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Abstract
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ISBN 978-91-513-1729-8.

Adipose tissue dysfunction has a pivotal role in the development of obesity and related metabolic
complications, such as insulin resistance, cardiovascular disease, and diabetes. The overall
aim was to study the consequences of adipose exposure to pharmacological agents, as well as
dysregulations in the expression of genes, potentially involved in adipose tissue dysfunction
and related metabolic impairments.

In Paper I, CRISPR/Cas9 gene knockout method in human primary preadipocytes
was established and used to study the role of FKBP51 (FK506 Binding Protein 5) in
mediating glucocorticoid action in adipocytes. FKBP51 ablation did not affect preadipocyte
differentiation; however, it inhibited dexamethasone's negative effect on glucose uptake.

In Paper II, CDKN2C (Cyclin-Dependent Kinase Inhibitor 2C) was shown to be down-
regulated in subjects with T2D and obesity and was negatively associated with markers of insulin
resistance and central adiposity. However, CDKN2C deficiency did not affect preadipocyte
differentiation or adipocyte glucose uptake.

In Paper III, we demonstrated that supra-therapeutic concentration of aripiprazole inhibited
preadipocyte differentiation, while therapeutic concentrations increased the expression of lipid
oxidation markers and leptin. Aripiprazole dose-dependently reduced adipocyte glucose uptake.
Except for up-regulating leptin gene expression, olanzapine had no direct effects on adipocytes.

In Paper IV, we observed that dopamine receptor (DR) D2 gene and/or protein expression
was increased in subjects with prediabetes, T2D and obesity, and protein expression was
positively associated with markers of hyperglycemia, independently of obesity status. DRD1
gene expression was increased in subjects with obesity, with a tendency to be increased in T2D,
and positively correlated with markers of obesity and insulin resistance. However, the DRD1
protein levels did not follow the gene expression data. Dopamine at physiological concentrations
did not affect adipocyte glucose uptake or lipolysis ex vivo.

In conclusion, a simple and highly efficient CRISPR/Cas9 method was developed. FKBP51
and CDKN2C are dispensable for adipogenesis, but might be important for adipocyte
metabolism and function. Aripiprazole, but not olanzapine, might have direct implications
for adipocyte development and energy metabolism. Furthermore, the expression of DRD2 in
SAT seems to be increased with hyperglycemia, which could have implications for dopamine
signaling in subjects with prediabetes and diabetes.

Keywords: adipose tissue, adipocyte, type 2 diabetes, CRISP/Cas9, FKBP51, CDKN2C,
second-generation antipsychotics, glucocorticoids, dopamine, dopamine receptor

Milica Vranic, Department of Medical Sciences, Clinical diabetology and metabolism,
Akademiska sjukhuset, Uppsala University, SE-75185 Uppsala, Sweden.

© Milica Vranic 2023

ISSN 1651-6206
ISBN 978-91-513-1729-8
URN urn:nbn:se:uu:diva-497539 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-497539)



 

This thesis is dedicated to my parents, 
and to my grandpa who would be proud. 

 
 

 
 

 
 
 
 

                    
 

 
 
 
 
 
 
 
 
 



 



List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Kamble PG, Hetty S, Vranic M, Almby K, Castillejo-López C, 

Abalo XM, Pereira MJ, Eriksson JW. (2020) Proof-of-concept 
for CRISPR/Cas9 gene editing in human preadipocytes: Dele-
tion of FKBP5 and PPARG and effects on adipocyte differenti-
ation and metabolism. Scientific reports, 10(1):10565 
 

II Pereira MJ*, Vranic M*, Kamble PG, Jernow H, Kristófi R, 
Holbikova E, Skrtic S, Kullberg J, Svensson MK, Hetty S, Eriks-
son JW. (2022) CDKN2C expression in adipose tissue is reduced 
in type II diabetes and central obesity: impact on adipocyte dif-
ferentiation and lipid storage? Translational Research, 242:105-
121 

 
*authors contributed equally 

 
III Vranic M, Ahmed F, Hetty S, Sarsenbayeva A, Ferreira V, Fanni 

G, Valverde ÁM, Eriksson JW, Pereira MJ. (2022) Effects of the 
second-generation antipsychotic drugs aripiprazole and olanzap-
ine on human adipocyte differentiation. Molecular and cellular 
endocrinology, 10(1):10565 
 

IV Vranic M, Ahmed F, Kristófi R, Hetty S, Mokhtari D, Svensson 
MK, Eriksson JW, Pereira MJ. Subcutaneous adipose tissue do-
pamine D2 receptor expression is increased in prediabetes and 
T2D. Manuscript.  

 
 
 

Reprints were made with permission from the respective publishers. 



 

  



Contents 

Introduction ................................................................................................... 11 
Type 2 diabetes ......................................................................................... 11 

Type 2 diabetes pathophysiology and risk factors ............................... 11 
Genetics of T2D ................................................................................... 12 

Obesity ..................................................................................................... 12 
Adipose tissue .......................................................................................... 13 

Structure and function.......................................................................... 13 
Adipocyte development ....................................................................... 15 

Cyclin-Dependent Kinase Inhibitor 2C ........................................... 17 
Glucose metabolism............................................................................. 18 
Lipid storage ........................................................................................ 19 

Drug-induced diabetes .............................................................................. 21 
Glucocorticoids .................................................................................... 21 

FK506 binding protein 5 ................................................................. 22 
Second-generation antipsychotics ....................................................... 24 

Dopaminergic signaling and metabolic impairments ............................... 25 
CRISPR/Cas9 in human primary preadipocytes ...................................... 27 

Application in human primary adipose cells ....................................... 28 

Aims .............................................................................................................. 29 

Methods ........................................................................................................ 31 
Ethical approval for studies ...................................................................... 31 
Subjects and adipose tissue sampling ....................................................... 31 
Isolation of primary adipocytes and preadipocytes .................................. 32 
CRISPR/Cas9 mediated gene knockdown in preadipocytes .................... 32 
Adipocytes and preadipocytes incubations .............................................. 34 
Preadipocytes in vitro differentiation ....................................................... 35 
Proliferation assay .................................................................................... 35 
Fluorescent staining for the differentiation rate calculation ..................... 35 
Glucose uptake in primary mature adipocytes ......................................... 36 
Glucose uptake in in vitro differentiated adipocytes ................................ 36 
Lipolysis in primary mature adipocytes ................................................... 37 
Gene expression ....................................................................................... 37 

Transcriptomics ................................................................................... 37 
Real-time quantitative PCR ................................................................. 38 



Protein expression .................................................................................... 38 
Immunocytochemistry ......................................................................... 38 
Western Blot ........................................................................................ 38 

Cell viability assay ................................................................................... 39 
SNP analysis ............................................................................................. 39 
Animals .................................................................................................... 39 
Statistical analysis .................................................................................... 40 

Results ........................................................................................................... 41 
Paper I ...................................................................................................... 41 
Paper II ..................................................................................................... 42 
Paper III .................................................................................................... 43 
Paper IV ................................................................................................... 44 

Discussion ..................................................................................................... 45 
CRISPR/Cas9 gene editing in human primary preadipocytes .................. 46 
FKBP5 and CDKN2C gene knockdown and effect on adipogenesis ....... 47 
FKBP51 and CDKN2C in adipocyte metabolism .................................... 49 
Pharmacological agents targeting dopamine receptors and adipose tissue
 .................................................................................................................. 51 
SGAs effect on adipocyte differentiation and glucose uptake ................. 52 
Dopamine receptors in adipose tissue and metabolic implications .......... 54 

Concluding remarks ...................................................................................... 57 

Acknowledgments......................................................................................... 60 

References ..................................................................................................... 63 

 



Abbreviations 

5-HT  5- hydroxytryptamine 
ACC  Acetyl-CoA Carboxylase 
ACO1  Aconitase 1 
ADIPOQ  Adiponectin 
ARI  Aripiprazole 
ATGL Adipose Triglyceride Lipase 
BMI  Body mass index 
cAMP  Cyclic adenosine monophosphate 
CCDC92  Coiled-Coil Domain Containing 92 
CD36  Cluster of Differentiation 36 
Cdk4  Cyclin Dependent Kinase 4 
Cdk6  Cyclin Dependent Kinase 6 
CDKN2C  Cyclin-Dependent Kinase Inhibitor 2C 
cDNA  Complementary DNA 
CEBPs  CCAAT Enhancer Binding Proteins 
CKIs  Cyclin-dependent Kinase Inhibitors  
CNR1  Cannabinoid Receptor 1 
CPEB4  Cytoplasmic Polyadenylation Element Binding 

Protein 4 
DA  Dopamine 
DAG  Diacylglycerol 
DARI  Dehydroaripiprazole 
DGAT Diacylglycerol O-Acyltransferase 
DMSO  Dimethyl sulfoxide 
DRD1  Dopamine Receptor D1 
DRD2  Dopamine Receptor D2 
FABP4  Fatty Acid Binding Protein 4 
FASN  Fatty Acid Synthase 
FFA Free fatty acid 
FKBP51  FK506 Binding Protein 5 
FKBP52  FK506 Binding Protein 4 
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 
GLUT Glucose transporter 
GR  Glucocorticoid receptor 
GUSB  β-glucuronidase 



GWAS  Genome-wide association study 
HOMA-IR  Homeostatic model assessment of insulin re-

sistance index 
HSL  Hormone-Sensitive Lipase 
Hsp90  Heat shock protein 90 
IBMX  3-isobutyl-1-methylxanthine  
L-DOPA  3,4-dihydroxy-L-phenylalanine 
LPL  Lipoprotein Lipase  
MAG  Monoacylglycerol 
MAPK  Mitogen-Activated Protein Kinase 
MGL  Monoacylglycerol lipase 
NHEJ  Non-Homologous End Joining 
OAT  Omental adipose tissue 
OLA  Olanzapine 
PDK4  Pyruvate Dehydrogenase Kinase 4 
PKA  Protein Kinase A 
PPARG  Peroxisome Proliferator-Activated Receptor 

Gamma 
RNP  Ribonucleoprotein 
RYGB  Roux-en-Y gastric bypass 
SAT  Subcutaneous adipose tissue 
SGA  Second-generation antipsychotic 
SGBS  Simpson-Golabi-Behmel syndrome  
sgRNA  Single-guide RNA 
SVF  Stromal vascular fraction 
T2D  Type 2 diabetes  
T3  3, 3, 5-triiodo L-thyronine 
TAG  Triacylglycerol 
TFAM  Transcription Factor A, Mitochondrial 
VAT  Visceral adipose tissue  
WHR  Waist to hip ratio 
 



 

 11 

Introduction 

Type 2 diabetes 
Diabetes is a chronic disease that occurs either when the pancreas does not 
produce enough insulin and/or when the body cannot effectively use the 
insulin it produces. The prevalence of diabetes has been rising more rapidly 
in low- and middle-income countries than in high-income countries, reach-
ing ~10% globally and resulting in over 500 million adults living with di-
abetes in 2021 (1). Sweden currently has about 500 000 adults with diabe-
tes and a ~7% prevalence of the disease (2). With its high prevalence, dia-
betes imposes a substantial burden on society due to higher medical costs, 
lost productivity, premature mortality, and reduced quality of life. The total 
estimated cost of diabetes in the USA in 2017 was $327 billion (3).  

Diabetes can be classified into four general categories: type 1 diabetes, 
type 2 diabetes (T2D), gestational diabetes, and specific types of diabetes 
due to other causes, such as monogenic diabetes syndromes, endocrinopa-
thies, and drug- or chemical-induced diabetes (4, 5). Treatment for diabetes 
includes diet, exercise, medication, and regular screening, and thus com-
mon complications such as impairment of the immune system, periodontal 
disease, retinopathy, nephropathies, cardiovascular diseases, and diabetic 
foot can be avoided or delayed (6). 

Type 2 diabetes pathophysiology and risk factors 
More than 90% of people with diabetes have T2D. Normoglycemia is 
maintained by the interplay between insulin action in target tissues and in-
sulin secretion from β-cells in the body. By the time hyperglycemia devel-
ops, reductions in both insulin sensitivity and beta-cell (β-cell) function 
have already occurred (7). Insulin resistance is defined as the reduced abil-
ity of insulin to optimally stimulate glucose uptake in insulin-sensitive tis-
sues, such as the liver, muscle, and adipose tissue (8). Initially, β-cells com-
pensate for insulin resistance in peripheral tissues by secreting more insulin 
and consequently restore euglycemia in the prediabetic state (9). However, 
chronic exposure to excess glucose results in hyperinsulinemia, ultimately 
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leading to the failure in insulin secretion by pancreatic islet β-cells, leading 
to abnormal blood glucose levels as observed in T2D (8, 10, 11).  

The development of T2D is associated with a matrix of environmental, 
epigenetic, and genetic factors (12). One of the most triggering environ-
mental risk factors for T2D is obesity, driven by a sedentary lifestyle with 
low physical activity and overeating (12, 13). 

Genetics of T2D 
T2D is a complex, multifactorial disease dependent on interactions be-
tween genetic loci and environmental factors. The risk of T2D is higher in 
certain ethnic groups, independent of metabolic risk factor profiles (14). 
Furthermore, family studies have shown that the risk of T2D increases by 
40 and 70% if one or both parents have the disease, respectively (14). 
Moreover, in individuals older than 60 years, concordance rates for diabe-
tes were 35–58% in monozygotic twins, compared with 17–20% in dizy-
gotic twins (15, 16). Generally, two methods are used for studying genetic 
factors involved in a specific disease: the so-called candidate gene ap-
proach and the genome-wide association studies (GWAS) (17). Over the 
past decade, GWAS have identified more than 100 loci associated with 
T2D, demonstrating the complex polygenic nature of T2D (18). 

Obesity 
Obesity and overweight are defined as excessive or abnormal fat accumu-
lation that is a severe health risk factor. Body mass index (BMI) is com-
monly used for obesity classification, with the range being 25.0–29.9 
kg/m2 for overweight and ≥30.0 kg/m2 for obesity (19). Worldwide obesity 
has nearly tripled since 1975 and has grown to epidemic proportions, with 
~40% of people being overweight and ~15% obese (19). Obesity is well 
known to be associated with insulin resistance and is the single strongest 
risk factor for the development of T2D (20, 21), with 89% of adults with 
T2D being overweight or obese, and 61% obese (22). Obesity is associated 
with adverse alterations in adipose tissue that predispose the tissue to met-
abolic dysregulation, such as accumulation of immune cells and pro-in-
flammatory adipokine secretion, reduction in lipid turnover, and deposition 
of fat in ectopic locations (10, 23). Fat accumulation in non-adipose tissues, 
such as skeletal muscle and the liver, may play an important role in the 
development of insulin resistance and/or impaired insulin secretion in 
obese individuals, leading to type 2 diabetes (24, 25). Fat accumulation in 



 

 13 

the liver results in fibrosis and non-alcoholic fatty liver disease (26); fat in 
the pancreas is linked to decreased insulin secretion (27), and fatty muscle 
is associated with insulin resistance (28). 

Furthermore, apart from the amount of fat accumulated, fat distribution 
in different adipose depots greatly impacts metabolic health. An increase 
in visceral fat depots with an increased waist-to-hip ratio is associated with 
insulin resistance, cardiovascular disease, and T2D risk (29).  

GWAS studies describing novel genetic variants related to body fat dis-
tribution and cardiometabolic disease outcomes have become prominent in 
revealing factors involved in the mechanisms of development of metabolic 
diseases (30, 31). Recently, a GWAS aimed to identify novel genomic re-
gions that are associated with insulin resistance phenotypes and limited pe-
ripheral lipid storage capacity (e.g. Coiled-Coil Domain Containing 92 
(CCDC92), Cytoplasmic Polyadenylation Element Binding Protein 4 
(CPEB4), Cyclin-Dependent Kinase Inhibitor 2C (CDKN2C), etc.) (32). 
However, the involvement of many of these genes in the development of 
T2D and central obesity (excessive abdominal fat accumulation) is yet to 
be revealed. In this thesis, we have explored the role of CDKN2C as a pos-
sible mediator for lipid storage defects in T2D subjects. 

Adipose tissue  
Adipose tissue is an important endocrine organ involved in the regulation 
of whole-body energy homeostasis. Adipose tissue dysfunction is a central 
defect in obesity and links obesity to an increased risk of insulin resistance, 
dyslipidemia, and T2D (33). 

Structure and function 
Adipose tissue is comprised of adipocytes and non-adipocyte cells: pread-
ipocytes, immune cells, endothelial cells, and mesenchymal stem cells - 
collectively called stromal vascular fraction (SVF) (34) (Figure 1).  
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Figure 1. Adipose tissue cellular structure. The image was created with BioRen-
der.com. 

 
In mammals, there are two main types of adipose tissue:  

• White adipose tissue is the predominant adipose tissue in adult hu-
mans. It is characterized by unilocular adipocytes, and has the pri-
mary role of lipid storage and adipokine secretion in the regulation 
of metabolism; 

• Brown adipose tissue is relatively scarce. It is characterized by 
multilocular adipocytes, and it is a thermogenic tissue responsible 
for producing energy in the form of heat (35). 

This thesis focuses on the white adipose tissue since it is most relevant for 
the context of the studies.  

White adipose tissue is localized throughout the body and classified into 
two depots, subcutaneous and visceral adipose tissue (SAT and VAT). 
VAT is present mainly in the mesentery and omentum. It is more cellular, 
vascular, and innervated, contains a larger number of inflammatory and 
immune cells, and has a lower preadipocyte differentiating capacity, com-
pared to SAT (36). VAT adipocytes are more metabolically active and sen-
sitive to lipolysis (breakdown of triglycerides into fatty acids and glycerol) 
than SAT adipocytes (36). Due to their anatomical location beneath the 
skin, SAT is easily accessed with needle biopsies and is commonly used in 
research. On the contrary, VAT access is limited, requiring surgical re-
trieval. 

Adipose tissue has previously been defined mainly by its well-known 
role in lipid storage, thermogenesis, and mechanical organ protection, but 
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nowadays, it is also acknowledged as an endocrine organ at the center of 
energy homeostasis (37). Adipose tissue produces numerous biologically 
active compounds such as hormones, growth factors, cytokines, lipids, and 
miRNAs that mediate the regulation of metabolic homeostasis (38). These 
compounds secreted from adipose tissue (e.g. adiponectin, leptin, interleu-
kin 6, bone morphogenetic protein 4 and 7, lipocalin 2, tumor necrosis fac-
tor α) are known collectively as adipokines. Adipokines act as autocrine, 
paracrine, or endocrine agents and can have a positive or negative impact 
on the metabolic state (39). Adipose tissue secretes adipokines to com-
municate with other organs such as muscle, pancreas, and brain (40) in the 
regulation of systemic energy homeostasis. Therefore, any alteration in the 
adipokine secretion profile can have a significant impact on the whole-
body energy balance. In return, adipose tissue functions are regulated by 
multiple external influences, such as autonomic nervous system signals 
from the brain, blood flow rate, and the delivery of a complex mix of sub-
strates and hormones through the circulation (41). 

Adipocyte development 
Adipose tissue expansion occurs due to an increase in adipocyte number 
(hyperplasia)  and/or an increase in cell size (hypertrophy) (42). New adi-
pocytes are generated by recruitment and differentiation from precursor 
cells (preadipocytes) located in the adipose tissue, and this process is called 
adipocyte differentiation or adipogenesis (43). Adipocyte differentiation is 
dependent on the interplay with another important cell process - prolifera-
tion (44). Before the differentiation program is initiated, preadipocytes in-
crease in number by going through cycles of proliferation, which requires 
cell cycle activation. However, to start adipogenesis, the cell cycle needs 
to be arrested, and cells are withdrawn from proliferating (45). Growth ar-
rest is mainly regulated by the activity of cell cycle inhibitor proteins 
known as Cyclin-dependent Kinase Inhibitors (CKIs) (46). Different CKIs 
(e.g. CDKN2A, CDKN1A, CDKN1B, CDKN2C) have been suggested to 
play critical roles in maintaining cell cycle arrest at various stages during 
preadipocyte differentiation, e.g. exponential growth phase, initiation of 
differentiation, and terminal phase of differentiation (47-49). 

Once the preadipocytes go through cell cycle withdrawal, the cascade 
of consecutive activation of various transcriptional factors governing dif-
ferentiation begins, such as the master regulator of adipogenesis - Peroxi-
some Proliferator-Activated Receptor γ (PPARγ) and transcriptional co-
activators CCAAT/enhancer-binding proteins (CEBPs) (50). During dif-
ferentiation, preadipocytes undergo morphological and metabolic changes, 
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accumulate lipids, and become functional, insulin-responsive mature adi-
pocytes (45) (Figure 2). Several genes related to adipocyte function are 
upregulated during adipogenesis, such as Cluster of Differentiation 36 
(CD36), adiponectin (ADIPOQ), and Fatty Acid Binding Protein 4 
(FABP4) (45, 51, 52). The expression levels of such genes are also com-
monly used as experimental markers of adipogenesis (53). 

  
Figure 2. Preadipocyte commitment and differentiation. The image was created 
with BioRender.com. 

Various factors affect adipogenesis. These factors can be internal (physio-
logical or pathophysiological, arising from within the body), or external 
(drugs or the environment) (54). Endocrine hormones (insulin, glucocorti-
coids), glucose, and fatty acids positively affect adipogenesis, while pro-
inflammatory cytokines, vitamin D, and others inhibit adipocyte develop-
ment (54). Systemic physiological states, such as those associated with ox-
idative stress and the production of reactive oxygen species, circadian 
rhythm, and cold temperatures, have complex and context-dependent ef-
fects on adipogenesis and metabolic health (45).  

An increase in cell number by the differentiation of preadipocytes is 
considered protective against obesity-associated metabolic complications 
(55). The number of adipocytes in a given depot is primarily determined 
early in life and is mostly stable through adulthood, even after weight loss 
(56). However, approximately 10% of fat cells are renewed every year, at 
all adult ages and levels of BMI, by ongoing adipogenesis and adipocyte 
death (56). It has been shown that the number of preadipocytes in SAT that 
can undergo differentiation is reduced in obesity, potentially resulting in 
the accumulation of triglycerides in existing adipocytes (57). Adipocyte 
hypertrophy is a common adaptive response to excess energy storage, as in 
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overeating (58), and may lead to adipocyte hypoxia and activation of cel-
lular stress responses (59). Adipose tissue expansion and adipocyte en-
largement lead to altered lipid storage capacity and adipokine secretion 
(60). Enlarged adipocytes lose insulin sensitivity and insulin inhibition of 
lipolysis, which results in lipid “overflow”, ectopic fat accumulation (ex-
cessive lipid accumulation in non-adipose tissues like the liver, skeletal 
muscle, and the pancreas), and insulin resistance (25, 61).  In T2D patients, 
reduced expression of genes involved in lipid storage and differentiation 
(62, 63), suggests impaired lipid storage in adipose tissue, which could po-
tentially contribute to ectopic fat accumulation. 

PPARγ agonists are valuable glucose-sensitizing drugs used in the treat-
ment of T2D, that act primarily by modulating lipid and glucose metabo-
lism, but they also have well-documented anti-inflammatory effects (64, 
65). Developing additional adipocyte differentiation- and metabolism-tar-
geting pharmacological agents could be a unique therapeutic approach for 
obesity intervention and its metabolic complications. 

Cyclin-Dependent Kinase Inhibitor 2C 
As previously mentioned, in a GWAS aimed to identify novel genes that 
could be associated with insulin resistance and limited peripheral adipose 
tissue storage, CDKN2C was among the putative effector genes that were 
identified (32). Another recent GWAS supported CDKN2C polymorphism 
associations with obesity and T2D pathogenesis (66). However, the contri-
bution of CDKN2C in the development of T2D and central obesity re-
mained unknown. 

CDKN2C, also known as p18 and INK4C, is a negative cell cycle reg-
ulator that belongs to the INK4 family of CKIs (67). The division cycle is 
comprised of four discrete phases: M, G1, S, and G2. G1, S, and G2, to-
gether called interphase, are marked by cell growth. The M phase (mitosis) 
is accompanied by cytokinesis, while the S phase is the DNA replication 
phase (Figure 3) (68). Cell cycle progression, as well as arrest, are highly 
regulated processes. By interacting with cyclin-dependent kinases 4 and 6, 
cell cycle inhibitor CDKN2C promotes cell cycle arrest in the G1 phase, 
together with CDKN1A and CDKN1B (69). As previously mentioned, cell 
proliferation is an important process preceding adipocyte differentiation. It 
has been shown that CDKN2C is involved in cell cycle arrest during mouse 
and chicken adipocyte differentiation (47, 70, 71); however, whether it also 
plays a role in human preadipocytes is not clear.  
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Figure 3. Cell cycle and CDKN2C. Cdk4 – Cyclin-dependent kinase 4; Cdk6 – 
Cyclin-dependent kinase 6. The image was created with BioRender.com. 

Glucose metabolism 
Glucose is the primary energy source in mammalian cells. Upon glucose 
absorption from the gut, insulin is released from pancreatic β-cells, which 
both suppress hepatic glucose production and promote glucose uptake by 
insulin-sensitive tissues (e.g. muscle and adipose tissue) (72).  

Since the lipid bilayers on the adipocyte surface do not allow passive 
diffusion of glucose into cells, this process needs to be facilitated via trans-
porters on the plasma membrane. Adipocytes express several facilitated 
diffusion glucose transporters (GLUTs), with two having the highest im-
portance - GLUT1, constitutively expressed and regulates basal glucose 
transport, and GLUT4, which is insulin-dependent (73).  

Under basal conditions, GLUT4 is located in intracellular vesicles, and 
thus it is not present at the surface of adipocytes. Upon insulin release, it 
binds the insulin receptor on the adipocyte surface and activates a signaling 
cascade of phosphorylation reactions. Activation of the insulin signaling 
pathway leads to the translocation of GLUT4-containing vesicles to the 
plasma membrane, resulting in significantly increased glucose uptake to 
the cell (74, 75) (Figure 4).  

The glucose taken into cells is either utilized for energy or stored as 
triglycerides in adipose tissue (72). Over 90% of adipocyte volume is rep-
resented by triglycerides (76). Adipose-selective depletion of GLUT4 in 
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mice leads to impaired glucose tolerance and whole-body insulin re-
sistance, even in secondary tissues like muscle and liver, as evident from 
defective proximal signaling and reduced biological responses (77). In the 
ex vivo setting, radiolabeled glucose or 2-deoxy-glucose can be used to 
quantify basal and insulin-stimulated glucose uptake rates. 

 

 

Figure 4. Insulin action and adipocyte glucose uptake. The image was created with 
BioRender.com. 

Lipid storage 
Adipose tissue is important in maintaining energy homeostasis, as it stores 
lipids upon excessive caloric intake, for use as an energy source in times 
of higher energy demands or starvation. The balance between lipid accu-
mulation and release is important since any perturbation can lead to exces-
sive fat storage, or release and ectopic fat deposition.  

In the fed state, energy is stored in adipose tissue in the form of triglyc-
erides, and this process is known as lipogenesis (78). Stored fatty acids can 
have a dual origin; they can be incorporated into adipose tissue from cir-
culation or re-utilized after being released from adipocytes (re-esterified). 
Circulating triglycerides have to be hydrolyzed to free fatty acids to be re-
esterified and utilized by adipocytes. This is done and controlled by a rate-
limiting enzyme lipoprotein lipase (LPL) on the luminal side of endothelial 
capillary cells (79). Hydrolyzed FFAs are then transported into adipocytes 
via specific transporters, such as CD36 and FABP4 (78) (Figure 5). 
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A small part of triglycerides is synthesized in the adipocytes from cir-
culating glucose in a process known as de novo lipogenesis. During de 
novo lipogenesis, glucose taken up by the adipocyte enters the glycolytic 
pathway, and by the action of several downstream enzymes (e.g. Fatty Acid 
Synthase (FASN), Diacylglycerol O-Acyltransferase 1 and 2 (DGAT1 and 
2)), fatty acids are formed, ready to be esterified and stored (80).  

During energy deprivation, fat stored in adipose tissue gets mobilized 
in a process known as lipolysis. Triglycerides in lipid droplets get hydro-
lyzed, which results in the liberation of glycerol and non-esterified fatty 
acids (78). This process is mediated by several enzymes, such as Adipose 
Triglyceride Lipase (ATGL) and Hormone-Sensitive Lipase (HSL)(81) 
(Figure 4).  

 

 
Figure 5. Lipid metabolism in adipocytes. FFA, free fatty acid; LPL, lipoprotein 
lipase; FABP4, fatty acid binding protein 4; CD36, cluster of differentiation 36; 
DAG, diacylglycerol; DGAT, diacylglycerol O-acyltransferase; TAG, triacylglyc-
erol; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive lipase; MAG, 
monoacylglycerol; MGL, monoacylglycerol lipase; ACC, acetyl-CoA carbox-
ylase; FASN, fatty acid synthase. The image was created with BioRender.com. 

Lipid storage is regulated by various hormones, including catecholamines 
and insulin (82). Catecholamines act as catabolic regulators and stimulate 
lipolysis through the activation of β adrenergic receptors, and subsequent 
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rise in cellular cAMP levels and HSL stimulation (83). On the other hand, 
insulin action in adipocytes increases the uptake of glucose, which is then 
stored in the form of lipids via lipogenesis (84, 85); and inhibits lipolysis, 
primarily through the inhibition of the HSL enzyme (85).  

Drug-induced diabetes 
Drug-induced diabetes is becoming a global issue because of its potential 
to increase the risk of severe cardiovascular complications (86). Similar to 
T2D, hyperglycemia is induced through alterations in insulin secretion 
and/or sensitivity (87). Some drugs that can cause diabetes are associated 
with a reduction in insulin production (e.g. beta-blockers, calcineurin in-
hibitors), some with a reduction in insulin sensitivity (e.g. growth hormone 
therapy), and some appear to be associated with both reductions in insulin 
production and insulin sensitivity (e.g. glucocorticoids, second-generation 
antipsychotics) (88). In most cases, the molecular mechanisms by which 
certain drugs induce diabetes are not well known. Acquiring such 
knowledge could provide novel pharmacological approaches for the pa-
tients, to alleviate or abolish these side effects, but also reveal mechanisms 
relevant to other forms of diabetes, such as T2D. Our laboratory has a long-
standing interest in mechanisms by which different drugs (e.g. glucocorti-
coids, statins, and antipsychotics) cause metabolic changes in human adi-
pose tissue (89-92). 

Glucocorticoids 
Glucocorticoid hormones are a class of corticosteroids, produced by the 
adrenal cortex primarily under the control of the hypothalamic-pituitary-
adrenal axis, with a role in mediating the stress response, regulating me-
tabolism, the inflammatory response, and immune function (93). The main 
glucocorticoid in humans is cortisol, however, many synthetic glucocorti-
coids (e.g. dexamethasone, prednisone) are used as anti-inflammatory and 
immunosuppressive agents. Glucocorticoid effects in different target tis-
sues are mediated through binding to two intracellular receptors: the glu-
cocorticoid receptor (GR) and the mineralocorticoid receptor (94).  

Glucocorticoids have a pivotal role in the glucose, protein, and fat me-
tabolism of the body, and function to maintain homeostasis both in re-
sponse to normal diurnal changes in metabolism and in response to stress-
ful disturbances. Glucocorticoids act to increase gluconeogenesis and de-
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crease glycogen synthesis in the liver, impair insulin and glucagon secre-
tion in the pancreas, and decrease glucose uptake and utilization by antag-
onizing insulin response in peripheral insulin-sensitive tissues, such as 
skeletal muscle and adipose tissue (95, 96). Additionally, in adipose tissue 
glucocorticoids act to increase lipolysis rate (97) in a sex- and adipose tis-
sue depot-specific manner (98).  

Chronic activation of the stress system (endogenously or by medication) 
is associated with increased visceral adiposity, decreased lean body mass, 
higher lipolysis rates, low-grade inflammation, insulin resistance, and 
T2D, as observed in patients with Cushing's syndrome, melancholic de-
pression, and metabolic syndrome (99-101).  

Identifying and characterizing adipose tissue glucocorticoid-regulated 
genes can lead to the identification of novel mechanisms of metabolic dys-
function, and potentially lead to new therapeutic approaches. We have pre-
viously identified genes that were differentially expressed in human sub-
cutaneous and omental adipose tissue after exposure to the synthetic glu-
cocorticoid dexamethasone (91). This microarray study aimed to elucidate 
mechanisms of glucocorticoid-induced insulin resistance in adipose tissue. 
FKBP5 was one of the top genes regulated by dexamethasone in both adi-
pose tissue depots and was positively associated with markers of insulin 
resistance and T2D (91).  

FK506 binding protein 5 
FKBP5 gene encodes for FK506 Binding Protein 5 (FKBP51), an Heat 
Shock Protein 90 (Hsp90)-associated co-chaperone that is best known as a 
negative regulator of the GR and consequently the physiological stress re-
sponse (102). FKBP5 reduces ligand binding of GR, delays nuclear trans-
location, and decreases glucocorticoid-stimulated transcriptional activity 
(102, 103). In the cytosol, the GR without a ligand forms a super-chaperone 
complex with Hsp90 dimer, p23, and FKBP51 or FKBP52 proteins (en-
coded by the FKBP4 gene). FKBP51 and 52 are competing for binding this 
complex and have opposing effects on GR (104) (Figure 6).  
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Figure 6. FKBP51 and 52 compete for binding glucocorticoid receptor complex 
and have opposing effects. FKBP51, FK506 Binding Protein 5; FKBP52, FK506 
Binding Protein 4; Hsp90, heat shock protein 90. The image was created with Bi-
oRender.com. 

FKBP5 gene variants have previously been associated with the risk of de-
pression, anxiety, and antidepressant treatment outcomes (105-107). Addi-
tionally, polymorphisms in the FKBP5 gene may explain the clinical re-
sponse to antipsychotic drug therapy (108). Chronic stress and depression 
are highly associated with symptoms of metabolic syndrome, but the mo-
lecular link is still not fully understood (109). FKBP51 has recently been 
suggested as a link between stress-related disorders and metabolic out-
comes (110), with emerging roles in metabolic regulation (111). Previ-
ously, the FKBP51 has been identified as a negative regulator of the 
Akt/protein kinase B (PKB) activity (112), indicating an association be-
tween FKBP51 and insulin resistance. In humans, FKBP51 has markedly 
elevated expression in metabolically relevant tissues in the periphery, such 
as muscle and adipose tissue (110). Our previous microarray study has 
identified FKBP5 as a gene whose expression was increased the most in 
response to dexamethasone in both SAT and OAT (113). Additionally, the 
same study demonstrated that the FKBP5 expression in SAT alone and re-
sponse to dexamethasone was associated with markers of insulin re-
sistance. Furthermore, it was previously shown that FKBP5 might partly 
mediate the glucocorticoid adverse effect on glucose utilization in adipose 
tissue, which can partly be prevented by a selective FKBP51 inhibitor 
(114). Nonetheless, FKBP51 has been described to regulate adipogenesis 
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in mice (115, 116). In an animal study, FKBP5 knockout mice were pro-
tected from high-fat diet-induced weight gain, showed improved glucose 
tolerance, and increased insulin signaling in skeletal muscle (117).  

There is accumulating evidence that FKBP51 plays an important role in 
the regulation of whole-body energy and glucose metabolism, giving it a 
therapeutic potential for metabolic diseases. However, it is important to 
further understand the molecular mechanisms of FKBP51 in the metabo-
lism of metabolically active tissues, such as adipose tissue.  

Second-generation antipsychotics  
Schizophrenia is a chronic mental disorder that affects about 24 million 
people worldwide (118). Second-generation antipsychotics (SGAs) are 
medications widely used for the treatment of schizophrenia and other psy-
chiatric disorders (e.g. bipolar disorder, conditions with severe behavioral 
disturbance) since they are generally better tolerated than first-generation 
antipsychotics. SGAs are highly efficient in suppressing positive, negative, 
and cognitive symptoms of schizophrenia (e.g. delusions, hallucinations, 
disorganized speech, and cognitive inflexibility), and have a lower risk of 
causing extrapyramidal symptoms. However, they are strongly associated 
with metabolic impairments, such as weight gain, impaired glucose metab-
olism, dyslipidemia, hypertension, and consequently with cardiovascular 
disease and T2D (119-121).  

The mechanisms leading to metabolic impairments in patients treated 
with SGAs are not well understood. However, it is known that different 
SGAs vary in their liability to cause adverse effects, and the recent meta-
analysis showed that the highest risk is carried by clozapine and olanzapine 
and the lowest by aripiprazole (122). It has been proposed that antipsychot-
ics cause metabolic disturbances by affecting the CNS and the peripheral 
organs (123).  

A well-known adverse effect of antipsychotic therapy, reported in up to 
50% of patients receiving long-term treatment for schizophrenia is weight 
gain (124). Clozapine, olanzapine, and to a lesser extent, risperidone and 
quetiapine, have all been shown to cause weight gain in patients (125, 126). 
SGAs-induced obesity is primarily the result of altered energy intake 
through the CNS, by activation of hunger centers, inhibition of satiety cen-
ters, and disruption of the food reward system (124, 127, 128). Weight gain 
leads to an increased risk of diabetes, hyperglycemia, and dyslipidemia, 
and this is thought to be the core mechanism of metabolic impairments 
(129). However, there is also evidence that changes in glucose regulation 
and insulin resistance can be independent of adiposity (130, 131). 
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Apart from central actions, SGAs are known to directly affect peripheral 
tissues, such as the liver, muscle, and adipose tissue (132, 133). Previous 
studies have shown that SGAs can facilitate lipid storage and stimulate ad-
ipogenesis in ex vivo differentiated rodent and human adipocytes (134-
137). Furthermore, it has recently been shown that SGAs can have a mild 
direct effect on lipid and glucose metabolism of human mature adipocytes 
after short-term adipose tissue exposure (92, 138). However, typically 
SGA therapy requires chronic treatment, and therefore a better understand-
ing of the mechanisms regulating adipose tissue expansion during SGA 
treatment might require long-term exposure.  

SGAs bind to a variety of neurotransmitter receptors, present in both 
CNS and peripheral tissues, including serotonergic, dopaminergic, hista-
minergic, and muscarinic, with varying binding affinity (139). The combi-
nation of serotonin 5-HT2C/dopamine D2/histamine H1 antagonism has 
been linked to SGA-induced weight gain and diabetes, while antipsychot-
ics with lower metabolic risk seem to lack serotonin 5-HT2C antagonism 
or act as dopamine D2/3 and/or serotonin 5-HT1 partial agonists (140-
145). 

Dopaminergic signaling and metabolic impairments 
Dopamine (DA) is a major catecholamine neurotransmitter expressed in 
the mammalian brain. In the CNS, dopamine is involved in the regulation 
of various functions, such as locomotor activity, cognition, emotion, moti-
vation, food intake, and endocrine regulation, while in the periphery mod-
ulates cardiovascular function, catecholamine release, hormone secretion, 
vascular tone, renal function, and gastrointestinal motility (146). Outside 
the CNS these receptors can also be found in the kidney, adrenal glands, 
gastrointestinal tract, blood vessels, retina, adipose tissue, and heart (146, 
147). In the pancreas, dopamine has been shown to regulate insulin release 
(147, 148).  

Dopamine binds to specific receptors belonging to the G protein-cou-
pled receptor family, which are categorized into two main subfamilies: D1-
like (D1 and D5 receptors), that activate adenylyl cyclase, and D2-like (D2, 
D3, and D4 receptors), that inhibit adenylyl cyclase (149). D2-like recep-
tors have a 10- to 100-fold greater affinity for dopamine than the D1-like 
family (150). D1-like receptors are mainly coupled to the heterotrimeric G 
proteins Gαs and Gαolf, which cause sequential activation of adenylate 
cyclase, and can activate the Protein Kinase A (PKA), Mitogen-Activated 
Protein Kinase (MAPK), and cGMP/PKG pathways (151, 152). The D2-
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like receptors are coupled to Gαi/o proteins that inhibit adenylyl cyclase and 
cyclic adenosine monophosphate (cAMP) production and decrease the 
phosphorylation of PKA substrates (152) (Figure 7). 

 
Figure 7. Dopamine receptors and adenylyl cyclase activity. The image was cre-
ated with BioRender.com. 

Dysregulation of the dopaminergic neurotransmission is implicated in the 
pathophysiology of major neuropsychiatric disorders, most notably Park-
inson's disease, and schizophrenia. Hence, many relevant drugs act via do-
paminergic mechanisms, such as L-DOPA (3,4-dihydroxy-L-phenylala-
nine), bromocriptine, and antipsychotics. Such drugs have also been asso-
ciated with metabolic alterations in the context of T2D development. 
Namely, it has been shown that long-term treatment with dopamine recep-
tor D2 (DRD2) agonist L-DOPA decreases insulin secretion stimulated by 
oral glucose in patients with Parkinson's disease (153). In contrast, another 
DRD2 agonist bromocriptine inhibits glucose-induced insulin secretion, 
which leads to β-cell rest, reduces β-cell stress in a diabetic state, and pro-
motes improved β-cell metabolic function (154). Bromocriptine has been 
approved for the treatment of T2D in the USA, with positive effects on 
glucose tolerance and insulin sensitivity (155, 156). However, apart from 
the DRD2 agonism, bromocriptine also acts as the antagonist of dopamine 
receptor D1 (DRD1) (147). DRD2 agonists are also used to block prolactin 
release in hyperprolactinemia syndromes, which secondarily improves in-
sulin sensitivity and metabolic balance (157, 158). Moreover, as previously 
mentioned, patients treated with antipsychotic drugs, which act as antago-
nists and partial agonists of dopamine receptors, experience weight gain 
and related metabolic impairments, such as dyslipidemia, insulin re-
sistance, and T2D (139, 159). Nevertheless, studies show that individuals 
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with obesity have abnormal brain dopamine activity and reduced striatal 
DRD2 availability (160, 161). 

The expression of dopamine receptors in adipose tissue has been con-
firmed in both rodents and humans (151, 162), and some dopamine actions 
in adipocyte glucose and lipid metabolism have been studied (162-165). 
However, current knowledge of dopaminergic signaling in human adipose 
tissue in the context of obesity and T2D and its direct implications on adi-
pose tissue metabolism is limited. 

CRISPR/Cas9 in human primary preadipocytes 
Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-as-
sociated nuclease 9 (CRISPR-Cas9) technology has revolutionized the 
gene-editing field since it arose in 2012 due to its simplicity of use and 
efficiency (166). The technology is based on two components, single guide 
RNA (sgRNA), homologous to the site of interest in the genome, and the 
Cas9 nuclease, which induces a double-stranded break at the target se-
quence (167). The double-stranded break produced by Cas9 gets fixed by 
one of two mechanisms: 

• Non-Homologous End Joining (NHEJ) mechanism, which is 
prone to mistakes, thus often introducing  mutations in the target 
sequence and achieving gene knock-out;  

• Homology-directed repair, where a DNA template is introduced to 
the cells for the repair, thus precise recombination occurs, creating 
knock-in (168). 

The CRISPR/Cas9 components can be delivered in the form of e.g. plas-
mids or mRNA, coding for both the Cas protein and the guide RNA, or as 
a ribonucleoprotein (RNP) complex where the purified Cas9 protein com-
plexed with a sgRNA. Direct delivery of the RNP complex has many ad-
vantages over the use of plasmids or mRNA (169). mRNA delivery shows 
limitations in terms of immunogenicity and RNA stability (170), while the 
plasmid can cause delays in action due to transcription and translation, and 
it can be inserted into the genome, causing insertional mutagenesis and off-
target effects (169). There are different methods used to deliver the 
CRISPR/Cas9 components to the target cells, including viral (e.g. adeno-
virus) or non-viral delivery vectors (e.g. liposomes) and physical methods 
(e.g. electroporation), and each method has various advantages and limita-
tions of use (171). The choice of the CRISPR/Cas9 complex and the deliv-
ery method depends mainly on the nature of the desired gene edit (e.g. 
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knock in, knock out, point mutations) and the experimental model that it is 
applied to. 

Application in human primary adipose cells 
Cultured primary cells keep many of the important markers and functions 
from the deriving tissue (172), giving them a great advantage over immor-
talized cell lines. However, human primary adipose cells have been chal-
lenging for CRISPR/Cas9 and other gene editing methods. Human primary 
preadipocytes lose their differentiation capacity after several rounds of cell 
division, unlike other preadipocyte cell models (e.g. SGBS (Simpson-Go-
labi-Behmel syndrome) cell line) that retain differentiation capacity for nu-
merous passages (173). This makes it essential to achieve a high editing 
efficiency as selection for single edited clones is not possible due to the 
loss of differentiation capacity after multiple passages. A simple and highly 
efficient method is needed for the successful editing of human primary 
preadipocytes.  



 

 29 

Aims 

The overall aim of this thesis was to study the consequences of adipose 
cells and tissue exposure to pharmacological agents, as well as dysregula-
tions in the expression of genes potentially involved in adipose tissue dys-
function and related metabolic impairments.  

 
Specific aims: 

Paper I 
The aims were to establish the CRISPR/Cas9 method for gene knockdown 
in isolated human primary preadipocytes and to study the role of FKBP51, 
a gene known to be highly up-regulated by dexamethasone in adipose tis-
sue, in adipogenesis and mediating glucocorticoid action in human adipo-
cytes. 

Paper II 
The aims were to explore CDKN2C as a possible mediator for impaired 
peripheral adipose tissue storage capacity in obesity and T2D, and to func-
tionally assess the role of CDKN2C in human adipocyte differentiation and 
lipid storage using CRISPR/Cas9 gene editing method from the first study. 

Paper III* 
The aims were to investigate the direct effects of second-generation anti-
psychotic drugs, aripiprazole, and olanzapine, on adipocyte differentiation 
and glucose and lipid metabolism after long-term exposure during differ-
entiation. 

Paper IV 
The aims were to study the expression of dopamine receptors in human 
adipose tissue in the context of obesity and T2D, and the potential direct 
dopamine effects on adipose tissue glucose and lipid metabolism. 
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*Study in paper III was conducted as a part of the European Commission, 
via the Marie Sklodowska Curie Innovative Training Network TREAT-
MENT (H2020-MSCA-ITN-721236).  
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Methods 

Ethical approval for studies 
All studies have been approved by the Regional Ethics Review Board in 
Uppsala (Dnr2013/330, Dnr2013-183/494, Dnr2018/385, Dnr2020-
06350), and Gothenburg (Dnr336-07, T 508-09). Reported investigations 
have been carried out following principles endorsed by the Declaration of 
Helsinki, and all participants gave their written informed consent. 

Animal studies developed at the Instituto de Investigaciones Biomedicas 
Alberto Sols (Madrid, Spain) were approved by the Ethics Committee of the 
Consejo Superior de Investigaciones Científicas (CSIC, Spain). 

Subjects and adipose tissue sampling 
Subjects with diabetes type 1, endocrine disorders, cancer, or other major 
illnesses were excluded, as were those having ongoing medication with 
systemic glucocorticoids, beta-blockers, immune-modulating therapies, 
antipsychotics, antidepressants, neuroleptic drugs, or dopaminergic drugs.  

Anthropometric and clinical characteristics were obtained from all sub-
jects. Blood samples were collected after overnight fasting (>10 h) for bi-
ochemical analysis of HbA1c, plasma glucose and lipids, and serum insulin 
at the Department of Clinical Chemistry at Uppsala University Hospital or 
Sahlgrenska University Hospital. The age, sex, and BMI of study partici-
pants are listed below in Table 1 for each study, while detailed descriptions 
can be found in Papers I-IV. 

Abdominal subcutaneous adipose tissue biopsies were obtained by nee-
dle biopsies upon a local administration of the anesthetic lidocaine (Papers 
I-IV). Alternatively, paired subcutaneous and omental adipose tissue biop-
sies were obtained during bariatric or kidney donation surgery, upon in-
duction of general anesthesia (Papers II and IV). Parts of adipose tissue 
biopsies were used for ex vivo analyses of adipocyte cell size, glucose up-
take, lipolysis, and preadipocyte differentiation, and parts were snap-fro-
zen in liquid nitrogen and used for RNA and protein expression analyses. 
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Table 1. Subjects characteristics 
 

Paper I Paper II Paper III Paper IV 
n 8 135 6 180 
M/W(n) 0/8 48/87 2/4 66/114 
Age (years) 20-71 18-72 20-63 19-72 
BMI (kg/m2) 24.2-43.1 20.2-58.2 26.3-30.3 20-58.2 

BMI, body mass index; M/W, men/women. 
In Paper II 20 subjects had T2D. 
In Paper IV 30 subjects had T2D. 

Isolation of primary adipocytes and preadipocytes  
Adipocytes and preadipocytes were isolated from adipose tissue as previ-
ously reported (174). Briefly, adipose tissue was digested with collagenase 
(1.2 mg/ml, from Clostridium histolyticum) in Hank’s medium (5.6 mM 
glucose, 4% BSA, 150 nM adenosine) for 60 minutes in a shaking water 
bath at 37 °C and 105 RPM. Digested tissue was filtered through a nylon 
mesh and let to rest for 5 minutes to allow adipocytes to float and separate 
from the stromal vascular fraction (SVF) containing preadipocytes in sus-
pension. The SVF was treated with the red cell lysis buffer (0.154 M 
NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA) and then cultured with 
preadipocyte medium (Dulbecco’s modified Eagle’s medium 
(DMEM/Ham’s F12) containing 10% fetal bovine serum, 100 units/ml 
penicillin and 100 g/ml streptomycin (PEST), 0.04 mg/ml gentamycin, and 
4.125 ng/ml basic fibroblast growth factor (bFGF) at 37 °C.  

The average adipocyte diameter was measured using light microscopy in 
subcutaneous adipose tissue (Papers II an IV) as previously reported (175). 

CRISPR/Cas9 mediated gene knockdown in 
preadipocytes 
Papers I and II 
Cultured preadipocytes were used for gene knockdown experiments, using 
an optimized CRISPR/Cas9 technique described in detail in Paper I, and 
graphically shown in Figure 8. In short, single guide RNAs (sgRNA) were 
designed using the Broad Institute online tool (118), targeting genes of in-
terest (FKBP5 and PPARG in Paper I, and CDKN2C in Paper II). To verify 
consistent effects and rule out potential off-target effects three different 
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guides were used for FKBP5, and two for CDKN2C knockout experiments. 
Detailed sgRNAs design and sequences can be found in respective papers. 
As a method validation control, the PPARG gene was knocked out also 
using three different sgRNAs. A non-targeting TrueGuideTM sgRNA (Pa-
per I) and a sgRNA targeting the safe harbor locus AAVS1 (Paper II) were 
used as negative controls. Gene knockdown was performed by the delivery 
of chemically modified gene-specific sgRNAs and TrueCut Cas9 protein 
v2 as a ribonucleoprotein (RNP) complex into cells using the Neon Trans-
fection system. Transfected cells were cultured in DMEM/Ham's F12 sup-
plemented with 10% FBS without antibiotics for 48 hours, after which 1% 
PEST, 0.04 mg/mL gentamycin, and 4.125 ng/mL bFGF were added to the 
medium. 

For all knockdown experiments, cells from wild type, negative control, 
and target gene-edited cultures were collected for DNA extraction and sub-
sequent Sanger sequencing for editing efficiency assessment, as described 
in more detail in Papers I and II. Knockdown efficiencies for each targeted 
gene were also determined by measuring RNA expression levels by qPCR, 
and protein levels by immunocytochemistry and western blot, as described 
below. 

 

Figure 8. CRISPR/Cas9 gene editing in human primary preadipocytes. sgRNA, 
single guide RNA; RNP, ribonucleoprotein; NHEJ, Non-Homologous End Join-
ing. The image was created with BioRender.com. 
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Adipocytes and preadipocytes incubations 
Paper I 
Following FKBP5 gene knockdown, differentiated adipocytes were main-
tained for 48 hours without any glucocorticoids in the medium and there-
after treated for 24 hours without or with 0.3 µM dexamethasone before 
glucose uptake assessment, as described below. 

Paper III 
Primary preadipocytes isolated from adipose tissue were incubated, during 
the 14 days of differentiation into mature adipocytes in vitro (described 
below), with or without either vehicle control (dimethyl sulfoxide, DMSO) 
or therapeutic and supra-therapeutic concentrations of SGA drugs:  

• aripiprazole (ARI) 1, 2 and 10 µM; 
• dehydroaripiprazole (DARI) 0.4 and 4 µM; or 
• olanzapine (OLA) 0.2 and 2 µM. 

Therapeutic concentrations of SGAs were chosen according to steady-state 
plasma levels in patients receiving treatment (176, 177). SGAs are lipo-
philic drugs, and exact adipose tissue concentrations are not known, and 
could be higher than circulating ones. Thus supra-therapeutic concentra-
tions of the drugs were also used for incubations. Dehydroaripiprazole is 
an active metabolite of aripipazole and it accounts for about 40% of its 
circulating levels (178). It was used to test whether potential drug effects 
are caused by the parental compound or the active metabolite. The drugs 
were present in the induction and maintenance differentiation medium. 

Paper IV 
Primary mature adipocytes obtained from adipose tissue were incubated 
for 30 minutes with either physiological (1 and 50 nM) or supra-physio-
logical (100 nM) concentrations of dopamine (179, 180), before glucose 
uptake or lipolysis assays described below. The supra-physiological con-
centration of dopamine was used to ensure complete saturation of the re-
ceptors. 
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Preadipocytes in vitro differentiation  
Papers I, II, and III 
Isolated primary preadipocytes from SAT biopsies were differentiated as 
previously reported (181). Briefly, preadipocyte differentiation was in-
duced by adding the differentiation induction cocktail (DMEM/Ham’s 
F12, 1% PEST, 100 nM human insulin, 17 μM pantothenate, 33 μM biotin, 
1 μM cortisol, 1 μM rosiglitazone, 250 μM 3-isobutyl-1-methylxanthine 
(IBMX), 10 μg/mL transferrin human, 2 nM 3, 3, 5-triiodo L-thyronine 
(T3)) for 5 days with replacement of induction cocktail after the first three 
days. The differentiation continued using a maintenance medium (compo-
sition is the same as the induction cocktail but without IBMX) until day 
14. 

Proliferation assay  
Paper II 
During preadipocyte expansion, prior to differentiation induction in vitro, 
proliferation assays were performed daily using Click-iT Plus EdU Imag-
ing Kit as per the manufacturer's protocol and described in more detail in 
Paper II. 

Fluorescent staining for the differentiation rate 
calculation 
Papers I, II, and III 
Fluorescent staining was performed to determine the differentiation rate 
and lipid content of differentiating adipocytes. On days 0, 7, and 14 of dif-
ferentiation, cells were washed with PBS and fixed with 4% formaldehyde 
for 15 minutes at room temperature. After, cells were rinsed again twice 
with PBS and incubated for 30 minutes in a solution containing a combi-
nation of 0.5 μg/ml of the fluorescent neutral lipid dye, BODIPY 493/503 
(4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene) and 
3.3 μM of the nucleic stain Hoechst 33342 in PBS. Further, following 
washing with PBS, cells were imaged on the InCellis Fluorescent micro-
scope, and the ImageXpress Pico. Details on image analyses and differen-
tiation rate calculations can be found in detail in Papers I, II, and III. 



 

 36 

Glucose uptake in primary mature adipocytes 
Papers II and IV 
Glucose uptake assay was performed in mature primary adipocytes as pre-
viously reported (174). Briefly, adipocytes were incubated for 15 minutes 
without or with physiological (25 µU/ml) and supra-physiological (1000 
µU/ml) concentrations of human insulin, followed by additional 45 
minutes of incubation with 0.26 mCi/l D-[U-14C] glucose. Afterward, the 
reaction was stopped and the adipocytes were separated from the medium 
by centrifugation through silicone oil. The adipocyte-associated radioac-
tivity was measured with Liquid Scintillation Analyser Tri-Carb 4910 TR. 
Adipocyte glucose uptake was determined using the formula: 
 −  ∗  ∗  ∗ =      
 
In paper IV, prior to the glucose uptake assay, adipocytes were incubated 
for 15 minutes with dopamine (1, 50, or 100 nM), as previously mentioned. 

Glucose uptake in in vitro differentiated adipocytes 
Papers I, II, and III 
Glucose uptake was measured at the end of in vitro differentiation of adi-
pocytes. Briefly, cells were washed two times with warmed PBS and then 
incubated for two hours in Krebs Ringer HEPES (KRH) buffer containing 
0.01% BSA, with 5 mM glucose, 200 nM adenosine, and pH 7.4. After, 
cells were maintained in KRH without glucose. To assess basal and insu-
lin-stimulated glucose uptake, cells were incubated for 30 minutes without 
or with human insulin (25 and 1000 µU/ml), followed by incubation with 
0.26 mCi/l D-[U-14C] glucose (Paper I) or the glucose analog 2-deoxy-2-
glucose (Papers II and III) for additional 10 minutes. Glucose uptake was 
determined either by measuring the radioactivity in the cell lysate (Paper 
I), or by using the luminescence Glucose Uptake-GLO kit (Papers II and 
III), as described in respective papers.  
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Lipolysis in primary mature adipocytes 
Paper IV 
Lipolysis in primary adipocytes was performed as previously reported 
(182). In brief, following short-term incubation with dopamine (1, 50, or 
100 nM) adipocytes were incubated with or without the beta-adrenergic 
receptor agonist isoproterenol (0.5 µM) for 2 hours. The medium was col-
lected and used to measure the concentration of glycerol released to the 
medium by colorimetric absorbance at 540 nm with Free Glycerol Reagent. 

Gene expression 
RNA from human (subcutaneous and omental) and mice (inguinal and ep-
ididymal) adipose tissue (Papers II, III, and IV), as well as from preadipo-
cytes and in vitro differentiating adipocytes (Papers I, II, and III) was ex-
tracted using the Qiagen Lipid Tissue Kit, as per manufacturer´s instruc-
tions. Total RNA concentration was measured with NanoDrop 2000 Spec-
trophotometer. Complementary DNA (cDNA) was transcribed using High-
Capacity Reverse Transcription Kit. 

Transcriptomics 

Paper II 
SAT was used for RNAseq at Exiqon A/S, as previously reported (62). The 
data used to determine the tissue distribution of CDKN2C were obtained 
from the GTEx Portal (dbGaP Accession phs000424.v8.p2) (118).  

Additionally, CDKN2C expression was correlated with expression lev-
els of all genes identified using transcriptomics. Gene lists of all significant 
correlations (p<0.05) were used for functional annotation analysis with 
DAVID Bioinformatics Resources v6.8 (the Database for Annotation, Vis-
ualization, and Integrated Discovery) (183). Benjamini-Hochberg correc-
tion was used for p-value correction. 
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Real-time quantitative PCR 

Papers I-IV 
RNA expression analyses of genes of interest were measured using Taq-
Man assays and detected using the QuantStudio 3 sequence detection sys-
tem. RNA expression was calculated as 2-deltaCt. The gene expression levels 
were normalized to the housekeeping genes 18S or β-glucuronidase 
(GUSB) for human samples or glyceraldehyde 3-phosphate dehydrogenase 
(Gapdh) for mice samples. All samples were run in duplicates.  

Protein expression 

Immunocytochemistry 

Papers I and II 
Immunocytochemistry was performed at the end of adipocyte in vitro dif-
ferentiation. In brief, to assess the expression of targeted proteins in knock-
down cultures, cells were washed with PBS, fixed with 4% formaldehyde, 
and incubated with an adequate primary antibody solution containing 10% 
normal goat serum, and 0.1% Triton X-100 overnight at 4˚C. Afterward, 
cells were washed again and incubated with the secondary antibody solu-
tion for 2 hours at room temperature. Cell imaging was done using the Im-
ageXpress Pico automated cell imaging system, and image analyses were 
done using the CellReporterXpress software, as described in detail in Pa-
pers I and II. 

Western Blot 

Papers I-IV 
Total protein was extracted from adipose tissue, adipocytes, and SVF, or 
differentiating adipocytes using lysis buffer (25 mM Tris-HCl; 0.5 mM 
EGTA; 25 mM NaCl; 1% Nonidet P-40; 1 mM Na3VO4; 10 mM NaF; 100 
nM okadaic acid, 1X Complete protease inhibitor cocktail and pH 7.4). 
Samples were rocked for 30 minutes at  4˚C, and protein concentration was 
determined using a BCA protein assay kit. Protein lysates (10–15 µg) were 
separated by SDS-PAGE, transferred to nitrocellulose membranes, and 
blocked for one hour at room temperature in 0.05% tween-phosphate 
buffer saline (PBST) containing either 5% non-fat milk or BSA. Mem-
branes were incubated overnight with adequate primary antibody solution, 
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followed by incubation with adequate secondary antibody solution. As a 
loading control, either an anti-GAPDH or stain-free total protein blots were 
used. Protein bands were visualized using enhanced chemiluminescence 
with a high-resolution field and quantified with ChemiDocTM MP System. 

Cell viability assay 
Paper III 
Following 14 days of incubation with SGAs during differentiation cell vi-
ability was measured in adipocytes using CyQUANT™ LDH Cytotoxicity 
Assay Kit. Assay was performed according to the manufacturer’s instruc-
tions, and described in more detail in Paper III.  

SNP analysis 
Paper II 
Extraction of data from previously performed GWAS was done using pub-
licly available databases from large-scale GWAS at PhenoScanner V2 
(184, 185). Associations of the CDKN2C variants and diabetes and obe-
sity-related traits were assessed. A list of 9 traits was obtained, therefore 
the p-values were Bonferroni-corrected with a factor of 9. 

Animals 
Paper III 
An animal study was conducted to test the effects of SGAs on adipose tis-
sue gene expression in vivo, as previously described (186). 12 weeks old 
male mice were kept in a controlled environment (temperature: 22–24 ◦C, 
humidity: 55%), with 12 h of light-dark cycles. Animals were fed with reg-
ular rodents’ chow diet without or with OLA or ARI for 7 months, and tap 
water ad libitum. The SGAs concentrations were set so that, with a regular 
food intake of 4 g/day, the mice (with a weight between 30 and 35 g) re-
ceived 5 mg/kg/day of drugs. Following treatment, during the light phase 
of the diurnal cycle, mice were euthanized by decapitation. White adipose 
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tissue, both epididymal (visceral) and inguinal (subcutaneous), was col-
lected, snap-frozen, and stored at −80 ◦C until used for gene expression 
analyses. 

Statistical analysis 
Results are shown as mean ± SEM unless stated otherwise. All data were 
first checked for normality using the Shapiro-Wilk test and by analyzing 
histograms. In some cases, data were log-transformed. Spearman's corre-
lation test and multiple linear regressions were performed between 
CDKN2C mRNA (Paper II), DRD1 mRNA, and DRD1 and D2 protein; 
and Kendall's tau-b (τb) for DRD2 mRNA(Paper IV) expression and mark-
ers of insulin resistance and obesity. A paired comparison between two 
groups was made using a t-test or Wilcoxon test for normally and non-
normally distributed data. Mann-Whitney U test was used for analyses be-
tween 2 independent groups. The mean of more than two groups was com-
pared using repeated measures ANOVA/mixed-effects model analysis, or 
Fridman test for normally distributed or not normally distributed data, re-
spectively. Multiple comparisons were corrected for the false discovery 
rate using the original Benjamini and Hochberg method. All statistical 
analyses were performed using IBM SPSS Statistics and GraphPad Prism 
software, and a p<0.05 was considered statistically significant. 
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Results 

A detailed description of the results can be found in each respective paper. 

Paper I 
Deletion of FKBP5 and PPARG was highly efficient. FKBP5 is dispen-
sable for preadipocyte differentiation but might be a modulator of the 
glucocorticoid effects in adipocytes.  

 
Knockout efficiency, assessed at the DNA level, for FKBP5 and PPARG 
genes was 91% and 63%, respectively, for best-performing sgRNAs. This 
was confirmed on protein levels where the knockout efficiency was over 
90% for both genes. Considering the high knockout efficiencies achieved, 
there was no need for selection for edited cells or clonal isolation.  

The loss of FKBP5 did not affect adipocyte differentiation compared to 
the wild type. Moreover, the expression of markers of adipogenesis and 
lipid accumulation at the end of differentiation did not differ between the 
FKBP5 knockout and wild type cultures. The loss of PPARG, the master 
regulator of adipogenesis, blocked adipocyte differentiation and served as 
a positive control. 

Dexamethasone-treated wild type adipocytes had significantly reduced 
basal and insulin-stimulated (1000 µU/ml) glucose uptake by ~50% com-
pared to untreated cultures. However, in FKBP5 knockout cultures, dexa-
methasone's effect on glucose uptake was abrogated compared to the wild 
type.  

The expression of a glucocorticoid target gene, Cannabinoid Receptor 
1 (CNR1), in response to dexamethasone was higher by ~50% in FKBP5 
knockout cultures than wild type.  
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Paper II 
CDKN2C expression in adipose tissue is reduced in type 2 diabetes and 
central obesity. Loss of CDKN2C did not affect preadipocyte differen-
tiation and glucose uptake. 
 
CDKN2C mRNA expression in subcutaneous adipose tissue was down-
regulated in subjects with T2D (~45%) and obesity (up to 75%), compared 
to control subjects. These data were also confirmed by measuring protein 
expression. Furthermore, CDKN2C had lower expression levels in omental 
adipose tissue compared to subcutaneous in women but not men, when 
measured in paired samples. CDKN2C protein was mainly expressed in 
adipocytes compared to stromal vascular cells, and its gene and protein 
expression was up-regulated during adipocyte differentiation. 

In subcutaneous adipose tissue of subjects with T2D, CDKN2C expres-
sion correlated negatively with several markers of hyperglycemia (e.g. 
HbA1c, fasting glucose, and glucose AUC during OGTT), insulin re-
sistance (e.g. HOMA-IR) and central obesity (e.g. waist-hip-ratio (WHR), 
liver fat %), and positively with the ratio of subcutaneous to visceral adi-
pose tissue volumes, and the expression of genes promoting lipid storage 
(e.g. FASN, PPARG). In subjects without T2D, CDKN2C expression neg-
atively correlated with markers of obesity (e.g. waist-hip-ratio and volume 
of the visceral depot) and positively with the ratio of subcutaneous to vis-
ceral adipose tissue volumes. Moreover, CDKN2C expression positively 
correlated with the expression of genes in several metabolic pathways, in-
cluding insulin signaling and fatty acid and carbohydrate metabolism. 

In CRISPR/Cas9 experiments, the knockdown of CDKN2C did not af-
fect the rate of proliferation or differentiation of preadipocytes, when com-
pared to the wild type. However, CDKN2C deficiency caused a minor tran-
sient decrease in adipocyte lipid accumulation during differentiation. 
Moreover, the expression of several adipocyte function markers (e.g. CE-
BPA, FASN, ADIPOQ) was down-regulated in the knockdown cultures. 
Neither basal nor insulin-stimulated ex vivo glucose uptake was affected in 
CDKN2C deficient adipocytes. 
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Paper III 
Aripiprazole, but not olanzapine, directly inhibits human adipocyte 
differentiation and glucose metabolism 
 
Supra-therapeutic concentrations of aripiprazole reduced the preadipocyte 
differentiation rate (up to ~80%), assessed by the number of cells accumu-
lating lipids and expression of adipogenic genes (PPARG, CEBPA, CD36). 
The expression of lipid storage genes (FASN, LPL, DGAT2, ATGL), and 
mitochondrial biogenesis and function genes (Transcription Factor A, Mi-
tochondrial (TFAM), Pyruvate Dehydrogenase Kinase 4 (PDK4), Aco-
nitase 1 (ACO1)) were also reduced in aripiprazole-treated cells compared 
to control.  

Conversely, therapeutic levels of aripiprazole and supra- and therapeu-
tic levels of dehydroaripiprazole increased the expression of mitochondrial 
biogenesis and lipid oxidation genes and the adipokine leptin.  

Basal and insulin-stimulated glucose uptake was dose-dependently re-
duced (up to ~70%) in cultures exposed to aripiprazole and dehydroari-
piprazole during differentiation, which corresponded to reduced mRNA 
expression of GLUT1 and GLUT4. Inhibition of adipocyte glucose uptake 
by the therapeutic concentrations of aripiprazole, as well as dehydroari-
piprazole, were without major effects on adipocyte differentiation, so this 
effect can be considered differentiation-independent. 

Olanzapine, when present during differentiation, did not affect preadi-
pocyte differentiation or lipid and glucose metabolism but increased the 
expression of leptin by ~2 fold.  

Aripiprazole and olanzapine 7-month-treated mice had decreased ex-
pression of PPARG and GLUT4, as well as increased expression of lipid 
oxidation marker gene PDK4 in epididymal, but not inguinal adipose tis-
sue. Leptin expression was increased, while FASN expression was de-
creased in both inguinal and epididymal adipose tissues of aripiprazole and 
olanzapine-treated mice. 
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Paper IV 
Subcutaneous adipose tissue dopamine D2 receptor expression is in-
creased with prediabetes and T2D 
 
This study demonstrates that human adipose tissue expresses DRD1 and 
DRD2, with a significantly higher expression of DRD1 compared to 
DRD2, in both SAT and OAT. The gene expression of DRD1 was lower in 
SAT compared to OAT; however, the protein expression did not follow. 
Nonetheless, the DRD2 gene and protein expression were lower in OAT 
compared to SAT. More than 99% of dopamine receptors proteins are ex-
pressed on adipocytes compared to a stromal vascular fraction when meas-
ured in the same fraction of adipose tissue. 

DRD2 gene and/or protein expression in SAT was increased in subjects 
with impaired fasting glucose, T2D, and obesity. Additionally, DRD2 pro-
tein expression was positively associated with several hyperglycemia 
markers, such as HbA1C and glucose AUC, and this association was inde-
pendent of obesity status.  

DRD1 gene expression was increased in subjects with obesity, with a 
tendency to be increased with T2D. Additionally, DRD1 gene expression 
correlated to markers of obesity (e.g. BMI, WHR) and insulin resistance 
(e.g. HOMA-IR, triglycerides) in subjects without T2D. However, the 
DRD1 protein levels did not differ between subjects without and with obe-
sity or T2D, and no correlations were observed between DRD1 protein lev-
els and markers of obesity or hyperglycemia. Interestingly, DRD1 gene ex-
pression was rapidly downregulated following weight loss by bariatric sur-
gery.  

Dopamine at physiological concentrations did not affect ex vivo adipo-
cyte basal or insulin-stimulated glucose uptake, or basal or isoproterenol-
stimulated lipolysis. 
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Discussion 

The association of obesity to insulin resistance and the pathophysiology of 
T2D is a long-recognized phenomenon with important scientific and clin-
ical implications. Serving as an energy-storing depot and an important en-
docrine organ, adipose tissue plays a central role in regulating whole-body 
energy and glucose homeostasis. Adipose tissue dysfunction has a pivotal 
role in the development of obesity and related metabolic complications 
such as insulin resistance, cardiovascular disease, diabetes, and some types 
of cancer (187). Furthermore, not only does excess adipose tissue cause 
insulin resistance but there is also evidence that adipose tissue depletion 
induces insulin resistance by deficiency of secretory products of adipocytes 
(188), which reinforces the complexity of adipose tissue involvement in 
the pathophysiology of diabetes.  

Numerous factors have been recognized to contribute to adipose tissue 
dysfunction and related metabolic complications. In this thesis, we evalu-
ate the consequences of adipose exposure to pharmacological agents, as 
well as dysregulations in the expression of genes potentially involved in 
adipose tissue dysfunction. Furthermore, we assert approaches used for 
such investigations. 

Pharmacological agents broadly used for the treatment of diverse dis-
eases, such as SGAs, glucocorticoids, and dopamine agonists, have been 
associated with metabolic side effects, commonly by not fully understood 
mechanisms. For example, antipsychotic-induced weight gain and obesity 
development are major management problems for clinicians, as they lead 
to increased cardiovascular morbidity and mortality, reduced quality of 
life, and poor drug compliance (189). Mechanisms of such metabolic dis-
turbances are usually not well known and could be explained by drugs af-
fecting central mechanisms or by direct effects on peripheral tissues, such 
as adipose tissue. Unraveling molecular mechanisms by which certain 
drugs potentially induce adverse changes directly in adipose tissue is of 
high importance since that could provide novel pharmacological ap-
proaches for the patients, and alleviate or abolish potential side effects.  
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Nevertheless, identification and functional assessment of genes potentially 
involved in adipose tissue dysregulation could help in understanding adi-
pose tissue pathophysiological mechanisms and provide insights for drug 
development. We have adapted and used CRISPR/Cas9 method to knock-
out such gene targets.  

CRISPR/Cas9 gene editing in human primary 
preadipocytes 
Microarray, GWAS, and other association studies can lead to the identifi-
cation of potential players in the pathophysiology and dysregulation of ad-
ipose and other tissues. However, functional studies, such as gene knock-
outs, need to be applied to elucidate whether gene expression alterations 
represent a cause or a consequence of metabolic dysregulations. 

In paper I, we describe an adapted method to effectively knock out gene 
expression with CRISPR/Cas9 gene editing in human primary preadipo-
cytes. The method applies the direct RNP complex delivery to preadipo-
cytes by electroporation. Using this CRISPR/Cas9 method we have suc-
cessfully achieved over 90% efficiency in knocking out three different 
genes. PPARG and FKBP5 in Paper I, and CDKN2C in Paper II without 
enriching for edited cells. PPARG is a master regulator of adipogenesis and 
served as a positive control for both knockout efficiency and for effects of 
gene depletion on adipogenesis. 

The advantages of the CRISPR/Cas9 method we used are simplicity, 
and high transfection and knockout efficiency. This eliminated the need for 
the selection of edited cells or clonal isolation. Simplification of the ap-
proach applied is essential when using human primary preadipocytes as 
they retain the differentiation potency only for a limited number of cell 
division cycles, in contrast to other adipose cells, such as the murine 3T3-
L1 cell line or the human SGBS cells, that retain the capacity for a much 
greater number of passages (190, 191). Furthermore, electroporation-de-
livered RNP complexes induce low off-target effects due to rapid degrada-
tion by cell machinery and have low cytotoxic effects on primary human 
cells than vectors (171, 192). This method has also been adapted to single 
nucleotide editing (193), and the introduction of selection markers (194). 

However, a limitation of the method we used is that it is difficult to 
apply to mature adipocytes. Mature adipocytes are nearly filled with lipids 
with only a ring of cytoplasm, which makes them fragile and easily dam-
aged by physical manipulation and chemicals (195). Electroporation and a 
relatively large RNP complex would most likely cause the adipocytes to 
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burst. On the other hand, since they do not proliferate and cannot be further 
expanded, a large initial pool of cells would be needed for editing experi-
ments. By transfecting preadipocytes, and studying gene depletion effects 
on adipocytes differentiated in vitro it is hard to separate the effects on 
differentiation from potential effects in mature cells' metabolism. Gene ed-
iting in mature adipocytes can have additional implications on cell physi-
ology, independently of differentiation. Other methods are more suitable 
to use in mature adipocytes, such as RNA interference for gene knock-
downs (196-198); however,  siRNA can have high off-target effects and 
are not suitable for knockout experiments due to limited efficiency (199).  

Recently, several studies have reported using CRISPR/Cas9 method to 
generate gene knockdowns in human primary adipose precursor cells. 
Compared to our study, a few others have used an expression vector to 
deliver CRISPR components into adipocyte progenitor cells (200-202). 
The use of vector carriers for CRISPR components has its advantages, such 
as the use in post-mitotic cells, effective capacity to carry large RNA in-
serts, and potency of use in vivo (171). However, some of the limitations 
of using expression vectors are the suitability of cells for transfection or 
viral transduction, potentially high off-target effects and DNA mutagene-
sis, and longer procedure time (203).  

FKBP5 and CDKN2C gene knockdown and effect on 
adipogenesis 
The formation of new adipocytes from precursor cells in adipose tissue is 
considered protective against obesity-associated metabolic complications, 
as it counteracts excessive lipid accumulation in already mature cells and 
may prevent lipid spill-over and lipotoxicity in peripheral organs (55). 
Even though lipid turnover is low in adulthood (56), studies show that the 
preadipocyte differentiation capacity in SAT is reduced in obesity, which 
is associated with hypertension, dyslipidemia, and T2D (57). Furthermore, 
PPARγ agonists are valuable glucose-sensitizing drugs used in the treat-
ment of T2D (204). Recently, GWAS have highlighted that several loci 
involved in adipocyte differentiation are associated with the development 
of insulin resistance and ectopic fat deposition (205, 206). 

In Paper I and II we demonstrate that both FKBP5 and CDKN2C ex-
pression is up-regulated at RNA and protein levels during adipogenesis, 
which is in agreement with previously published data (114, 207, 208), and 
could indicate the importance of these proteins during differentiation, or in 
mature adipocytes.  
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FKBP51 has previously been associated with adipogenesis (209), and 
the results from previous knockout studies in murine 3T3L1 cells are con-
flicting. Some studies report that FKBP51 knockdown in 3T3L1 cells and 
knockout in mouse embryonic fibroblasts impairs adipocyte differentiation 
(210, 211). A different study demonstrates that FKBP51 knockdown facil-
itates adipogenesis, whereas its overexpression in 3T3L1 cells inhibits ad-
ipogenesis (212). In contrast, in Paper I, we observed that FKBP51 ablation 
in human primary preadipocytes did not affect their adipogenic capacity 
when compared to non-edited cells. Furthermore, knockout of FKBP5 did 
not influence gene expression of adipogenic and lipid storage markers, in 
contrast to the studies mentioned above (210-212). Discrepancies between 
our findings and previously published results could be explained by the use 
of different experimental models and/or different gene-editing methods. 
This also highlights the importance of using human cell models instead of 
animal ones due to physiological differences (213).  

The differentiation of preadipocytes is dependent on the cell prolifera-
tion that precedes it (44), thus, proper gene regulation of the cell cycle is 
essential. CDKN2C has been associated with cell cycle arrest during 
mouse and chicken adipocyte differentiation (47, 70, 71), however conse-
quences of its expression dysregulation on adipogenesis have not been pre-
viously investigated. In Paper II we performed CDKN2C knockdown in 
human primary preadipocytes and demonstrated that CDKN2C expression 
is dispensable for human adipogenesis. Further, CDKN2C knockdown in-
duced down-regulation of different markers of differentiation, such as CE-
BPA, FASN, and ADIPOQ, in already differentiated adipocytes, which 
could indicate altered adipocyte function. Taken together with increased 
CDKN2C expression during differentiation our data indicates that in hu-
man adipocytes CDKN2C might be relevant only after the adipogenesis 
program has been initiated, as suggested before (71).  

When performing studies related to humans in vitro, the choice of the 
experimental model is very important. As previously discussed (213), hu-
man primary adipose cells are considered to be a preferable model for the 
study of human adipose tissue biology since finding usually reflect the 
physiology of the adipose tissue they were obtained from. These cells keep 
depot-specific properties (e.g. adipogenic capacity) and reflect donor char-
acteristics which makes them useful in studies assessing differences be-
tween individuals (sex, obesity, age, etc.). They are considered a good 
model for the in vitro study of differentiation. However, in vivo primary 
preadipocytes derive from a cellular context where potentially other differ-
ent cell types influence or direct differentiation ability, which cannot be 
well-reflected ex vivo (214). Results obtained from in vitro experimental 
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designs should be taken with a reserve, as they might not be fully reflective 
of the in vivo setting. 

FKBP51 and CDKN2C in adipocyte metabolism 
In papers I and II we have also studied the implications of knocking down 
target genes in human adipocyte metabolism. 

It has previously been established that glucocorticoid action in adipose 
tissue can induce insulin resistance by decreasing adipocyte glucose uptake 
(215). Furthermore, FKBP5 was previously identified in a microarray 
study as a gene whose expression was increased the most in response to 
dexamethasone, and its expression in adipose tissue alone and response to 
dexamethasone was associated with markers of insulin resistance (215). 
FKBP5 gene variants have also been associated with type 2 diabetes and 
diabetes-related phenotypes.  

Chronic exposure to stress or glucocorticoid therapy is known to be as-
sociated with hyperglycemia, fat deposit redistribution, and insulin re-
sistance (216). Further, glucocorticoids have previously been associated 
with insulin resistance in subcutaneous adipose tissue (113). Since 
FKBP51 functions as a negative regulator of the glucocorticoid receptor 
activity (217), in Paper I it was hypothesized that it may serve as a mediator 
of the inhibitory effect of glucocorticoids on glucose metabolism. This hy-
pothesis was tested using FKPB51 knockout adipocytes, upon dexame-
thasone treatment. Expectedly, we observed that adipocyte treatment with 
dexamethasone significantly decreased basal and insulin-stimulated glu-
cose uptake in non-edited adipocytes. However, the inhibitory effect of 
dexamethasone was lost in FKBP51-deficient adipocytes. Our data suggest 
that FKBP51 may mediate glucocorticoid action to inhibit glucose uptake 
in adipocytes. These results confirm our previous observations using an 
FKBP51-specific inhibitor (218). This could have potential implications 
for the development of insulin resistance in adipocytes and suggests that 
targeting FKBP51 as a mediator of glucocorticoid action could ameliorate 
stress-induced metabolic impairments. Earlier studies demonstrated that 
FKBP51 deficient mice are protected from high-fat diet-induced weight 
gain and adiposity, and show improved glucose tolerance and increased 
insulin signaling in skeletal muscle (116, 219). 

Since FKBP51 is a negative modulator of glucocorticoid receptor activ-
ity and its downstream targets, its absence should increase, most promi-
nently, glucocorticoid genomic effects. Several genes have previously 
been shown to be up-regulated upon glucocorticoid treatment (113, 220), 
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including the CNR1 gene. In paper I the CNR1 expression was measured, 
and as expected, further increase in CNR1 gene expression was observed 
upon FKBP5 depletion. The unlike effect on glucose uptake is most likely 
achieved via non-genomic pathways (221). However, more detailed anal-
yses are needed to determine FKBP51's involvement in glucocorticoid ac-
tion in adipocytes, including mechanistic studies to confirm current obser-
vations. 

CDKN2C was identified in a GWAS as one of the novel genomic re-
gions associated with insulin resistance phenotypes and lower peripheral 
adipose tissue mass (222). Thus, in Paper II we studied whether CDKN2C 
could have a role in adipocyte metabolism. Our data have shown that 
CDKN2C mRNA expression in adipose tissue is down-regulated in sub-
jects with T2D and obesity. Furthermore, our results also show that 
CDKN2C expression negatively correlates with clinical markers of hyper-
glycemia, insulin resistance, and central obesity, which could suggest that 
with lower CDKN2C expression in SAT, there would be more insulin re-
sistance and fat deposition in VAT rather than SAT. Interestingly, we ob-
served that CDKN2C expression was higher in SAT, compared to VAT in 
women, but not in men. Fat accumulation in VAT has been associated with 
insulin resistance and increased risk for cardiovascular disease and T2D 
development, while subcutaneous lipid accumulation seems to be protec-
tive of metabolic health (223). Furthermore, CDKN2C expression was as-
sociated with several metabolic pathways, including insulin signaling and 
carbohydrate metabolism, suggesting a potential role of CDKN2C in reg-
ulating energy metabolism. However, association studies do not assume 
the causal relationship between variables, and low expression of CDKN2C 
in adipose tissue in T2D and central obesity could be largely a consequence 
of metabolic dysregulation. 

To further explore the potential implications of CDKN2C in adipocyte 
metabolism dysregulation, we have measured glucose uptake in CDKN2C-
deficient adipocytes after differentiation. Our data shows that neither basal 
nor insulin-stimulated glucose uptake was influenced by the loss of 
CDKN2C, suggesting that it is not directly involved in the regulation of 
glucose metabolism in adipocytes. However, we did observe a down-reg-
ulation of several adipocyte function markers (CEBPA, FASN, and ADI-
POQ) in already differentiated adipocytes, which could indicate altered ad-
ipocyte function. Adiponectin, a well-known insulin-sensitizing adipokine, 
was significantly down-regulated by 30%, which is commonly observed in 
patients with obesity and T2D (224, 225). These results, adding to associ-
ation data, reinforce the hypothesis that CDKN2C might be involved in 
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energy metabolism. While there is no direct impact of CDKN2C on adipo-
cyte glucose uptake, effects on whole-body glucose turnover and insulin 
sensitivity through reduced secretion of adiponectin or other adipokines 
cannot be excluded. 

It is important to highlight that all gene editing experiments were per-
formed in preadipocytes isolated from SAT, and since there might be de-
pot-specific differences in CDKN2C expression and action, functional as-
sessment should also be done in preadipocytes from VAT. Furthermore, 
our data suggest potential sex differences in CDKN2C expression, which 
were not considered during analyses. 

Pharmacological agents targeting dopamine receptors 
and adipose tissue 
SGAs target a spectrum of different neurotransmitter receptors e.g. dopa-
minergic, serotonergic, histaminergic, etc. (226). Moreover, they differ in 
drug pharmacology, from the receptors they target with varying relative 
affinities to their agonism/antagonism properties, e.g. olanzapine antago-
nizes dopamine receptor D2, serotonin receptor 5-HT2C, and muscarinic M3 
receptor, while aripiprazole acts as a partial agonist of D2 and 5-HT1 (139, 
159), which governs their divergent adverse metabolic effects. This could 
explain the varying propensities of olanzapine and aripiprazole to cause 
metabolic adverse effects, as well as different adverse-effect profiles in pa-
tients and adipose tissue (159).  

Recently, dopamine receptors have been investigated for their implica-
tions in the regulation of adipose tissue lipid metabolism and improve-
ments in insulin sensitivity (227, 228). As previously mentioned, dopamine 
receptor agonist bromocriptine has been approved for the treatment of T2D 
in the USA, with positive effects on glucose tolerance and insulin sensitiv-
ity (155, 156). The expression of dopamine receptors in adipose tissue has 
been confirmed in both rodents and humans (151, 162), and some dopa-
mine actions have been studied (162-165). However, the current 
knowledge of dopaminergic signaling in human adipose tissue in the con-
text of obesity and T2D and its direct implications on adipose tissue me-
tabolism is limited. 
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SGAs effect on adipocyte differentiation and glucose 
uptake 
The incidence of adverse metabolic effects is two-fold higher in patients 
taking SGAs, compared to drug-naïve patients (229). Additionally, previ-
ous studies have demonstrated that high-risk for metabolic side effects 
SGAs, such as olanzapine, facilitate lipid storage and stimulate adipogen-
esis in mouse and human adipose stem cell models (136, 230, 231), which 
could potentially contribute to SGA-induced weight gain. In Paper III, we 
observed that supra-therapeutic concentration of aripiprazole inhibited ad-
ipogenesis, while therapeutic concentrations and its active metabolite de-
hydroaripiprazole had only minor or no effects. Since the supra-therapeutic 
concentration used is ~10 times higher than commonly measured in the 
plasma of patients taking aripiprazole (176), the translational relevance of 
this finding is debatable. Surprisingly, olanzapine, which is well known for 
its weight gain effect (232, 233), did not affect adipogenesis at supra- or 
therapeutic concentrations. Previous studies have reported olanzapine-in-
duced increase in adipocyte differentiation and triglyceride accumulation 
during in vitro differentiation in human and rodent precursor cells (134, 
135); however, using different cell models, incubation periods, and much 
higher drug concentrations (up to 100 µM). It is important to highlight that 
since exact levels in adipose tissue are not known, the concentrations of 
SGAs used in the in vitro treatment of human adipocytes were based on 
the measures in the plasma of the patients receiving treatment (176, 177).  

In accordance with in vitro adipocyte treatment, olanzapine or aripipra-
zole treatment in vivo in mice did not affect the expression of differentia-
tion markers in inguinal adipose tissue but reduced Pparg expression in 
epididymal adipose tissue. Potential depot-specific effects need further in-
vestigation since the results of the human study focus only on preadipo-
cytes isolated from SAT. 

A shared effect of aripiprazole and olanzapine on in vitro differentiated 
adipocytes, as well as in in vivo treated mice, is the up-regulation of leptin 
gene expression. Leptin regulates energy balance through CNS, and its cir-
culating levels are strongly correlated to body fat percentage (234) and are 
known to be increased in obesity (235). Leptin circulating levels have been 
reported to increase in patients taking SGAs (236, 237) and could poten-
tially reflect the increase in adiposity also previously suggested in these 
patients (238). Leptin also has a well-described catabolic effect on adipose 
tissue, where it induces lipolysis (239). 



 

 53 

SGAs are well known for their association with insulin resistance and 
the development of T2D (119). Clinical studies and case reports have pre-
viously demonstrated SGA-induced hyperglycemia and even diabetic ke-
toacidosis in patients (240-243). In Paper III, we observed dose-dependent 
reduction (up to 70%) of the basal and insulin-stimulated glucose uptake 
in differentiated adipocytes upon aripiprazole and dehydroaripiprazole 
treatment, but not olanzapine. Since therapeutic concentrations of aripipra-
zole or dehydroaripiprazole did not affect preadipocyte differentiation, the 
inhibitory effects on glucose uptake can be considered differentiation-in-
dependent. Moreover, the adipocyte insulin response was not altered, thus 
aripiprazole likely does not affect the insulin signaling pathway. Decreased 
glucose uptake upon aripiprazole treatment may contribute to impaired 
glucose handling in adipose tissue and hyperglycemia, commonly ob-
served in patients with T2D (62, 244). However, since the adipose tissue 
accounts for only around 10% of whole-body glucose uptake (245), future 
studies should also investigate aripiprazole effects in other insulin-sensi-
tive organs, such as the muscle.  

Additionally, we showed that aripiprazole, but not olanzapine, increased 
the expression of genes important for mitochondrial biogenesis and lipid 
oxidation, which could indicate increased lipid oxidation rates in adipo-
cytes (246-249). In SGAs-treated mice, both aripiprazole and olanzapine 
increased the expression of lipid oxidation marker Pdk4. This is not the 
same as measuring mitochondrial function or oxidation rate, and future 
functional studies are needed to confirm this effect. However, the increase 
in the expression of lipid oxidation markers and the observed decrease in 
adipocyte glucose uptake upon aripiprazole treatment, taken together, can 
lead to a hypothesis of a potential metabolic switch from glucose to lipid 
utilization in adipocytes. There is evidence for such findings in animal 
models upon olanzapine and other high-risk drug treatments, but not with 
aripiprazole (250, 251). Interestingly, such aripiprazole effects could be 
protective against weight gain (252) and potentially explain why patients 
taking aripiprazole have fewer reported weight-related side effects (253). 
Additionally, it has been shown that adjunctive aripiprazole therapy can 
improve certain aspects of glucose metabolism, decrease plasma LDL lev-
els, and reduce lean and total body mass in clozapine-treated patients with 
schizophrenia (254). 

A recent study suggests that the route of administration of olanzapine 
influences metabolism differently. Namely, while oral administration is as-
sociated with weight gain and intrahepatic lipid accumulation, administra-
tion via injection prevents the development of metabolic complications via 
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hypothalamus-peripheral crosstalk (255). This highlights the importance 
of olanzapine's central effects in inducing metabolic impairments.  

Dopamine receptors in adipose tissue and metabolic 
implications 
Literature shows that dopamine affects whole-body energy balance by reg-
ulating eating-related behaviors in the CNS and insulin secretion from the 
pancreas (144, 256). Many relevant drugs act via dopaminergic mecha-
nisms, such as L-DOPA, bromocriptine, and SGAs. As previously men-
tioned, it is common among patients treated with SGAs, which mainly act 
as antagonists and/or partial agonists of different dopamine receptors, to 
gain weight and experience obesity-related metabolic impairments, such as 
dyslipidemia, insulin resistance, and T2D (139, 159). Despite growing ev-
idence for the expression of dopamine receptors in peripheral tissues, most 
studies have been focusing on dopamine functions in the CNS.  

In paper IV, we confirmed that human adipose tissue expresses DRD1 
and DRD2, with a significantly higher expression of DRD1 compared to 
DRD2, in both SAT and OAT. Further, DRD1 expression was lower in 
SAT compared to OAT at mRNA, but not at the protein level. As far as we 
know, DRD1 expression has not previously been compared between SAT 
and OAT. However, in contrast to a previous finding (257), we showed 
that the DRD2 gene and protein expression were lower in OAT than in 
SAT. Discrepant findings could be due to differences in the subjects' char-
acteristics and populations studied in the different studies. In accordance 
with previously published data (257), we determined that the DRD1 and 
DRD2 protein expression was mainly found in adipocytes when compared 
to SVF.  

It has previously been shown that bromocriptine, a DRD2 receptor ag-
onist, has positive effects on glucose tolerance and insulin sensitivity in 
patients with T2D (155). The glucose metabolic effects of the DRD2 re-
ceptor agonist bromocriptine, have mainly been attributed to its actions in 
the CNS (258). We observed that DRD2 protein expression in SAT is in-
creased in subjects with impaired fasting glucose, T2D, and obesity. A pre-
vious report showed that the DRD2 gene expression does not change in 
OAT of subjects with obesity and T2D, compared to subjects with obesity 
but without T2D (162); however, in that study, OAT was investigated, and 
the subject population was different (subjects with both obesity and T2D).  
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We observed an increase in DRD2 receptor levels, even prior to T2D, 
in subjects with impaired fasting glucose levels. Accordingly, DRD2 pro-
tein expression positively correlated with hyperglycemia markers, inde-
pendently of obesity status. However, the causality of changes in DRD2 
expression and glycemic impairments is not clear. These data could indi-
cate that the DRD2 receptors on adipocytes could either cause alterations 
in cellular signaling that contribute to hyperglycemia, or their expression 
could be changed as a compensatory mechanism counterbalancing hyper-
glycemia. Adipocyte exposure to varying glucose concentrations and 
measuring levels of DRD2 could provide a response regarding the direc-
tion of the changes. Further, longitudinal studies investigating the impact 
of T2D development on DRD2 levels could be useful to overcome the lim-
itation of our cross-sectional study and produce a clearer picture of the role 
of DRDs´ in adipose tissue functions. 

However, in the functional assessment, we observed that dopamine (up 
to 100 nM) did not directly affect adipocyte glucose uptake ex vivo. A re-
cent study showed that high concentrations (10µM) of dopamine or bro-
mocriptine can enhance insulin signaling in rat mesenchymal adipose tis-
sue (227). Apart from the much higher concentrations used, discrepant data 
could be due to species and adipose tissue depot differences.  

DRD1 gene expression was increased in subjects with obesity with a 
tendency to be increased with T2D and positively correlated with markers 
of obesity and insulin resistance. However, the DRD1 protein levels did 
not follow the trends and associations observed at mRNA levels, suggest-
ing that the expression of DRD1 is regulated by post-transcriptional or 
post-translational mechanisms (259). Interestingly, DRD1 gene expression 
was markedly decreased shortly after RYGB (Roux-en-Y gastric bypass) 
surgery and sustained during follow-ups up to 104 weeks. RYGB has been 
described to modulate dopamine receptors and dopamine action levels in 
the brain and periphery (e.g. pancreas) independently of weight loss (260-
262). However, whether observed changes in adipose tissue DRD1 expres-
sion are governed by weight loss or other mechanisms related to the surgi-
cal procedure requires further investigation. Further, DRD1 expression in 
response to RYGB also needs to be assessed at protein levels.  

DRD1 gene expression correlated positively with adipocyte size, WHR, 
and plasma triglycerides. It has been suggested that modest or severe ele-
vations in blood triglyceride most often reflect ectopic fat accumulation in 
the context of obesity (263). Ectopic lipid storage in the liver, pancreas, 
muscle, etc., induces metabolic impairments in these tissues, further con-
tributing to systemic insulin resistance.  
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The dopaminergic system has previously been implicated in lipid me-
tabolism regulation. Bromocriptine treatment in patients induces an in-
crease in circulating FFA levels, suggesting that DRD2 signaling may be 
involved in lipolysis stimulation (264). Further, it has been shown that 24 
h incubation of adipocytes from a murine cell line with a specific DRD1 
receptor agonist stimulates lipolysis (163). In addition, olanzapine, which 
is a highly obesogenic SGA, and a dopamine receptors antagonist, has been 
shown to decrease adipocyte lipolysis (92). However, our results show that 
acute treatment of subcutaneous adipocytes with dopamine does not di-
rectly affect lipolysis. Taken together, these data suggest that dopamine 
effects on lipolysis might require longer exposure time, or that the effect 
might be governed by the communication with other organs, such as the 
brain or gut. It should also be acknowledged that long-term dopamine re-
ceptor activation could also induce potential genomic effects (257).  

It is important to highlight that dopamine levels in human adipose tissue 
are not known, nevertheless, dopamine concentrations used for ex vivo 
analyses of lipolysis and glucose uptake reflect circulating dopamine levels 
(179, 180). 
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Concluding remarks 

CRISPR/Cas9 gene editing method by direct delivery of RNP complex to 
preadipocytes via electroporation is simple, highly efficient, and enables 
the use of human primary preadipocytes instead of modified cell lines and 
animal cell models. The applied CRISPR/Cas9 method is very useful in 
studying the effects of gene editing in the context of preadipocyte prolifer-
ation, differentiation, and metabolism. Further, it is important for assessing 
and understanding the genetic factors contributing to dysregulated adipose 
tissue energy metabolism in obesity and type 2 diabetes. 

Knockdown of either FKBP51 or CDKN2C did not affect the differen-
tiation of human preadipocytes. Further functional assessment of differen-
tiated adipocytes upon FKBP51 knockdown revealed that it might mediate 
glucocorticoid effects on glucose uptake and gene expression regulation in 
human adipocytes. Knockdown of CDKN2C reduced the expression of 
genes regulating adipocyte function. Overall, our data suggest that 
FKBP51 and CDKN2C may not affect adipogenesis, but might be im-
portant for the metabolism and function of mature adipocytes. However, 
this requires additional functional assessments.  

Aripiprazole, but not olanzapine, acts on adipocytes directly through the 
inhibition of subcutaneous preadipocyte differentiation and potentially by 
causing a metabolic switch from glucose to lipid utilization. Changes in the 
leptin gene expression from adipose tissue by aripiprazole and olanzapine 
could potentially alter circulating leptin levels, altering CNS regulation of 
appetite and energy balance. In addition to its CNS-mediated effects, our 
data suggest that aripiprazole directly alters adipocyte development and 
energy metabolism, while olanzapine does not seem to have direct adverse 
metabolic effects in adipocytes. Olanzapine effects could instead be gov-
erned by the perturbations in other organs, such as the brain and liver. Di-
vergent effects of aripiprazole and olanzapine could be due to different re-
ceptor-binding profiles. 

Dopamine receptors D1 and D2 are predominantly expressed in hu-
man subcutaneous adipocytes. DRD2, but not DRD1, protein expres-
sion in SAT was increased in subjects with impaired fasting glucose, 
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T2D, and obesity, and positively correlated with markers of hypergly-
cemia. DRD1 mRNA expression was up-regulated with over-
weight/obesity and positively correlated with markers of insulin re-
sistance and central adiposity, which was not reflected by protein levels. 
These results suggest that the protein expression of DRD2 in SAT is 
up-regulated with hyperglycemia, which could have implications for 
dopamine signaling in the adipose tissue. However, whether changes in 
DRD2 protein levels in adipose tissue are contributing to the develop-
ment of T2D, or are a compensatory mechanism counterbalancing hy-
perglycemia needs further investigation. Figure 9 contains the main 
findings and conclusions of this thesis work. 

 
Figure 9. Overview of main findings. NA, not applicable; T2D, type 2 diabetes; 
SAT, subcutaneous adipose tissue. The image was created with BioRender.com. 

Studying the function of candidate proteins in adipose tissue, in the context 
of obesity and T2D, allows for a better understanding of pathophysiologi-
cal mechanisms. This could provide potential new or improved therapeutic 
options for the prevention and treatment of these diseases. This thesis 
demonstrates that the expression of FKBP51, CDKN2C, and dopamine re-
ceptors in adipose tissue is associated with an impaired metabolic state, 
such as central adiposity and insulin resistance. However, pharmacological 
and genetic manipulation of these proteins in human adipocytes suggest 
that their altered levels are a consequence of adipose tissue metabolic dys-
function, rather than a cause. Although FKBP51 and dopamine receptors 
can mediate the effects of pharmacological agents, such as glucocorticoids 
and SGAs through the CNS, changes in their expression in the peripheral 
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cells, such as adipocytes, may be of relevance for patients taking such 
drugs. Future studies should investigate in vivo effects of these drugs in the 
adipose tissue of treated subjects.  
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