to 

differentiate into adipocytes at 37ºC and 32ºC. 

• Healthy adipocytes displayed higher lipid content when 

differentiated at normal culture conditions than 32ºC adipocytes. 

• Healthy hUCT-MSCs derived adipocytes showed high UCP1 

protein expression at hypothermal culture conditions. 

• Diabetic hUCT-MSCs derived adipocytes displayed high b3-AR 

mRNA expression at both temperatures. 
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6.2 Introduction  

Gestational diabetes (GD) is defined as any glucose intolerance, 

characterised by insulin resistance and b-cell disfunction275. Since the 

discovery that exposure to an altered GD in utero environment is 

associated with high birth weight, obesity, type 2 diabetes mellitus 

(T2DM), and the metabolic syndrome among other diseases to the 

offspring276–282, several groups have tried to explain the molecular 

mechanisms through which GD exposure translate into the high 

predisposition of several diseases173,283–285. Despite these efforts, the 

diabetic exposure link is still not well understood.  

Both umbilical cord blood (UCB) and tissue (UCT) are potential sources 

of MSCs. Their collection is completely safe, non-invasive, painless and 

risk-free from both the mother and new-born242. But, isolation of MSCs 

from UCB is lower than UCT isolations which requires longer culture 

periods111. 

As previously described, UCT possess mesenchymal stem cells (MSCs) 

which have distinct characteristics such as their potential to 

differentiate into adipocytes and their different types: white, brown and 

beige. Apart of their differentiation capacity, these cells express 

defined membrane markers, such as CD73, CD90 and CD105.  

One study suggests that commitment of MSCs into pre-adipocytes 

could occur at an early developmental stage, hence if the foetus was 

exposed to an GD environment this might affect the adipogenic 

determination process286 such as their ability to differentiate into 

brown adipocytes. Another study showed that MSCs from GD-UCT had 

lower cell proliferation, stem cell like properties, differentiation 

potential, higher cell oxidative stress, rapid aging and deleterious 
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mitochondrial function when compared to healthy cells, even though 

when GD was controlled by insulin or diet. These results suggest GD 

UCT-derived cells may not be able to become brown due to their 

mitochondrial damage283,284. Nonetheless, the browning capacity of 

MSCs from different backgrounds is still under research. A recent study 

analysed the white and brown differentiation potential of UCB in 

comparison with adipose tissue derived MSCs (ADMSCs). It showed 

limited adipogenic differentiation in UCB-MSCs when compared to 

ADMSCs adipocytes, which implies MSCs from UCB are not an 

appropriate stem cell to use for browning evaluation and/or 

regenerative medicine109. However, the differentiation potential of 

UCT-MSCs into brown adipocytes has not been reported.  

 

Following the development of a cell culture model of differentiation 

under hypothermic conditions, this chapter evaluates the adipogenic 

potential of umbilical cord tissue-derived mesenchymal stem cells 

(UCT-MSCs) into brown adipocytes by cold temperature exposure in 

order to characterize their potency according to their background. 

MSCs were isolated from three healthy (H) and three gestational 

diabetic (GD) UCT samples and two different temperatures were 

assessed in order to better understand the mechanisms involved in the 

predisposition of GD cells to differentiate into brown adipocytes 

compared with healthy MSCs. Metabolic activity was measured in 

differentiated adipocytes, then they were stained with Oil Red O and 

lipid content was measured in both backgrounds at both temperatures. 

The uncoupling protein 1 (UCP1) abundance in adipocytes 

differentiated at 32ºC was investigated by immunofluorescence. 

Previously these cells, showed an expression of mesenchymal stem 
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cells markers (CD73+ with CD105+, and CD90+ with CD105+). Oil Red 

O staining demonstrated that differentiated adipocytes obtained from 

UCT-MSCs were able to successfully differentiate under normal and 

hypothermal culture conditions (37ºC and 32ºC), showing higher lipid 

content in their differentiated status. Lipid droplets (LDs) were smaller 

at hypothermal conditions when compared to 37ºC differentiated 

adipocytes in both backgrounds. Fluorescence microscope analysis 

indicated strong UCP1 protein signal in UCT-MSCs healthy-derived 

adipocytes differentiated at 32ºC, whereas GD adipocytes displayed a 

decreased UCP1 protein expression. Furthermore, molecular analysis 

showed high b3-AR mRNA expression in GD differentiated cells at both 

temperatures and decreased PRDM16 expression in 37ºC derived 

adipocytes, while healthy adipocytes showed increased AdipoQ and 

Glut4 at normal culture conditions, and high PPARg expression at both 

culture temperatures.  

Overall healthy and GD UCT-MSCs are able to go under adipogenic 

differentiation at normal and hypothermal culture conditions. While the 

data is preliminary, due to a relatively small sample size and gender, 

the current study has identified an elevation of b3-AR mRNA associated 

with GD at both culture temperatures which could play an important 

role in regulating browning, while healthy 32ºC differentiated 

adipocytes showed some brown traits which could highlight them as a 

suitable stem cell type for new therapeutic approach for obesity and its 

related diseases.  
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6.3 Methods 

As previously described, three tissues from each background (H and 

GD) were collected (Chapter 2, table 2.1, p. 42), hMS cells were 

isolated and tested negative for mycoplasma. Shortly, the modified 

collagenase B method was used in all UCT for MSC isolation, MSCs 

were grown in DMEM low glucose supplemented with 10% hPL, 1% L-

glutamine and 1% P/S, finally adipogenic differentiation was done by 

using DMEM F12 supplemented with 10% FBS, 1% P/S adding insulin, 

rosiglitazone, dexamethasone and IBMX (Chapter 2.3.7 hUCT-MSCs 

adipogenic differentiation, p. 48).  

It has been demonstrated that animal models display a sex difference. 

Current literature show that males exhibit more pronounced disease 

phenotypes than females, and male rodents present better metabolic 

disease when compared to females287. Although, estrogen cycle in 

female mice involves estradiol, progesterone, gonadotrophins and 

other hormones fluctuation288 which may increase variability in gene 

expression including epigenetic changes289–291, testosterone levels in 

mice male could also rise discrepancies in phenotype292. Hence, 

females have been less used because a known sex difference which 

could be seen as an opportunity to comprehend metabolic disease in 

a more prone model287. However, females have been used less than 

men although is it recognised they present as much variability as 

males293. In this study only males were selected due to the role of 

estrogen in diabetes prevention294.  
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6.4 Results 

6.4.1 Metabolic activity and lipid content  

Several researches have point out that weight of the babies can be 

affected by the mother’s health status295. It has been reported that 

obese and gestational diabetic mothers have overweight new-borns295. 

However, number of samples collected in this study were not enough 

to have a representative overview of the population. 

With the aim to evaluate the adipogenic response of the hUCT-MSCs 

isolated from either a healthy or GD background. Browning induction 

by hypothermic conditions was assessed by metabolic activity, 

morphologic and molecular signature besides UCP1 protein 

expression at an endpoint of 28 days at both 37ºC and 32ºC (Fig. 6.1). 

From each tissue, two repeats were done at two different passages. 
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Figure 6.1. Schematic diagram of hUCT-MSCs adipogenesis treatments.  

MSCs were cultured in adipogenic medium at 37°C or 32°C for 28 days and then analysed for metabolic activity, lipid content, lipid droplet size, molecular 

signature and UCP1 protein expression. 
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To evaluate the metabolic response of the cells at both culture 

conditions, Presto Blue assay was undertaken. Almost all conditions in 

both backgrounds showed higher metabolic activity at day 28 in 

control cells, except GD-derived adipocytes at 32ºC which exhibited 

no change when compared to its control and less metabolic activity 

when compared to GD-derived adipocytes differentiated at normal 

culture conditions (Fig. 6.2A). 

To further evaluate the adipogenic response of all cells, ORO staining 

was done. In contrast with metabolic activity, lipid content increased in 

nearly all adipogenic differentiated cells (Fig 6.2B). Results showed 

healthy cells differentiated under hypothermic conditions showed less 

lipid content when compared to 37ºC healthy adipocytes while GD 

cells displayed same amount of lipid content in both temperatures (Fig. 

6.2B). Variations in adipogenic response between different donors was 

observed, GD 272 presented higher adipogenic response in both 

passages when compared to the other two GD tissues, but when data 

was combined no significant differences were observed between 

healthy and GD lipid content (Fig. 6.2B).  
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Figure 6.2.Cellular and morphological response of adipogenic hMSCs differentiated 

under normal and hypothermic conditions at 28 days.  

(A) Metabolic activity measurements in control and adipogenic cultures. (B) Lipid 

content measured by Oil Red O staining in control and adipogenic cultures. Data 

represent two biological replicates at passages 1 and 2 of each donor. (C) Lipid 

droplet size measured for each condition, less than 20 lipid droplets >100 µm were 

detected at 32ºC in both conditions. Data are shown as mean ± SEM. *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 6.3. Oil Red O staining of healthy and gestational 

diabetic hUCT MSC-like passage 1 at day 28.  

Representative images of hUCT-MSCs stained with Oil 

Red O after adipogenic differentiation at (A) 37ºC and (B) 

32ºC. Cells were grown in medium three and 

differentiated with adipogenic A prepared in medium one. 

Scale bar 100 µm. 
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Figure 6.4. Oil Red O staining of healthy and gestational 

diabetic hUCT MSC-like passage 2 or 3 at day 28. 

Representative images of hUCT-MSCs stained with Oil 

Red O after adipogenic differentiation at (A) 37ºC and (B) 

32ºC. Cells were grown in medium three and 

differentiated with adipogenic A prepared in medium one. 

Scale bar 100 µm. 
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Lipid content matched with the number of lipid droplets measured in 

all conditions (Fig. 6.2C). Moreover, healthy and GD hUCT-adipocytes 

differentiated under hypothermic conditions showed smaller 

intracytoplasmic lipid droplets, similar to hADSCs described in 

Chapter 3, than of adipocytes differentiated at normal culture 

conditions (Fig. 6.2C). On the other hand, at normal culture conditions 

healthy adipocytes displayed higher number of lipid droplets 

(LDs) >50 µm than of GD adipocytes. 

ORO microscopic images of UCT differentiated adipocytes at both 

temperatures are presented in Fig. 6.3 and Fig 6.4. Cells at higher 

passages showed a better response under adipogenic differentiation 

than cells at passage one (Fig 6.3 and 6.4) at both temperatures. This 

could indicate contamination of other cell types in MSCs at earlier 

passages. As passage number increase cells may become more 

homogeneous with less cell contamination296. Overall the changes in 

lipid content corresponded with the adipogenic response, cells 

differentiated at normal culture conditions showed larger LDs while 

adipocytes at hypothermic conditions were mostly multilocular with 

smaller LDs. 

 

 

 

 

 



The University of Nottingham  Chapter 6× 

178 

 

6.4.2 Gene expression at hypothermal and normal culture 

conditions 

To continue with the evaluation of hUCT-derived adipocytes and the 

effect of temperature in both healthy and GD conditions, mRNA 

expression was evaluated with real-time PCR. Healthy cells at normal 

culture conditions (37ºC) showed enhanced response in common 

adipogenic markers AdipoQ, PPARg and Glut4. On the other hand, 

healthy cells differentiated at 32ºC and GD at 37ºC displayed only 

PPARg mRNA increased expression (Fig. 6.5). No significant differences 

were detected in leptin and InsR. 
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Figure 6.5. Expression levels of common adipogenic markers: Adiponectin, PPAR!, 

Glut4, Leptin and Insulin receptor at day 28.  

n = 3 individual experiments per condition. Data represent the mean of three replicas 

± SEM. Statistical significance was set at p < 0.05. *p<0.05, **p<0.01, ***p<0.001. 

 

 

To determine if hypothermic culture conditions could generate 

adipocytes that exhibit brown/beige features in both healthy and GD 

cells, brown markers were evaluated. For these markers, only few 

changes were detected. First, GD cells showed a decreased PRDM16 

expression when differentiated under normal conditions. Then, b3-AR 

was increased in GD cells differentiated at both temperatures, while 

changes in PGC1a, CIDEA, DIO2 and FGF21 were not detected (Fig. 

6.6). 

Finally, to complete the marker expression two more markers, UCP1 

and Res, were done but unfortunately no mRNA detection was 

observed after 40 cycles.  
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Figure 6.6. Expression level of brown adipogenic markers: PRDM16, PGC1a, CIDEA, 

DIO2, FGF21, and b3-AR at day 28. 

n = 3 individual experiments per condition. Data represent the mean of three replicas 

± SEM. Statistical significance was set at p < 0.05. *p<0.05, **p<0.01, ***p<0.001. 

 

6.4.3 Molecular signature overview 

To continue with the gene expression analysis, hierarchical clustering 

analysis (HCA) and principal component analysis (PCA) of all genes 

were performed (Fig. 6.7). For PCA, different arranges were done, 

temperatures were compared against both conditions and vice versa. 

Then all conditions were graph together (Fig. 6.7E). For HCA, datasets 

were grouped per gene and the three replicas were presented for each 

temperature and condition. (Fig. 6.7F) Both analyses confirmed 

heterogeneity of the samples at different temperatures.  
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Figure 6.7. The effect of incubation temperature on gene expression patterns as 

determined by hierarchical clustering (HCA) and principal component analysis (PCA).  

Scatter plots of the two principal components containing (A) 79.9%, (B) 77.3%, (C) 

93.2%, (D) 84.6%, (E) 70.7% of total variance at day 28 for GD vs Healthy at 37ºC and 

32ºC, and 32ºC vs 37ºC of Healthy and GD, respectively. Blue=Healthy 37ºC, Purple= 

Healthy 32ºC, Yellow= GD 37ºC and Red= GD 32ºC. (F) Heatmap of the GeNorm 

normalization on expression levels of common adipogenic markers: Adiponectin, 

PPAR!, Glut4, Leptin (Lep), Insulin Receptor (InsR) and brown adipogenic markers: 

PRDM16, PGC1a, CIDEA, DIO2, FGF21 and Adrenoreceptor b3 (b3-AR) at 28 days -

black = high (3), white = low (0)-. n = 3 individual experiments. 

 

6.4.4 UCP1 protein expression is enhanced in healthy cells at 

hypothermal conditions  

The UCP1 expression is normally used as a recognized biomarker of 

brown adipocytes. In this study, UCP1 protein was measured by 

quantifying relative immunofluorescence intensity (Fig 6.8). Healthy 

and GD adipocytes at normal culture conditions exhibited the same 

amount of UCP1 protein (Fig. 6.8A). Even though hypothermic healthy 

adipocytes showed less lipid content when compared to healthy 

adipocytes differentiated at normal conditions, this might be explained 

due to a mild increment in UCP1 protein expression after 28 days (Fig. 

6.8B). However, no significant increase in UCP1 protein expression was 

detected between these two culture conditions. On the other hand, 

hypothermic differentiated adipocytes from healthy background, 

showed raised UCP1 protein expression when compared to GD cold-

derived adipocytes (Fig. 6.8C). 
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Figure 6.8. Effect of culture temperature on the abundance of uncoupling protein 

(UCP)1 in hUCT-MSCs at 28 days.  

Representative images of UCP1 shown in red at (A) 37ºC and (B) 32ºC, with Hoechst 

33258 nuclear counterstain in blue, and Bodipy in green. Scale bar = 10 µM. (C) 

Relative fluorescence intensity of UCP1 staining measured in 30 randomly selected 

micrographs of 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001. 
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6.5 Discussion  

6.5.1 Obesity and GD evidence in early development  

There is evidence that implies that an altered intrauterine metabolic 

environment produced by hyperglycaemia in pregnant mothers could 

increase the risk of obesity and diabetes in the new-born281,297–301. A 

high interest in the hypothesis that metabolic diseases could be 

influenced by early life events, such as early stages of development, 

has been raised. Moreover, numerous studies have reported that 

exposure to elevated glucose during pregnancy increase the risk to 

develop T2DM and obesity later in life281,297,298. Here, the number of 

samples were insufficient to be able to detect a difference. However, it 

has been reported that although no significant differences in birth 

weight between healthy and GD new-borns was identified, an 

increased fat mass and body fat in the infants of the GD mothers was 

observed when compared with the healthy ones302. Moreover, the 

HAPO (Hyperglycaemia and Adverse Pregnancy Outcome) study has 

validated a constant relationship between maternal hyperglycaemia 

and perinatal adiposity303,304.  

Following the above evidence, the objective of this chapter involved 

studying the effect of gestational diabetes on the adipogenic 

differentiation of the previously isolated hUCT-MSCs, specifically 

towards browning using hypothermal culture conditions.  

6.5.2 hUCT-MSCs potentiality towards adipogenesis 

Pierdomenico and colleagues, previously reported no differences of 

the proliferative rates when comparing healthy versus GD cells173. Here, 



The University of Nottingham  Chapter 6× 
 

188 

although no comparison was done, cells from both backgrounds 

showed similar morphological features as well as growth ratio. It has 

been reported that maternal obesity and gestational diabetes could 

enhance MSCs potentiality towards adipogenic differentiation173. 

However, in this study the weight of the mother was unfortunately not 

known. There was only one GD sample (272) that meet this claim, which 

was reported to have a gestational diabetic background plus 

hereditary T2DM (Table 2.1, p. 42). Nevertheless, when all samples 

were pooled for comparison, no differences regarding lipid content 

were seen when GD was compared with healthy adipocytes at normal 

temperature (37ºC). Kim and colleagues reported that GD-MSCs have 

a reduced adipogenic differentiation potential283. This claim is not in 

line with results reported here, UCT-MScs from both backgrounds are 

able to go under adipogenesis at both temperatures. These results 

could be related with the development of gestational diabetes at early 

or late pregnancy stages, it has been reported that differentiation of 

MSCs from diabetic patients is influenced by hyperglycaemic 

microenvironment305, it will thus be of interest to determine the period 

of stem cell niche of GD-MSCs. Here, adipocytes displayed multilocular 

cytoplasmic LDs at 32ºC while at 37ºC LDs were bigger as described 

before92.  

6.5.3 Adipogenic response of GD MSCs  

When GD cells were evaluated, adipocytes differentiated under 

normal culture conditions exhibited small multilocular LDs, similar to 

healthy adipocytes. These cells also showed similar metabolic activity 

and UCP1 protein expression than healthy adipocytes. However, when 

GD-MSCs were differentiated at 32ºC, adipocytes displayed lower 
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metabolic activity as well as decreased UCP1 protein than of 37ºC GD-

adipocytes. Metabolic activity results contrast with hypothermal 

mMSCs-derived adipocytes, nonetheless its possible than a more 

refined method is required, such as Seahorse, as well as cell number 

normalisation. Previously, it was reported that high levels of glucose 

lead to mitochondria dysfunction283,284. Here, GD-MSCs differentiated 

at 32ºC, showed decreased UCP1 protein expression when compared 

to hypothermic healthy adipocytes at the end of the treatment. It would 

thus be crucial to compare and analyse mitochondrial amount and 

function, respectively. 

Moreover, GD cells displayed an interesting molecular signature, cells 

differentiated at normal culture temperatures showed increased PPARg 

and decreased PRDM16 when compared to undifferentiated cells. 

PRDM16 is found in mesenchymal progenitors with the ability to 

differentiate into brown adipocytes both in vitro and in vivo3, 

additionally PRMD16 activates the transcriptional activity of PPARg63,224. 

These results could indicate that GD cells have the potential to 

differentiate towards a kind of brown/beige adipocytes, these cells 

might not express UCP1, but their thermogenic capacity could be 

linked to a UCP1-independent pathway. It has been reported that 

stimulation of b3-AR induces lipolysis through the futile cycle306, thus 

increased b3-AR in both temperatures could indicate a possible 

adrenergic stimulation which might contribute to increased energy 

expenditure independently of UCP1-mediated thermogenesis234,306–

308. However, functionality of these membrane receptors should be 

tested. Furthermore, activation of PRDM16 expression promote beige 

adipocyte differentiation309. In the absence of UCP1, the beige 

adipocytes response to cold exposure might be linked to NE binding 
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to b3-AR and increasing intracellular Ca2+ by activating SERCA2b163. To 

confirm either of these hypotheses more studies are needed in order 

to evaluate the energy expenditure and glycolysis capacity as well as 

PRDM16 mRNA expression in early adipogenic stages in both healthy 

and GD cells. 

Glut4 is one of the genes involved in the insulin signalling pathway 

stimulating glucose entry in adipocytes also known to be 

downregulated in both humans and rodents with obesity or 

T2DM310,311 and in a GD rat model312. Here low Glut4 expression in GD 

cells is in line with studies showing hyperglycaemic conditions313,314 

and low differentiation could be a consequence of a compromised 

insulin pathway. Besides FFA, glucose is the second most important 

substrate for browning315, altogether this could indicate adipogenic 

impairment to go towards browning. 

Although no differences were detected when AdipoQ, InsR and leptin 

were evaluated in GD adipocytes, several genetic alterations have 

been reported in different GD populations, specifically 

polymorphisms316,317, which would be interesting to evaluate in control 

MSCs from both backgrounds. 

6.5.4 Adipogenic response of healthy MSCs  

Adipogenic response of healthy MSCs at normal culture conditions 

displayed increased AdipoQ, PPARg and Glut4 mRNA. AdipoQ and 

PPARg are known to stimulate adipocyte differentiation, insulin 

sensitivity and lipid accumulation318,319, while Glut4 is also upregulated 

as adipocytes differentiate320,321. These results indicated a normal 

adipogenic differentiation process in healthy cells. 
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Despite no UCP1 mRNA detection from healthy donors was detected, 

this could be due to the differences between the half-life of UCP1 

protein (2-20 days) and UCP1 mRNA (3 h)322,323. Moreover, the small 

size of LDs observed in hypothermic differentiated healthy adipocytes, 

are in accordance with brown morphology characteristics. However, 

low lipid content could be explained by increased lipolysis due to the 

high UCP1 protein and PPARg mRNA, that are known to occur with BAT 

activation during cold exposure. Increased PPARg in BAT could supply 

an essential link between fuel availability and the process of energy 

consumption with high rate of fatty acid oxidation, specially 

triglycerides306,315,324. Still, it would be important to analyse the 

bioenergetic response of these cells in order to have a better 

understanding of their thermogenic capacity due to the lack of brown 

molecular response at hypothermic conditions.  

6.5.5 Heterogeneity of the hUCT-MSCs  

Heterogeneity in MSCs has been widely recognised, and such 

variations are related to biological origin, donor differences or in vitro 

manipulation325,326. Lee et al. reported metabolic heterogeneity in 

activated beige adipocytes from iWAT under adrenergic activation. It 

was unknown if this feature reflected developmental plasticity or the 

capacity of cells to adjust between phenotypes327. Here, results 

showed molecular variations when samples were analysed as groups. 

Is possible that heterogeneity among UCT is due to patient-to-patient 

variability, an increased sample number and grouping the samples per 

early or late GD detection could have a major effect on minimising 

these high variations328.  
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6.5.6 hUCT-MSCs as a therapeutic option 

In this study limited information about the mothers was available. It 

would be of interest to evaluate the disease condition of the diabetic 

mothers, as well as their weight and co-relate if the GD adipocytes were 

also from obese pregnant women. Moreover, this study only evaluated 

male new-borns; however, it would be useful to evaluate both sexes, 

male and female.  

It was hypothesised that hUCT-MSCs from a gestational diabetic 

background will display a higher adipogenic potential at normal 

culture conditions than healthy cells while at hypothermal culture 

conditions these cells would be impaired to differentiate towards this 

lineage. This theory was not achieved, GD cells displayed same amount 

of lipid content than healthy differentiated cells under both culture 

conditions and LDs size was similar between both backgrounds.  

Regarding GD cells impairment to differentiate towards adipocytes 

and healthy cells expressing beige molecular signature at hypothermic 

conditions, this hypothesis was not fully confirmed. Firstly, significant 

differences were found in protein expression, starting with increased 

UCP1 protein expression at 32ºC and small multilocular LDs in healthy 

adipocytes when compared to GD adipocytes. Secondly, no 

differences were found in any of the browning genes for both healthy 

and GD cells. Thirdly, b3-AR mRNA increase at both temperatures was 

the only change detected in GD adipocytes. Activation of BAT through 

b3-AR has been investigated for a potential anti-obesity therapeutic 

treatment329. Here, b3-AR agonist such as CL-316,243330 or 

mirabegron331, could be tested in healthy and GD cells in order to 

evaluate their thermogenic stimulation in addition to cold exposure. 
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Lastly, it could be interesting to evaluate the behaviour of cells from 

females deliveries in cold culture conditions, as it has been reported 

that females may possess higher amounts of brown fat and are more 

sensitive to BAT activation than men179,332–335, which could suggest 

greater potential of female MSCs to go towards brown adipogenic 

differentiation. 

As mentioned before, MSCs from UCT have increased interest due to 

their functional properties and that these cells come from a “waste” 

tissue242. Although these cells could be used as a therapeutic potential, 

it has been reported that UCT-MSCs from obese/diabetic mothers are 

unsuitable for cell therapy clinical protocols336. In order to use these 

cells as a potential alternative for stem cell therapies, both sexes should 

be studied to have a better understanding of biological sex differences 

from genes to hormones, hence detailed analyses are needed in order 

to elucidate if MSCs from different disease backgrounds could 

potentially be beneficial for other therapies. 

Overall, although preliminary these results show that healthy and GD 

MSCs derived from UCT are able to differentiate into adipocytes at two 

different temperatures. Further studies are now required to elucidate 

functionality of adipocytes from both backgrounds.  
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Chapter 7. Final conclusions  

  

 

 

 

 

 

 

 

 

 

 

 



The University of Nottingham  Chapter 7× 

195 

The global rise in obesity has focused research interest in brown fat 

and its activation to counteract metabolic disorders. Recent evidence 

demonstrate that adult humans possess UCP1-positive brown fat in the 

supraclavicular and neck region149,179,180. Studies indicate that brown 

cells developing in WAT are a different type known as beige 

adipocytes63. Beige adipocytes relevance in humans has been 

described, with Wu and colleagues showing that adult human BAT 

displays beige molecular markers rather than classical brown fat 

signature in UCP1-positive cells. These results emphasise the 

previously unknown molecular identity of BAT signature in humans337. 

As previously mentioned, adipocytes arise from a mesenchymal 

progenitor4,6,83,338. The ability of MSCs to be used as cellular 

transplantation of modified cells or to elucidate new mechanisms 

regulating beige adipogenesis and its activation is still under research.  

This study aimed to highlight the potential of MSCs and mechanisms 

governing browning differentiation during cold exposure. First of all, 

the browning potential of MSCs was tested to undergo adipogenic 

differentiation at normal (37ºC) and hypothermic culture conditions 

(32ºC) (Chapter 3, p. 71). Secondly, the ability of these cold-

differentiated adipocytes was tested in order to evaluate their capacity 

to maintain browning traits obtained at 32ºC (Chapter 4, p. 106). 

To continue, two different isolation methods and three culture media 

were tested to select the best growth approach for hUCT-MSCs 

(Chapter 5, p. 136). Thirdly, hUCT from healthy and gestational diabetic 

background were used in order to determine if the in vitro model of 

differentiation under hypothermic culture condition was translatable to 

primary MSCs (Chapter 6, p. 164).  
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 MSC-derived adipocytes 

During the differentiation of MSCs at two different culture conditions 

(37ºC and 32ºC), the most striking feature detected was the dual 

UCP1/leptin expressing phenotype in adipocytes differentiated at 

normal culture conditions which indicates their functional potential to 

develop into both white and brown like adipocytes92,339–341 (Fig. 3.1, p. 

79). The morphological and molecular changes of adipocytes 

differentiated at hypothermic conditions showed signs of browning, 

expressing upregulation of COX8b, UCP1, P2RX5, CITED1 (Fig. 3.11, p. 

98). These cells also displayed an increased adipocyte differentiation 

and UCP1 protein expression. Moreover, cold differentiated cells 

expressed enhanced uncoupled respiration and metabolic adaptation 

(Fig. 3.7, p. 91). Beige adipocytes exhibited a leptin translocation into 

the cells nuclei, which could indicate a possible role for leptin in the 

MSC-browning process189,339,340 (Fig. 3.3, p.84 and Fig. 3.4, p. 85).  

Recently it has been discussed that leptin is not a thermogenic 

hormone, but it effect resides in temperature regulation342. Moreover, 

evidence suggest that TRPV1 and leptin might interact in adipose 

tissue200. Since adipocytes differentiated at cold temperatures 

expressed high mRNA and protein TRPV1 staining (Fig. 3.11, p. 98), 

nuclear detection of leptin and UCP1 protein expression could suggest 

leptin’s involvement in fatty acid oxidation and UCP1 activation192.  

Moreover, hADSC and primary mMSCs displayed the same 

morphological traits, with high UCP1 and leptin expression (Fig. 3.5, p. 

87) indicating the ability of these cells to acquire browning phenotype 

under hypothermic culture conditions. 
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Further research is now required to provide experimental evidence 

and a more detailed role of leptin involvement during adipogenic 

browning at cold culture conditions. Some data suggest that TRPV1 

might mediate leptin effect in neurons343. Moreover, mice lacking 

TRPV1 showed an obese and insulin resistance phenotype344, it would 

thus be of interest to investigate the mechanism in which leptin acts in 

adipocytes and TRPV1 involvement. A graphical abstract of the main 

findings of Chapter 3 is detailed in Fig.7.1. 
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Figure 7.1. Cold temperature exposure induces browning of MSC-derived adipocytes. 

Schematic figure displaying an overview of bone marrow MSC differentiation under 

37ºC and 32ºC culture conditions. Cells differentiated at normal culture conditions 

displayed a prevalence of white-like cells while MSCs differentiated under 

hypothermal culture conditions showed a prevalence of brown-like cells with a leptin 

translocation from the cytoplasm to the nucleus of the adipocytes.  

 Brown features maintenance  

One of the major questions on browning is the maintenance of these 

acquired traits after the stimuli is removed, in this case cold exposure. 

Brown adipocytes differentiated at hypothermic culture conditions are 

able to maintain their morphological and molecular traits after 21 days 

of being transferred to warm conditions (Fig. 4.4, p. 118 and Fig. 4.5, 

p. 122).  

UCP1-independent thermogenesis has been proposed as recent 

evidence suggests that beige adipocytes require SERCA2b mediated 

Ca2+ cycling for beige fat thermogenesis both in vivo and in vitro163,345. 

Taken together, these results indicated that MSCs-derived adipocytes 

at cold culture conditions express a higher Ca2+ signal than in normal 

cultured adipocytes, while rewarmed adipocytes expressed an 

intermediate signal (Fig. 4.8, p. 125) suggesting a shared UCP1-

dependent and independent mechanism. Moreover, a complex 

interplay between TRPV1, 2 and 4 was recognised , suggesting TRPV2 

as one of the main regulator in beigeing maintenance233 (Fig. 4.8, p. 

125).  

Overall the collected evidence indicates these cells are not only able 

to differentiate into brown adipocytes at 32ºC but also to retain this 

brown signature, specially UCP1 protein expression (Fig. 4.2, p. 114) 
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and an increased bioenergetic response (Fig. 4.10, p. 128). However, 

further research is needed in order to investigate in vivo beigeing 

maintenance. A summary of the key findings of Chapter 4 can be 

observed in Fig. 7.2. 

 

Figure 7.2. Cold induced browning of MSC-derived adipocytes is not fully reversible 

after return to normal culture conditions. 

Schematic figure displaying an overview of bone marrow MSC differentiation at 37ºC 

and 32ºC. Hypothermal differentiated cells were transferred after 7 days of cold 

exposure (Transfer), normal and cold cultured adipocytes were differentiated in 

parallel for comparison. Cells differentiated at 37ºC and 32ºC showed a white and 

brown/beige phenotype, respectively while Transfer cells displayed an intermediate 

phenotype after 21 days of being transferred from cold to normal conditions.  



The University of Nottingham  Chapter 7× 

200 

 MSC human isolation 

Primary MSCs are widely used to validate and compare findings made 

in rodent cell lines. Here, a healthy UCT was used to optimise the best 

isolation protocol, growth and adipogenic differentiation medium.  

One of the earliest techniques of cell isolation is the explant culture. 

However, the enzymatic method seems to yield shorter DT250,263, which 

was in accordance with results reported here (DT=22.8± 4h; Fig. 5.4, p. 

148). hPL is known to stimulate MSC proliferation and expansion, and 

used in different cell types that have been used in clinical trials with no 

reported side effects258,259,267,346. Therefore, cells isolated from hUCT 

were able to successfully grow in a medium containing DMEM low 

glucose (1 g/L), 10% hPL, 1% L-gln and 1% P/S, these cells showed 

plastic adherence (Fig. 5.5, p. 150) and positive CD73, CD90 and 

CD105 staining5 (Fig. 5.6, p.151 and 5.7, p. 152). Although, MSCs were 

able to undergo adipogenic differentiation, the medium used was 

different from the growth medium containing DMEM-F12, 10% FBS 

and 1% P/S supplemented with insulin, dexamethasone, rosiglitazone 

and IBMX110 (Fig. 5.9, p. 156). However several studies have reported 

using two different mediums for growth and MSCs potency 

testing112,256,347. 

Taken together, the data obtained gave a suitable isolation method, 

growth and differentiation media for hUCT-MSCs. It would be of 

importance to validate each method selected in order to corroborate 

these results with a greater sample size and to test a different 

osteogenic recipe which in these results failed to meet the MSCs 

induction requirements (Fig. 5.10, p. 158). Fig. 7.3 shows a concise 

summary of the best protocol and media used in Chapter 5. 
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Figure 7.3. hUCT-MSC isolation and characterization.  

Schematic figure displaying the best isolation protocol which involved mincing the 

human umbilical cord tissue (hUCT), disaggregating it with collagenase B and seeding 

it with a medium containing human platelet lysate (hPL). MSC characterization showed 

positive co-staining of CD73+, CD90+ and CD105+. hUCT-MSCs differentiation into 

osteoblast was not successful while adipogenic differentiation was achieved with a 

medium containing DMEM-F12, FBS, P/S supplemented with an adipogenic cocktail. 
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 Browning of healthy and GD hUCT-MSCs 

Metabolic diseases, such as diabetes, are one of the main concerns for 

impairing brown fat development348–351. The analysis of healthy and GD 

MSCs derived from hUCT highlighted the ability of healthy cells to 

differentiate into adipocytes exhibiting common white features (Fig. 

6.5 p. 180) at normal culture conditions while at 32ºC these cells 

showed high UCP1 protein expression (Fig. 6.8 p.186). It was 

previously reported that hUCB-MSCs were an inappropriate cell type 

to be differentiated into brown adipocytes109, these results agree to an 

extent due to the lack of other brown molecular markers in cells at 32ºC 

(Fig. 6.6 p. 182). However, a more detailed analysis on the 

bioenergetics of healthy MSCs would indicate their normal 

thermogenic functionality. On the other hand, GD-MSCs showed 

browning impairment at 32ºC while at 37ºC these cells appear to 

achieve adipogenic differentiation (Fig. 6.3 p. 175). Taken together 

these results showed that GD cells cannot be differentiated towards 

brown adipocytes, hence these cells are also unsuitable for therapeutic 

options173.  

Further research is now required to elucidate the bioenergetic of both 

of these backgrounds, and to identify their potential to respond to b3-

AR agonists. Summary of the key finding for Chapter 6 can be observed 

in Fig. 7.4. 
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 Figure 7.4. hUCT MSCs-

derived adipocytes are able to 

differentiate under normal and 

hypothermal culture conditions. 

Schematic figure displaying the 

main features related to healthy 

and Gestational diabetic (GD) 

MSCs-derived adipocytes at 

both culture conditions. 

Healthy adipocytes showed 

normal adipogenic markers at 

37ºC while 32ºC differentiated 

cells displayed browning traits 

with high UCP1 protein 

expression. GD cells showed 

high b3-AR mRNA at both 37ºC 

and 32ºC conditions.  
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 Final remarks  

In this study human and mouse MSCs were used in order to evaluate 

their browning potential when a cold temperature stimulus was 

applied during their differentiation. These results showed four main 

conclusions: first, MSCs differentiated under hypothermic conditions 

acquire brown morphology and molecular signature. Second, cold 

MSCs-derived adipocytes display an increased bioenergetics response 

and are able to maintain it after 21 days of being transferred to warm 

conditions. Third, cold derived adipocytes may share a UCP1-

dependent and independent thermogenesis through the SERCA2b 

Ca2+ increased mechanism. Finally, GD-MSCs are unable to 

differentiate into brown adipocytes under cold culture conditions. 

Chapter 3 described an adipogenic differentiation method in which 

only cold temperature is used in order to enhance beigeing traits in 

fully differentiated adipocytes. One of the main differences found in 

the gene expression was the increased TRPV1 mRNA in cold 

differentiated adipocytes when compared to those in normal culture 

conditions. A study found a 40% reduction in glucose metabolism in 

WAT and BAT TRPV1 knockout mice exposed to high fat diet when 

compared to wild type which highlights the importance of TRPV1 in 

energy expenditure200. It would be interesting to investigate the role of 

UCP1 in TRPV1 knockout MSCs during adipogenesis, this could help 

to elucidate a possible feedback between these two genes, and if the 

absence of TRPV1 could trigger another TRPs channels such as TRPV2 

and TRPV4, as described in Chapter 4. 
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Another interesting subject to explore is the analysis of the MSC 

population able to differentiate. As described before, only 30-40% of 

MSCs were differentiated into adipocytes, therefore a more 

homogeneous population could provide a higher beige/brown profile 

in MS cells. For this reason, the main markers to use for an early 

commitment detection are PRDM16, PGC1a, CD137 and Myf560,66,352–

354. Interestingly, the bioenergetic of the hypothermic differentiated 

cells was higher than of cells differentiated under normal culture 

conditions. Although the percentage of differentiation in adipocytes at 

37°C might be increased to same levels as 32°C derived adipocytes, 

OCR and ECAR could not reach the same values of those observed in 

the hypothermic conditions, which highlights the importance of cold 

stimulus applied in this research. In addition, fully differentiated 

adipocytes could be also targeted via TRPV1/UCP1 co-expression to 

perform single-cell analysis. 

As described in Chapter 4, hypothermic differentiated adipocytes are 

still metabolically active after 28 days of being transferred into warm 

conditions. The next step would be to calculate the amount of energy 

these cells can consume and how this energy could relate to obesity 

management. The adaptability observed in cold differentiated 

adipocytes, as well as their molecular and bioenergetic profile could 

provide a possible therapeutic option not only for obesity but for other 

related diseases. Moreover, further research is needed in order to 

know the length of time these cells are bioenergetically active and if 

they could be continuously activated through the TRPs channels. 

Regarding UCT MSCs from healthy and GD backgrounds, more studies 

and a high number of samples are needed in order to continue the 

evaluation of these cells and their adipogenic potential. Additionally, 
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their rapid availability, large number of cells obtained and low risk of 

rejection makes them an excellent candidate for cellular therapy274. 

Furthermore, the exposure of a high glucose niche in GD cells could 

open up the possibility to evaluate their pathway behaviour after a 

browning stimulus is applied, such as cold exposure. This could help 

to elucidate if the same molecules used in obese individuals can 

equally work in diabetic patients.  

Additionally, understanding beige commitment could help to 

comprehend the adaptability of the different adipose depots 

throughout climate change. Several studies suggest that individuals 

exposed to cold temperatures possess higher amounts of BAT than 

those exposed to warmer conditions147,149,355. However, there are still 

some questions to be answered, how much time does a person need 

to reduce a significant amount of weight after the activation or 

transplant of beige / brown adipocytes? Does cold temperature play a 

major role in the maintenance of these cells? How much BAT does an 

individual need? 

In conclusion, there are two potential therapies that could benefit 

patients with obesity and related metabolic diseases. It is known that a 

percentage of BM-MSCs travel to different adipose depots50,356, for this 

reason one possible application would be to target MSCs derived from 

the bone marrow. This could be done by using a molecule, either a 

drug or a natural compound, which can modulate TRPV1 channel 

activity as a possible treatment for obesity and its related diseases, such 

as diabetes357. As an example, it has been previously described that 

capsaicin ingestion benefits controlling food intake and obesity. TRPV1 

is activated by several stimuli and molecules, such as cold exposure 

and capsaicin, respectively358. Capsaicin has been widely studied due 
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to its ability to decrease body temperature in different species, 

including human359. A study revealed that volunteers ingesting 

capsaicin capsules displayed increased satiety and energy 

expenditure360. Moreover, capsaicin consumption also helped to 

maintain body weight in obese subjects361. Altogether, these data 

could suggest a role of TRPV1 in the control of diabetes, insulin 

resistance and obesity357.  

The second potential translational application of MSCs could be using 

the already differentiated brown/beige adipocytes as cellular 

therapy354. The cell therapy could be based with MSCs isolated from 

UCT treated with factors that either enhance or promote beige/brow 

differentiation, e.g. cold stimuli, then these cells could be transplanted 

into individuals to allow in vivo expansion to generate functional brown 

adipocytes and help lose undesired fat. This is potentially beneficial to 

individuals prone to obesity or with physical limitations. However, 

additional research is needed to ensure cell engraftment, as well as 

clinical trials, and to assess and improve the efficacy of these two 

possible approaches.  

Finally, further research will now be necessary to elucidate the exact 

regulatory characteristics of which these newly derived adipocytes 

regulate energy expenditure and if the UCP1/TRPVs link could play a 

major role in temperature regulation, browning activation and 

maintenance. Overall, the work presented highlight MSCs potentiality 

towards beigeing. This could facilitate future studies on how to recruit 

and conserve these cells by targeting specific pathways in obese 

individuals and to control other metabolic diseases.  
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Appendix 

 

Appendix Figure 1. Metabolic activity (Presto Blue) standard curve in mMSCs D1 

undifferentiated (control) and differentiated (adipogenic).  

Every time point was done in triplicates. Data are shown as mean ± SEM. 
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Equipment 

EQUIPMENT IDENTIFIER 
Cell culture laboratory 
Class II MSC  Walker Safety Cabinets Limited 
Class II microbiological safety 
cabinets 

Biomat 2 

Incubator Hera Cell 150 Thermo Electron Corporation 
Beads Bath Fisher Scientific 
Centrifuge Sigma 3-16 
Microscope Nikon Elipse TS100 Nikon 
Microscope  Leica DMIL 
Incubator safe cell UV Panasonic  
Microscope Evos XL core AMG 
Plate reader infinite M200 Life Sciences  

Tecan 
pH meter Ion Epsilon 
Seahorse XFe96 Extracellular Flux 
Analyser 

Agilent 

Plate hotter M186 GenLab 
Molecular laboratory 
Real-Time PCR system Step One 
Plus 

Applied Biosystems 
Thermo Fisher Scientific 

Fuji-LAS 3000 imager Fujifilm 
BioRad Power Pac 300 BioRad 
Mini plate spinner MPS 1000 Labnet 
Touchgene gradient  Techne 

Scientific Lab Supplies 
Mini Spin centrifuge Eppendorf 

Scientific Lab Supplies 
Balance PS-200 FisherBrand 
Micro Centaur Microcentrifuge MSE 

Scientific Lab Supplies 
PV-1 Vortex mixer Grant bio 
Centrifuge 5810R Eppendorf 
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Reagents 

REAGENT or 
RESOURCE 

SOURCE IDENTIFIER 

Antibodies 
Rabbit polyclonal Anti-
UCP1 

Abcam Cat# ab10983;  
RRID: AB_2241462 

Goat polyclonal Anti-
UCP1 

Novus 
Biologicals 

Cat# NB100-2828;  
RRID:  AB_792527 

Rabbit polyclonal Anti-
Ob 

Santa Cruz Cat# sc-843;  
RRID: AB_2136068 

Rabbit polyclonal Anti-
CD137 

Abcam Cat# ab203391 

Rabbit polyclonal Anti-
TMEM26 

Novus 
Biologicals 

Cat# NBP2-27334 

Secondary antibodies 
Goat Anti-rabbit IgG 
Alexa 594 

Thermo Fisher 
Scientific 

Cat# R37117;  
RRID:  AB_2556545 

Goat Anti-rabbit IgG 
Alexa 488 

Thermo Fisher 
Scientific 

Cat# A11008;  
RRID:  AB_143165 

Goat Anti-goat IgG 
Alexa 647 

Thermo Fisher 
Scientific 

Cat# A21244;  
RRID:  AB_2535812 

Donkey Anti-goat IgG 
Alexa 647 

Thermo Fisher 
Scientific 

Cat# A21447;  
RRID:  AB_2535864 

Donkey Anti-goat IgG 
Alexa 488 

Abcam Cat# ab150129;  
RRID:  AB_2687506 

HRP Goat Anti-Rabbit 
IgG Antibody 

Vector 
Laboratories 

Cat# PI-100 

Chemicals, Peptides, and Recombinant Proteins 
DMEM, Low Glucose, 
Pyruvate 

Thermo Fisher 
Scientific 

Cat# 31885-023 

DMEM/F-12 (1:1) 1X, (-) 
L-Glutamine 

Thermo Fisher 
Scientific 

Cat#21331-020 

FBS Thermo Fisher 
Scientific 

Cat# 10500-064 

Human Platelet Lysate Stem Cell 
Technologies 

Cat#06961 

L-Glutamine (100X) Thermo Fisher 
Scientific 

Cat# 25030-024 

Pen/Strep Thermo Fisher 
Scientific 

Cat# 15140-122 
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MEM NEAA (100X) Thermo Fisher 
Scientific 

Cat# 11140-035 

Sodium Pyruvate 100 
mM (100X) 

Thermo Fisher 
Scientific 

Cat#11360-039 

Collagenase B Roche Cat#11088815001 
Insulin solution human Sigma Aldrich Cat# I9278 
Rosiglitazone  Cayman 

Chemical  
Cat# 71740 

Dexamethasone Cayman 
Chemical  

Cat# 11015 

3-Isobutyl-1-
methylxanthine 

Sigma Aldrich Cat# I5879 

0.05% Trypsin-EDTA 
(1X) 

Thermo Fisher 
Scientific 

Cat# 25300-054 

PBS (Dulbecco A) Thermo Fisher 
Scientific 

Cat# BR0014G 

Paraformaldehyde Sigma Aldrich Cat # P-6148 
TRI reagent Sigma Aldrich Cat# T9424 
Hoechst 33258 Thermo Fisher 

Scientific 
Cat# H3569 
 

Bodipy 493/503 Thermo Fisher 
Scientific 

Cat# D3922 

MitoTrackerR Orange 
CM-H2TMRos  

Thermo Fisher 
Scientific 

Cat# M7511 

Hydrogen Peroxide 
Solution 

Sigma Aldrich Cat# H1009 

ImmPact DAB  Vector 
Laboratories 

Cat# SK-4105 

Hematoxylin QS Vector 
Laboratories 

Cat# H-3404 

Vectashield mounting 
medium with DAPI 

Vector 
Laboratories 

Cat# H-1200 

DPX Mountant for 
histology 

Sigma Aldrich Cat # 06522 

Tween 20 Sigma Aldrich Cat# P1379 
Trito X-100 Sigma Aldrich Cat# T9284 
Ethidium Bromide 
Solution 

Sigma Aldrich Cat# E1510 

Optical adhesive covers 
for PCR 

Thermo Fisher 
Scientific 

Cat#4360954 

MicroAmp® Fast 96-well 
reaction plate (0.1mL) 

Thermo Fisher 
Scientific 

Cat#4346907 

Nuclease free water Qiagen Cat# 129114 
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High performance cover 
glasses 1 ½, 18 mm x 18 
mm (0.17± 0.005 mm)  

Zeiss Cat# 10474379 

Oil Red O Sigma Aldrich Cat# O0625 
Presto Blue  Thermo Fisher 

Scientific 
Cat# A13262 

Propanol-2-ol Fisher Scientific Cat# 10315720 
Ethanol  Fisher Scientific Cat# 10284580 
Cellular models 
mMSCs D1 (D1 ORL UVA 
[D1]) 

ATCC Cat# CRL-12424 

hADSCs (StemPro™ 
Human Adipose-
Derived Stem Cells) 

Thermo Fisher 
Scientific 

Cat# R7788-115 

Critical commercial Assays 
XFe96 Extracellular Flux 
Analyser 

SeaHorse 
Bioscience 

http://www.agilent.com/e
n/promotions/seahorse-
xf-technology  

Rneasy micro kit QIAGEN Cat# 74004 
Quick-load 100 bp DNA 
ladder 

New England 
BioLabs  

N0467L 

EZ-PCR Mycoplasma test 
kit 

Biological 
Industries 

Cat#20-700-20 

High capacity RNA to 
cDNA kit 

Thermo Fisher 
Scientific 

Cat# 4387406 

QIAquick Gel Extraction 
Kit 

QIAGEN Cat# 28704 

OneTaq HS Quick Load 
2X MM with standard 
buffer 

New England 
BioLabs 

M04885 

Fast SYBR Green Master 
Mix 

Thermo Fisher 
Scientific 

Cat# 4385612 

iTaq Universal Probes 
Supermix  

BIORAD Cat# 1725134 

Oligonucleotides 
Mouse qRT-PCR Primer 
Sequences 

Different 
Sources 

See Molecular Biology 
Chapter 2.6.5  

Software and Algorithms 
GraphPad Prism 7 GraphPad 

Software 
https://www.graphpad.co
m 

ImageJ Software ImageJ https://imagej.net/ 
 


