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Abstract
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Many pharmacological agents that are widely prescribed in clinical practice have adverse
metabolic effects, such as hyperglycaemia, insulin resistance, and diabetes. Among such
drugs are antipsychotics, prescribed for treatment of schizophrenia; statins, which inhibit
cholesterol synthesis and prevent cardiovascular events; finally, potent anti-inflammatory
agents, glucocorticoids. This thesis is focused on investigating the direct effects of second-
generation antipsychotics (SGAs), statins, and glucocorticoids on human adipose tissue
metabolism and inflammation, particularly in the light of macrophage-adipocyte cross talk.

In Paper I, the direct effects of SGAs on adipose tissue glucose and lipid metabolism were
studied. SGAs had a mild effect on adipocyte glucose uptake and lipolysis at therapeutic
concentrations. At supra-therapeutic concentrations, the drugs demonstrated anti-inflammatory
potential, reducing the expression of pro-inflammatory genes in the adipose tissue.

In Paper II, the anti-inflammatory potential of SGAs and dexamethasone was further
explored. The effects of the drugs on macrophage phenotype and communication with
adipocytes were addressed. SGAs at supra-therapeutic concentrations exerted mild anti-
inflammatory effects on macrophages, while dexamethasone acted as a potent anti-
inflammatory agent and promoted alternatively activated M2 macrophage phenotype.
Macrophages, in turn, induced marked upregulation of pro-inflammatory genes in adipocytes,
which was partially reversed by dexamethasone, while SGAs had no effects on macrophage-
adipocyte communication.

In Paper III, we examined the association of statin therapy on systemic insulin resistance and
direct effects statins on human adipose tissue and pancreatic islets functions. We also studied
association of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the enzyme involved in
cholesterol synthesis, and genetic inhibition of HMGCR seen with certain polymorphisms with
adipose tissue and plasma metabolome. Our study demonstrated minor direct effects of statins
on human adipose tissue metabolism and insulin secretion in pancreatic islets. We observed that
HMGCR expression was associated with a number of metabolic and mitochondrial pathways
in the adipose tissue, while LDL-lowering HMGCR polymorphism was negatively associated
with plasma phosphatidylcholines and sphingomyelins.

In Paper IV we studied the effects of glucocorticoids on adipose tissue fibrosis, particularly in
terms of macrophage-preadipocyte communication. Together with inflammation, adipose tissue
fibrosis impairs adipocyte metabolism and functions. We observed that glucocorticoids at high
concentrations have pro-fibrotic effects in adipose tissue. Macrophage-preadipocyte co-culture
data showed that macrophages stimulate phenotypic switch of preadipocytes to pro-fibrotic
myofibroblasts, and this effect was exacerbated by dexamethasone. Our findings suggest that
pro-fibrotic effects of excess glucocorticoids on adipose tissue are at least partially mediated
via their effects on macrophage-preadipocyte communication.

We conclude that SGAs and statins have a mild direct effect on adipose tissue metabolism and
their diabetogenic effects could to be induced via other organs, such as brain, liver or muscle.
By contrast, glucocorticoids, directly impair adipose tissue metabolism and exacerbates adipose
tissue fibrosis, which could be one of the contributing factors to their metabolic adverse effects.
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Introduction 

Obesity, metabolic syndrome, and type 2 diabetes and 
their prevalence 
Diabetes mellitus is a group of metabolic diseases characterised by increased 
blood glucose levels (1). Ninety percent of diabetes mellitus cases are repre-
sented by patients with type 2 diabetes (T2DM) (2). A recent estimation of the 
prevalence of T2DM predicts a potential increase from 451 to 693 million 
individuals with diabetes by 2045 (3). In 2015, approximately 5 million people 
died from diabetes and its complications (2), with cardiovascular complica-
tions being the leading cause of mortality among these individuals (4). The 
global expenditure on treatment of patients with diabetes was estimated at ap-
proximately 850 billion USD in 2017 (3). Although T2DM has been termed 
as “adult-onset” diabetes (1), increasing prevalence of T2DM among children, 
adolescents, and young individuals is becoming of great concern (5). The dis-
ease seems to have a more severe phenotype and complications in young pa-
tients, which in long-term could overwhelm the healthcare system globally 
(5). 

Metabolic syndrome (MetS) has a strong association with high risk of 
T2DM and cardiovascular diseases. MetS is a combination of several meta-
bolic abnormalities, such as central obesity, hypertension, insulin resistance, 
and atherogenic dyslipidaemia (6). Atherogenic dyslipidaemia is character-
ized by increased levels of triglyceride rich lipoproteins and elevated concen-
tration of small low density lipoprotein (LDL) and low levels of cholesterol-
rich high density lipoprotein (HDL) in serum (7). Due to growing prevalence 
of obesity, the relevance of MetS as T2DM predictor has greatly increased in 
recent years (6).  

Increasing prevalence of obesity and diabetes worldwide presents a serious 
threat to public healthcare system (8). A population-based study showed that 
between 1975 and 2014 the prevalence of obesity increased from 105 million 
to 640 million in adults worldwide (8,9). At this rate, approximately 20% of 
the adult population is estimated to be obese by 2025 (9). 
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Pathophysiology of type 2 diabetes 
Under normal circumstances, elevated glucose levels in the blood stimulates 
insulin secretion by the β-cells in the pancreas, which in turn, stimulates the 
uptake of peripheral glucose, amino acids, and fatty acids by the insulin-sen-
sitive tissues, such as liver, muscle, and adipose tissue (10). In T2DM, insulin 
sensitivity starts to decline long before the disease onset. The inability to store 
ingested glucose as glycogen in insulin-resistant skeletal muscle, as well as 
adipose tissue dysfunction, promotes hepatic de novo lipogenesis, which leads 
to an increased ectopic fat accumulation and hyperlipidaemia (11,12). At first, 
β-cells restore normal glucose concentration by producing more insulin (12). 
However, β-cell apoptosis, partly due to glucolipotoxicity (13) results in in-
sufficient insulin secretion seen in T2DM patients (14), and failure to maintain 
glycaemic control, and disease progression (10). 

Risk factors for type 2 diabetes development 
T2DM has been shown to have a strong hereditary background, as high inci-
dence and risk of diabetes have been reported in twin studies and individuals 
with parents affected by T2DM (15). Additionally, there are few common 
SNPs associated with diabetes, such as TCF7L2, however, they explain only 
a small proportion of T2DM cases (2,16). The complex polygenic character 
of the disease in combination with environmental factors, such as sedentary 
lifestyle or unhealthy diet, as well as populations ageing leads to the establish-
ment of T2DM (2). 

One of the most prominent predisposition factors for diabetes is obesity, 
driven by increased consumption of high caloric diet and physical inactivity 
(4,17). The prevalence of T2DM has been reported to closely follow the obe-
sity pandemic (18). Lifestyle changes leading to weight loss have been re-
ported to significantly reduce the incidence of T2DM in individuals at high 
risk of the disease and to restore normal glycaemia in patients with obesity 
(17).  

Adipose tissue function and structure 
Adipose tissue is an important endocrine organ. It also has a number of other 
functions, including energy storage, insulation from cold, and shielding inter-
nal organs (19). Increasing prevalence of obesity and T2DM has led to a great 
interest in adipose tissue biology and pathophysiology. Adipose tissue dys-
function is central to the induction of insulin resistance and metabolic compli-
cations (20). There are three types of adipose tissue: 
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1) White adipose tissue (WAT), which comprises about 95% of whole 
body fat. This is an important endocrine organ, which stores energy 
in the form of triglycerides and secretes important hormones and 
cytokines (adipokines) necessary for regulation of metabolism; 

2) Brown adipose tissue (BAT) makes up to 1-2% of the adipose tis-
sue mass in adults; this is a thermogenic adipose tissue depot, nec-
essary for counteracting hypothermia. Brown adipocytes have a 
large number of mitochondria and multiocular lipid droples; 

3) Beige/brite adipose tissue – it is difficult to measure its mass as it 
is distributed within the WAT, and is able to obtain brown-like 
phenotype after exposure to cold or adrenergic stimulation (21,22). 
These adipocytes possess features of both white and brown adipo-
cytes (23). 

 
For the purpose of this work, only white adipose tissue will be discussed. 
White adipose tissue is a highly dynamic tissue, as its mass can vary between 
2 and 70 percent of the body weight (22). Adipocytes are the predominant cell 
type by volume in adipose tissue are mostly responsible for energy metabo-
lism. These cells store high-energy lipids in the form of a lipid droplet. In 
addition to adipocytes, adipose tissue contains stromal vascular cells: preadi-
pocytes, mesenchymal stem cells, vascular cells, and immune cells (22,24) 
(Figure 1). 

Figure 1. Adipose tissue structure. Adapted from (21,22,24). 

 
Depending on its anatomical distribution, white adipose tissue is classified as 
subcutaneous and visceral (25). Visceral adipose tissue in humans is found in 
the abdominal cavity and includes omental, mesenteric, retroperitoneal, peri-
cardial, and gonadal white adipose tissue (23). Subcutaneous adipose tissue is 
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found under the skin in deep and superficial abdomen as well as in gluteofem-
oral regions (23). Visceral adipose tissue is associated with a higher risk of 
metabolic syndrome in comparison to the subcutaneous depot (26). Addition-
ally, it has been reported that adipocytes from both depots differ in their in-
trinsic characteristics such as their lipolytic capacity, size, their response to 
insulin and other stimuli, such as glucocorticoids etc. (27,28). Metabolic and 
genetic heterogeneity between adipocytes is also observed within a single fat 
depot (22), which underlies the complexity in the structure and the function of 
the organ. 

Adipose tissue – a vital endocrine organ 
Most of the energy stores in healthy individuals are located in adipose tissue 
(29). However, apart from its energy storage function, adipose tissue has been 
long recognised as a vital endocrine organ, which produces more than 600 
bioactive mediators (30), including hormones, growth factors, cytokines, li-
pids, and miRNAs. Adipokines can act systemically by affecting other organs, 
such as brain, liver, pancreas, and muscle (22,31). They have a number of 
functions and are vital for regulation of energy balance, satiety and appetite 
(e.g. leptin), modulation of insulin secretion (e.g. adiponectin, leptin, apelin) 
and insulin sensitivity (e.g. adiponectin), as well as control of inflammation 
(e.g. IL1β, TNFα, IL6 etc.) and endothelial function (e.g. omentin) (32). Adi-
pokines can also act via autocrine and paracrine signalling and impact adipose 
tissue glucose and lipid metabolism (e.g. IL6, adiponectin), infiltration of im-
mune cells into adipose tissue (e.g. MCP1, progranulin), and adipocyte differ-
entiation (e.g. BMPs, chemerin) (32). Aberrant secretion of adipokines is con-
sidered a hallmark of dysfunctional adipose tissue and is observed in patients 
with metabolic disorders, such as obesity and diabetes (33). Therefore, wide 
range of functions makes them a potential therapeutic target in treatment of 
obesity and T2DM. Some adipokines and their functions are listed in Table 1. 

Table 1. List of adipokines and their functions. Adapted from (22,30,32,34).  
Adipokine Role 

Adiponectin 
Insulin-sensitising adipokine, involved in glucose and 
lipid metabolism, acts as anti-inflammatory agent, reg-
ulates appetite (anorexigenic) 

Leptin Appetite and energy expenditure regulating adipokines 
(anorexigenic) 

RBP4 Induces insulin resistance and promotes visceral fat ex-
pansion 

Resistin Pro-inflammatory adipokines, correlates with insulin 
resistance 
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Apelin Involved in regulation of glucose homeostasis 

Omentin Non-adipocyte produced insulin-sensitising adipokines, 
regulation of endothelial function 

Vaspin Improves glucose metabolism, regulates food intake 

Nesfatin-1 Stimulates glucose-stimulated insulin secretion by β 
cells 

Asprosin Stimulates hepatic glucose release 

Chemerin Induction of adipose tissue inflammation and prothrom-
botic effect, regulation of adipogenesis 

Visfatin Plaque destabilisation in atherosclerosis 

Progranulin Promotes angiogenesis and infiltration of myeloid cells 
into adipose tissue 

Thrombospon-
din-1 

Regulates angiogenesis, inflammation, and cell adhe-
sion and proliferation 

Adipsin Innate immune system component, which plays role in 
acute phase response to infections 

Lipocalin-2 Inflammatory marker associated with cardiovascular 
disorders  

BMP2  Stimulates white adipocyte differentiation 
BMP4 Stimulates white adipocyte differentiation 
BMP7 Stimulates brown adipocyte differentiation 

FGF21 Insulin-sensitising protein, improves glucose metabo-
lism 

TGFβ Regulates cell proliferation, apoptosis, and differentia-
tion 

TNFα Pro-inflammatory cytokine, reduces insulin sensitivity 

IL1β Pro-inflammatory cytokine, blockade improves glycae-
mia and improves pancreatic β-cell function 

IL6 Pro-inflammatory cytokine, reduces insulin sensitivity 

MCP-1 Chemoattractant, stimulates macrophage infiltration 
into adipose tissue 

Specialized lipid 
species* Insulin-sensitising, anti-inflammatory 

Exosomal miR-
NAs 

Regulation of systemic insulin sensitivity, inter-tissue 
communication 

*PAHSA, DHADHLA  
RBP4 – retinol binding protein 4, BMP – bone morphogenic protein, FGF – fibroblast growth 
factor, TGF – transforming growth factor, TNF – tumour necrosis factor, IL – interleukin, MCP 
– monocyte chemoattractant protein, miRNA – microRNA, PAHSA – palmitic acid-hydroxy-
stearic acids, DHADHLA – docosahexaenoic acid hydroxyl–linoleic acid. 
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Adipose tissue glucose metabolism 
Glucose is a fundamental energy source and an essential biochemical substrate 
(35). Dietary glucose absorbed from the gut stimulates the release of insulin 
from pancreatic β-cells, leading to its uptake and storage as glycogen in the 
liver and muscle and as triglycerides in the adipose tissue (36). Due to the 
large size and polarity of glucose molecules, their transport into the cells re-
quires glucose transporters, GLUTs and SGLTs (35). SGLTs transport glu-
cose together with sodium and require a sodium gradient, while GLUTs pro-
vide glucose transport via facilitated diffusion (35).  

GLUT1 is a glucose transporter responsible for basal glucose uptake, while 
GLUT4 is insulin-responsive glucose transporter, central for glucose metabo-
lism in adipose tissue and skeletal muscle (36,37). Both adipose tissue- and 
muscle-specific ablation of GLUT4 in mice resulted in severe insulin re-
sistance and glucose intolerance, while heterozygous knockout of GLUT4 led 
to diminished GLUT4 expression in both adipose tissue and muscle and in-
creased blood glucose and hyperinsulinaemia (38–40).  

In non-stimulated state, GLUT4 recycles between glucose transporter stor-
age vesicles (GSVs) and plasma membrane (37). Stimulation of insulin recep-
tors by insulin leads to a cascade of phosphorylation reactions, which result in 
translocation of GLUT4 to the plasma membrane upregulating glucose 
transport by 10-40 times and ensuring rapid removal of excessive plasma glu-
cose (41). Schematic representation of the process is shown Figure 2. 

Upon binding of insulin, the insulin receptor gets activated via phosphory-
lation and recruits and activates insulin receptor substrates (IRS), e.g. IRS1 
and IRS2. IRS, in turn, binds to a phosphatidyl-inositol-3′-OH-kinase (PI3K), 
which catalyses the transformation of phosphoinositides into phosphatidylin-
ositol-3,4,5-trisphosphate (PIP3) (42). PIP3 recruits 3-phosphoinositide-de-
pendent protein kinase-1 (PDK1), which activates protein kinase B (PKB or 
AKT) by phosphorylation on threonine Thr-308 residue, however, for full ac-
tivation, phosphorylation of AKT on Ser-473 residue by mammalian target of 
rapamycin complex 2 (mTORC2) is necessary (42–44). Activated AKT phos-
phorylates AKT substrate of 160 kDa (AS160) and stimulates GLUT4 trans-
location to the cell membrane from cytosol (45).  

Adipose tissue lipid metabolism 
Adipose tissue is highly important for energy homeostasis, as it stores free 
fatty acids (FFAs) as inert triacylglycerides (TAGs). If the lipid/storing capac-
ity of adipose tissue is compromised, FFAs accumulate in the peripheral or-
gans, such as liver, heart or muscle, leading to local insulin resistance (46). 
Therefore, the lipid metabolism of adipose tissue is of high importance. 
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In fed state, glucose enters adipocytes via GLUT1 and GLUT4, it gets me-
tabolised via glycolysis and tricarboxylic acid cycle, providing the sources for 
fatty acid and glycerol synthesis (28). However, the main source of FFAs 
stored in adipocytes are circulating TAGs, which are carried by lipoproteins. 
Lipoprotein lipase expressed on adipose tissue endothelial cells (LPL) hydro-
lyses TAGs to release FFAs and glycerol and is activated by insulin. FFAs 
enter adipocytes via passive diffusion or via transport proteins, such as CD36 
and fatty acid transport proteins (FATPs) (47).  

In fasting state or during high energy demands, adipose tissue reduces its 
lipid storage via cleavage of TAGs into FFAs and glycerol. This process is 
called lipolysis and it is mediated by various enzymes:  

• Adipose triglyceride lipase (ATGL) – selectively performs the first 
and the rate-limiting step hydrolysing TAGs to generate diacyl-
glycerides (DAGs) and FFAs; 

• Hormone-sensitive lipase (HSL) – multifunctional enzyme capa-
ble of breaking down TAGs, DAGs, and monoacylglycerides 
(MAGs). Within TAG hydrolysis this enzyme is rate-limiting for 
DAG catabolism; 

• Monoglyceride lipase (MGL) – efficiently cleaves MAG into glyc-
erol and FFAs (48,49)  

Lipolysis is highly regulated by various hormones, including insulin and cat-
echolamines. Catecholamines bind to β-adrenoceptors and activate the Gs-pro-
tein-coupled receptor signalling pathway, leading to phosphorylation and ac-
tivation of HSL and subsequent lipolysis stimulation (48). Insulin, on the other 
hand, as an anabolic hormone, prevents HSL phosphorylation by interfering 
with PKA activation. It can also suppress the transcription of ATGL in adipo-
cytes, preventing the breakdown of TAGs (50). 

During the fed state, excessive FFAs are stored in adipose tissue as TAGs 
via a process called lipogenesis. This process is also highly regulated by hor-
mones; for instance, insulin triggers activation of lipogenic enzymes and up-
regulates the expression of lipogenic genes, while glucagon counteracts and 
aborts this process (51). Circulating FFAs in the blood can either be newly 
synthesised or originate from the breakdown of TAGs. Newly synthesised 
FFAs can be esterified to form TAGs in the process called de novo lipogenesis 
(51), while the FFAs resulting from lipolysis can be re-esterified for TAG bi-
osynthesis (52). The schematic illustration of lipogenesis and lipolysis are 
shown in Figure 2. 

Balance in lipid metabolism is crucial for maintaining metabolic health. 
Both loss of fat (lipodystrophy), as well as high adiposity, result in ectopic 
accumulation of fat in other organs which can be detrimental (53). Accumu-
lation of fat can occur in pancreatic β-cells and can lead to β-cells dysfunction 
and apoptosis. In the heart, excessive fat storage leads to coronary heart dis-
ease, while intramuscular fat reduces insulin sensitivity and glucose uptake 
(53). 
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Figure 2. Insulin signalling cascade: glucose uptake (green arrows), lipolysis (red ar-
rows), and lipogenesis (black arrows, dashed lines represent series of enzymatic reac-
tions). FFA – free fatty acid, β-AR – beta-adrenoceptor, TAG – triacylglyceride, DAG 
– diacylglycerides, MAG – monoacylglyceride, ATGL – adipose triglyceride lipase, 
HSL – hormone-sensitive lipase, MGL – monoglyceride lipase, AC – adenylyl 
cyclase, ATP – adenosine triphosphate, cAMP – cyclic adenosine monophosphate, 
PKA - protein kinase A, IRS1 – insulin receptor substrate 1, PI3K – phosphatidylin-
ositol 3-kinase, PDK1 – phosphoinositide-dependent protein kinase-1, AKT – protein 
kinase B, AS160 – AKT substrate of 160 kDa, PDE3B – phosphodiesterase 3B, 
mTORC2 – mammalian target of rapamycin complex 2, GLUT4 – glucose transporter 
type 4. Adapted from (43).  

Adipose tissue dysfunction and inflammation 
Adipose tissue is a highly dynamic organ with nearly indefinite capacity to 
expand. Expansion of adipose tissue can happen via increase in the cell size 
(hypertrophy) or increase in adipocyte number (hyperplasia).  

It has been shown that on average 10% of adipocytes are renewed yearly in 
adults (54). Fat cell turnover is determined by adipogenesis and adipocyte 
death. Adipocytes derive from progenitor cells, found in the stromal vascular 
fraction of white adipose tissue. A recent study has shown that bone marrow-
derived progenitor cells can also contribute to adipocyte progenitors pool (55). 
The process of adipogenesis is compromised in individuals with hypertrophic 
adipose tissue expansion (56). 
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Adipocyte hypertrophy is considered to be a predictor of T2DM (57) and it 
positively correlates with increased lipolysis and TNFα secretion (58,59). Re-
duced adipogenesis and increased lipolysis lead to impaired lipid metabolism 
– one of the key features of dysfunctional adipose tissue, which can contribute 
to the induction of local and systemic insulin resistance (53).  

T2DM has been associated with systemic inflammation, as T2DM patients 
have increased circulating levels of pro-inflammatory factors, such as C-reac-
tive protein (CRP), plasminogen activator inhibitor (PAI), serum amyloid A 
(SAA), IL-1 receptor antagonist (IL1RA), IL6, IL1β. Although the ultimate 
function of adipose tissue is not immunological, an appropriate response of its 
resident immune cells during feeding or fasting is highly important (60). Ad-
ipose tissue inflammation has been recognised as a contributing factor to the 
development of insulin resistance and T2DM (60). Adipose tissue accommo-
dates several different types of resident immune cells, such as T cells, B lym-
phocytes, macrophages, dendritic cells etc. (61). In lean individuals, adipose 
tissue favours an anti-inflammatory regulatory milieu, which is based on the 
activity of T regulatory (Treg) cells, alternatively activated macrophages 
(AAM), eosinophils, group 2 innate lymphoid cells (ILC2), invariant natural 
killer T cells (iNKTs) (60,61). Cellular stress induced by adipocyte hypertro-
phy activates pro-inflammatory signalling pathways, such as nuclear factor 
kappa B (NFκB) and Jun N-terminal kinase (JNK), both in adipocytes and 
adipose tissue immune cells (62,63). This leads to an increased infiltration of 
immune cells into the adipose tissue, which promotes both local and systemic 
inflammation, further exacerbating insulin-resistance in patients. Adipose tis-
sue remodelling during observed in obesity is illustrated in Figure 3. 
 

Figure 3. Adipose tissue remodelling. Adapted from (63,64).  
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Macrophages and their classification  
Macrophages are predominant immune cells in adipose tissue (65). They have 
received special attention in adipose tissue inflammation, as their infiltration 
has been observed in obese adipose tissue in both mice and humans (66,67). 
They are phagocytic innate immune cells that are vital for immune response 
and tissue homeostasis, and their pathological role in a number of conditions 
makes them a potential therapeutic target (68). Macrophages have several 
functions in host defence: 

 
a) Phagocytosis of pathogens, dead cells etc.; 
b) Antigen presentation on major histocompatibility complex (MHC) 

molecules on their surface to prime the adaptive immune system; 
c) Stimulation of theinnate and adaptive immune response via the pro-

duction of different mediators, such as cytokines (69). 
 

Macrophages are characterised by their plasticity and heterogeneity, reflected 
in the difference in their morphology and cytokine secretion profile, which is 
determined by their location and transcriptional activity regulated by the local 
cytokine milieu (70). Tissue resident macrophages can have reparative func-
tions to support tissue homeostasis and integrity, however, they can also cause 
serious tissue damage in chronic inflammatory conditions (70). Traditionally 
macrophages are subdivided into: 

 
• M1 (classically activated) macrophages, which are stimulated by 

interferon gamma (IFNγ) and activation of Toll-like receptors 
(TLRs) – these cells are characterised by high expression of pro-
inflammatory cytokines, promotion of strong anti-microbial and tu-
moricidal response. M1 macrophages are involved in establishing 
and sustaining inflammatory response (69–72); 

• M2 (alternatively activated) macrophages – these cells are induced 
by T helper cell 2 (Th2) cytokines, IL4 and IL13. These cells are 
considered anti-inflammatory as they secrete IL10 and TGFβ. Re-
cruitment of M2 macrophages is associated with inflammation res-
olution and tissue repair. They have a poor antigen presenting ca-
pacity, however, these cells have pro-angiogenic and pro-fibrotic 
potential (69–72). 

 
It is highly important to remember that this binary classification, although 
widely accepted, is still overly simplified and obsolete (69–72). 
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Macrophage polarisation and plasticity  
The phenomenon of acquiring a certain phenotype by naïve macrophages is 
called “polarisation” and, due to their high plasticity, polarised macrophages 
are able to re-programme and undergo re-polarisation (69). For instance, ex-
posure of M2 macrophages to Th1 cytokines (IFNγ, IL12 etc), stimulates M1 
phenotype in these cells and vice versa (69). 
 

Figure 4. Schematic representation of macrophage polarisation phenotype and con-
ditions in vitro. IFNγ – interferon gamma, LPS – lipopolysaccharides, IL1β – inter-
leukin 1 beta, IL6 – interleukin 6, TNFα – tumour necrosis factor alpha, CD11c – in-
tegrin alpha X, IL4 – interleukin 4, IL13 – interleukin 13, IL10 – interleukin 10, 
TGFβ – transforming growth factor beta, CD206 – mannose receptor C-type 1, 
CD163 – cluster of differentiation 163. 

 
Macrophages can account for up to 50% of the cells found in adipose tissue 
during obesity, while in lean individuals it reaches around 5% (61,73). In ad-
ipose tissue of obese individuals macrophages form so-called crown-like 
structures (CLS) around necrotic adipocytes to ensure their removal and 
maintenance of tissue homeostasis (63,73,74). Inhibition of macrophage infil-
tration has been shown to have a positive effect on adipose tissue insulin re-
sistance (75). However, macrophage infiltration could also be a protective 
mechanism to promote adipose tissue angiogenesis (63). Additionally, mac-
rophages enter adipose tissue to act as a buffer and uptake adipocyte-derived 
lipids in order to regulate lipid release into the blood stream, hence, to avoid 
lipotoxicity. However, this process does not succeed in adipose tissue of obese 
individuals, leading to uncontrolled lipid flux (73). 

The phenotype of macrophages can be pre-determined during their devel-
opment and in circulation; still, the local adipose tissue milieu is likely to re-
model the macrophage phenotype as well. For example, prolonged hypoxia, 
hyperglycaemia, and saturated FFAs observed in adipose tissue of obese indi-
viduals stimulates the development of a pro-inflammatory phenotype in mac-
rophages (73). Some pharmacological agents, for instance glucocorticoids, 
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have also been shown to modulate macrophage phenotype altering their cyto-
kine profile (76). 

Adipose tissue fibrosis 
Adipose tissue fibrosis has been increasingly recognised as one of the hall-
marks and key factors in the development of adipose tissue dysfunction (77). 
Adipose tissue fibrosis is significantly increased in obesity and insulin re-
sistance (78–80). Additionally, the degree of adipose tissue fibrosis can pre-
dict the weight-loss and fat-mass loss after gastric bypass surgery in the pa-
tients (78,81).  

Fibrosis is defined as an extensive deposition of extracellular matrix (ECM) 
(82). The ECM has multiple functions in adipose tissue homeostasis. ECM 
components provide a structural support for adipocytes and are involved in 
the interaction between the cells and maintenance of adipose tissue functions 
(83). High flexibility and appropriate remodelling of ECM is vital for healthy 
adipose tissue expansion, however, ECM flexibility declines during obesity 
development (77,84,85). As adipose tissue expands, extracellular matrix 
(ECM) is exposed to a great amount of stress, as it needs to adapt to substantial 
growth in volume (84). 

ECM consists of a number of different macromolecular components, such 
as collagens, fibronectin, proteoglycans, fibrillins, and other polysaccharides 
(82,85). Production of ECM is regulated by a number of matrix metallopro-
teinases (MMPs), which are in turn controlled by tissue inhibitors of metallo-
proteinases (TIMPs) (85). Different collagens and MMPs play specific roles 
in adipose tissue, for instance collagen VI is one of the most abundant colla-
gens in adipose tissue and its role involves limiting adipocyte growth (86), 
while MMP14 regulates adipogenesis (87). The main sources of ECM in adi-
pose tissue are adipocytes and stromal cells, in particular, progenitor cells, 
fibroblasts, and myofibroblasts (84,85).  

Previous studies reported that fibrotic areas in the adipose tissue are asso-
ciated with an increased macrophage infiltration (78,80). The link between 
adipose tissue inflammation and adipose tissue fibrosis is complex. Although 
traditionally fibrosis is considered to be a consequence of chronic unresolved 
inflammation (82), it appears that fibrosis could develop in the absence of in-
flammation as well (85). Halberg and colleagues demonstrated that adipose 
tissue hypoxia occurs prior to adipose tissue inflammation in mice fed with 
high-fat diet (88). Hypoxia is a key factor in the induction of fibrosis. Hyper-
trophic adipose tissue expansion promotes local hypoxia with the induction of 
hypoxia-inducible factor 1-alpha (HIF1α), which enhances further ECM se-
cretion and deposition, promoting fibrosis. ECM deposition prevents adipose 
tissue angiogenesis, as it creates a rigid environment for vessel formation. 
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Deposition of ECM and local hypoxia leads to adipocyte necrosis, which ac-
tivates inflammatory response and favours the infiltration of macrophages and 
other immune cells (77).  

Pharmacologically-induced diabetes 
A number of pharmacological agents that are widely used in clinical practice 
are able to induce MetS by inducing weight gain and disturbing glucose or 
lipid metabolism (89,90). Commonly prescribed medications with metabolic 
adverse effects include antipsychotics, which are prescribed to patients with 
schizophrenia; potent anti-inflammatory agents – glucocorticoids; lipid-low-
ering medications statins, and many others (89,91). More details on the ad-
verse metabolic effects of these medications are provided further in the thesis. 

Various confounding factors make it difficult to understand the mecha-
nisms leading to adverse effects of these medications. This includes weight 
gain, which hinders deciphering whether diabetes developed due to the medi-
cation itself or secondary to the weight gain. Additionally, some patients are 
on polytherapy, which complicates the assessment of the diabetogenic poten-
tial of certain drugs (91). Attempts to explore the mechanisms of metabolic 
side effects report that diabetogenic medications induce insulin resistance and 
reduce insulin secretion (90–92).  

Schizophrenia and metabolic syndrome 
Schizophrenia is a chronic debilitating mental condition with complex patho-
physiology, comprising genetic, environmental, and developmental factors 
(93). It is characterised by a wide range of symptoms, including hallucina-
tions, delusions, social withdrawal and others (94). Patients with schizophre-
nia have a reduced life expectancy by up to 20 years in comparison to general 
population largely due to cardiovascular diseases (95), as up to one third of 
the patients with schizophrenia experience MetS (96). A meta-analysis by 
Mitchell and colleagues reported that about 50% of schizophrenia patients are 
overweight, 20% and 40% have hyperglycaemia and hypertriglyceridaemia, 
respectively, and 11% have diabetes (96). Another study also demonstrated 
that patients with schizophrenia had a significantly higher prevalence of obe-
sity, metabolic syndrome, and diabetes compared to the general population 
even after adjustment for sex, age, and race (97). Several factors that link 
schizophrenia and diabetes have been identified (98). One of these factors is 
the environmental component, including sedentary lifestyle and a high caloric 
diet rich in saturated fats and poor in fiber (99,100). Genetic predisposition 
between diabetes and schizophrenia have also been proposed, however, the 
results are inconclusive, as some studies confirm genetic susceptibility of 
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schizophrenia patients to diabetes (101), while other studies report no link be-
tween the two comorbidities (102,103). Finally, another contributor to the de-
velopment of MetS in patients with schizophrenia, is antipsychotic medica-
tions, as described in the following section (100). 

Second-generation antipsychotics and their metabolic 
adverse effects 
Ever since their discovery in 1952, antipsychotics have become the corner-
stone of treatment for patients with schizophrenia (104). In addition, they are 
widely prescribed in conditions, such as bipolar disorder, attention-deficit/hy-
peractivity disorder or disruptive behavioral disorder and are highly pre-
scribed in children and young adults (105,106). There are different ways to 
classify these drugs.  

1) First-generation antipsychotics (FGAs) or typical antipsychotics, 
such as chlorpromazine, block D2 dopamine receptors, which can 
lead to the induction of extrapyramidal side-effects in the patients 
(107).  

2) Second-generation antipsychotics (SGAs), for instance, clozapine 
and olanzapine, target a wider range of receptors. These drugs have 
a high efficiency against schizophrenia symptoms without causing 
extra-pyramidal side effects (108).  

The incidence of metabolic adverse effects in patients taking SGAs was re-
ported to be two-folds higher than in unmedicated patients (96) and three times 
higher than in patients taking FGAs (109). Additionally, it has been shown 
that T2DM prevalence in the drug-naïve schizophrenia patients is 2.9%, 
whereas in patients receiving SGA therapy it is around 11.3% (110). There-
fore, antipsychotic-induced metabolic syndrome contributes to the increased 
cardiovascular risk and overall mortality in these patients (94).  

Although metabolic adverse effects of SGAs have been widely reported, 
the exact mechanisms underlying this phenomenon have not been fully eluci-
dated. Antipsychotic-induced weight gain seems to be one of the main sus-
pects underlying diabetogenic effects of the drugs. 

Clinical studies report that SGAs exert a strong effect on appetite regulation 
and food intake, leading to weight gain and obesity-induced complications 
(100). Individual agents have a different propensity to induce metabolic ad-
verse effects, for instance, clozapine (CLO) and olanzapine (OLA) are the 
high-risk drugs inducing metabolic complications in up to 50% of the patients, 
while aripiprazole (ARI) is considered to be metabolically neutral (96,111–
113). These effects are particularly apparent in the vulnerable patients includ-
ing first episode, drug-naïve patients, and children (106). Treatment of schiz-
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ophrenia patients with CLO or OLA leads to much higher weight gain, in-
creased adiposity, hyperglycaemia and dyslipidaemia, when compared to 
other antipsychotics or placebo (112–114). A meta-study also indicated that 
SGAs are able to induce weight gain and insulin resistance, which may be 
dependent on the treatment duration (115). Administration of OLA in healthy 
volunteers resulted in increased food intake and body weight (116,117). Sev-
eral animal studies also report that chronic treatment with SGAs leads to a 
significant weight gain, hyperphagia, and aggravation of their metabolic pro-
file (118–120).  

There are also reports of SGA-induced insulin resistance and elevated 
blood glucose and lipid plasma levels in healthy volunteers in the absence of 
the weight gain (121,122). Similarly, animal studies reported that CLO and 
OLA are able to induce weight-independent insulin resistance and affect insu-
lin-sensitive tissues directly (123–125). Interestingly, weight gain is only 
noted in female rats (119), while male rats tend to develop enhanced adiposity, 
possibly highlighting sex-related differences (126–128). 

Therefore, studies report that SGAs are capable of disturbing glucose and 
lipid metabolism via obesity-related and obesity-independent mechanisms. 

Increased adiposity even in the absence of weight gain after SGA-therapy 
as well as SGA-induced changes in adipose tissue histology (118) underlines 
the potential role of adipose tissue in contributing to the metabolic side effects 
of SGAs. In addition, studies performed on rodent and human pre-adipocytes 
differentiated into adipocytes demonstrate that SGAs are capable of dysregu-
lating the glucose and lipid metabolism in these cells as well as to induce pro-
inflammatory gene expression (129–131). Unravelling the role of adipose tis-
sue in SGA-induced metabolic adverse effects could help to improve the pa-
tients’ quality of life and could provide a better understanding of the mecha-
nisms involved in the development of diabetes and MetS. 

Statins 
Statins are one of the most widely prescribed drugs and act by inhibiting β-
hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase (132). HMG-CoA re-
ductase is a rate-limiting enzyme in mevalonate pathway that converts meva-
lonate into cholesterol, which is a precursor to a number of bioactive mole-
cules, such as bile acids, lipoproteins etc. (133). Elevated LDL-cholesterol 
(LDL-c) in all age groups has been widely recognized as the main risk factor 
for cardiovascular diseases (CVD), including myocardial infarction and 
stroke, and for CVD-associated mortality (134–136). Reduction in the plasma 
LDL-c levels caused by genetic variants or pharmacological treatment lowers 
the risk of cardiovascular events (134). Statins potently reduce plasma LDL-c 
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concentrations, therefore effectively reducing the risk and the rates of cardio-
vascular events as well as CVD-related and overall mortality in the patients 
(137–139).  

Although statins are well-tolerated and safe, increasing number of studies 
reported a higher risk of new onset diabetes in patients receiving statin therapy 
(138,140,141). The overall increase in the risk of new onset diabetes is ap-
proximately 9% (140). However, there are several other factors that seem to 
contribute to the diabetogenic effects of statins, such as high dose statin ther-
apy (142), potency of individual statins (143), age of the patients (144), and 
pre-existing diabetes risk factors (145). Women were also reported to have a 
higher susceptibility for new-onset diabetes development with statin treatment 
compared to men (146).  

The mechanisms underlying diabetogenic effects of statins are not fully 
elucidated. Genetic studies indicate that reduced activity of HMG-CoA reduc-
tase is associated with an increased T2DM risk (147). In vivo and in vitro 
studies on functional importance of HMG-CoA reductase inhibition propose 
several potential mechanisms (148). Statins can undermine functions of β cells 
in the pancreas by interfering with endogenous cholesterol production in these 
cells, which leads to impaired calcium influx and diminishing glucose uptake 
in pancreatic β cells (148–150). In other extrahepatic tissues, such as muscle 
and adipose tissue, statins were shown to induce insulin resistance by reducing 
GLUT4 expression (151,152). Additionally, statins were demonstrated to pro-
mote adipose tissue inflammation by inducing IL1β expression through up-
regulation of Nod-like receptor family, pyrin domain containing 3 
(NLRP3)/caspase-1 inflammasome in the adipose tissue (153,154). Therefore, 
understanding whether statins can directly impair adipose tissue metabolic 
function would give a closer insight into their adverse effects mechanisms. 

Glucocorticoids 
Glucocorticoids (GCs) are steroid hormones released by the adrenal cortex 
under the regulation by hypothalamic-pituitary-adrenal (HPA) axis. They are 
essential for metabolism and survival under stress (155). GCs bind to nuclear 
GC receptors, which, act by upregulating or suppressing transcription of var-
ious genes and orchestrate body’s response to stress stimuli (156). Since the 
body requires considerable amounts of energy in a stressful setting, the ulti-
mate outcome of glucocorticoid action is to provide the energy source via re-
lease of glucose, amino acids, and fatty acids (157). They do so by increasing 
hepatic gluconeogenesis and inhibiting glucose uptake in peripheral tissues 
(156). For instance, in adipose tissue, treatment with GCs decreases glucose 
uptake in a depot-specific manner (158). Although generally considered to 
have a lipolytic effects on adipose tissue, the effects of GCs on lipolysis appear 
to depend on GCs concentration and exposure duration (159). Additionally, 
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there is a depot- and sex-specific effects of GCs on adipocyte lipolysis. The 
synthetic GC, dexamethasone, significantly increased the lipolysis rate in ad-
ipocytes from subcutaneous adipose tissue in women, while it had no effect 
on adipocyte lipolysis in men (160).  

Chronic exposure to excessive GCs levels results in Cushing’s syndrome. 
This can be caused by elevated production of the endogenous GC cortisol or 
by administration of exogenous glucocorticoids. The latter one is the most 
common cause, as GCs are highly prescribed due to their high anti-inflamma-
tory effects (161). GCs can affect body composition and fat distribution and 
long-term exposure to high GCs levels leads to increased visceral adiposity 
and a number of other metabolic complications, such as glucose intolerance, 
and insulin resistance (162,163). Several studies reported that glucocorticoid 
treatment is associated with increased risk of hyperglycaemia and T2DM 
(164–166), while another study demonstrated that among non-diabetic pa-
tients on glucocorticoid therapy up to 32.3% developed hyperglycaemia and 
18.6% developed diabetes (167). 

Understanding the pathophysiology of GC-induced diabetes is vital for 
identification of novel biomarkers and novel pharmacological targets in dia-
betes treatment. 
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Aim 

The overall aim of this thesis work was to investigate whether adverse meta-
bolic effects of commonly used medications, namely second-generation anti-
psychotics, statins and glucocorticoids, can be mediated via direct effects on 
human adipose tissue metabolism and inflammation. 
  
The specific aims were: 
 

• Paper I: To investigate the direct effects of SGAs (olanzapine and ar-
ipiprazole) on human adipose tissue glucose and lipid metabolism. 
The study also aimed to explore the effects of SGAs on adipose tissue 
inflammation and on the expression of genes regulating mitochondrial 
function. 

 
• Paper II: To explore the effects of macrophages on human isolated 

mature adipocytes. The work was also aimed at understanding the ef-
fects of SGAs and glucocorticoid (dexamethasone) on macrophage 
phenotype and the cross-talk between macrophages and adipocytes.  

 
• Paper III: We aimed to investigate the direct effects of pharmacolog-

ical inhibition of HMG-CoA reductase with statins on human adipose 
tissue metabolism and human pancreatic islets function. Another aim 
was to study the association of HMGCR expression with other genes 
in the adipose tissue as well as with plasma and adipose tissue metab-
olome.  

 
• Paper IV: To explore the direct effects of glucocorticoids on human 

adipose tissue fibrosis, particularly, the role of macrophage-preadipo-
cyte communication. The study was designed to understand whether 
dexamethasone-induced adipose tissue fibrosis is mediated via mac-
rophage-preadipocyte cross-talk. 
 

Studies in Paper I and II were conducted as a part of the European Commission 
via the Marie Sklodowska-Curie Innovative Training Network TREATMENT 
(H2020-MSCA-ITN-721236). The purpose of this work was to explore poten-
tial adipose tissue effects of SGAs. 
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Methods 

Ethical approval for studies 
Paper I, II, and VI 
The Regional Ethics Review Board in Uppsala (Dnr 2013/330 and Dnr 
2018/385) approved the study protocol. 
 
Paper III 
The Regional Ethics Review Board in Uppsala (Dnr 2013/183-494, 2018/385, 
and 2010/006) approved the study protocol. All subjects gave their written 
informed consent. 

Subjects and adipose tissue samples 
Subjects with diabetes, endocrine disorders, cancer or other major disorders 
and individuals undergoing therapy with antipsychotic, β- blockers, systemic 
glucocorticoid, and immune-modulating medications were not included in all 
the studies. 
 
Paper I-IV 
Abdominal subcutaneous adipose tissue was collected from healthy individu-
als. The tissue was obtained with needle biopsies from the lower part of the 
abdomen after local dermal anaesthesia with lidocaine. The age, BMI, and 
number of subjects are given in Table 2.  

Fasting blood samples were obtained from the study subjects for the bio-
chemical analysis of plasma glucose, glycated haemoglobin (HbA1c), total 
cholesterol, HDL, and LDL (shown in each paper). Fasting blood biochemical 
analysis was performed at the Department of Clinical Chemistry, Uppsala 
University Hospital. Additionally, anthropometric measurements, including 
age, body height, body weight, waist and hip circumference, systolic and di-
astolic blood pressure, and body fat percentage, were taken. BMI was calcu-
lated as body weight (kg) divided by the square of height (m2). Fasting insulin 
and glucose values were used to calculate homeostatic model assessment of 
insulin resistance (HOMA-IR), used to assess the insulin resistance and β-cell 
function, according to the following formula (168): 
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HOMA-IR =
glucose x insulin

22.5  
 

Table 2. Basic anthropometric characteristics of the subjects 

BMI – body mass index 

Adipose tissue incubation 
Paper I, III, IV 
Subcutaneous adipose tissue obtained with needle biopsies from healthy indi-
viduals was incubated for 24 h (Paper I, III, and IV) and 72h (Paper I) at 37oC, 
5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
6 mM glucose, 10% foetal bovine serum (FBS) and 1% penicillin-streptomy-
cin, without or with:  

• second-generation antipsychotics: olanzapine (OLA) (0.2 – 2.0 
µM) and aripiprazole  (ARI) (1.0 – 10 µM) and dexamethasone (0.3 
µM) – Paper I 

• simvastatin (25 nM and 100 nM) and its active metabolite simvas-
tatin hydroxy acid (SA) (8 nM and 30 nM) – Paper III 

• dexamethasone (0.3 µM) – Paper IV 
The concentrations of the drugs were chosen according to reported steady-
state plasma concentrations of: 

• SGAs (169–171), 
• simvastatin and simvastatin hydroxy acid (172–174).  

Concentrations ten times higher were selected in order to ensure that all the 
relevant concentrations are covered. The concentration of dexamethasone was 
selected as the standard concentration used in previous in vitro and ex vivo 
experiments with adipocytes as well as the concentration that corresponds to 
the maximal plasma cortisol concentration (1-2 µM), observed under stress 
(175,176). 

At the end of the incubation, part of the adipose tissue was washed with 
ice-cold phosphate-buffered saline (PBS) and snap-frozen in liquid nitrogen 
and transferred to -80oC for future gene and protein expression analysis. Por-
tion of adipose tissue was digested as described further and obtained isolated 
mature adipocytes were incubated with second-generation antipsychotics for 
30 min on adipocyte glucose uptake and lipolysis (Paper I). In Paper I and III 

 Paper I Paper II Paper III Paper IV 
N  72 6 216 28 
N(F/M) 49/23 4/2 143/73 20/8 
Age, y.o. 19–78 22–64 19-72 41-71 
BMI, kg/m2 26.4 ± 3.3 25.1±2.6 30.1±5.9 22.4-39.9 
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dexamethasone has been used as the positive control. The schematic illustra-
tion of adipose tissue or adipocyte incubation is shown in Figure 5. 

 
Figure 5. Simplified scheme of the experiments performed on adipose tissue/adipo-
cytes. Short-term incubation – 30 minutes, long-term incubation – 24 h or 72 h. 
SGAs – second-generation antipsychotics. 

Isolation of human mature adipocytes 
Paper I, II, III, and VI 
For mature adipocyte isolation, adipose tissue was digested with 1 mg/ml col-
lagenase A (from Clostridium histolyticum) in Hank’s medium (with 6 mM 
glucose, 4% bovine serum albumin (BSA), 150 nM adenosine, pH = 7.4) for 
60 min in 37oC water bath shaking at 105 rpm with. The digested tissue was 
then filtered through nylon mesh with 250 µm pore size and left to rest at 37oC 
for 5 min to allow separation of mature adipocytes from stromal vascular frac-
tion (SVF). The mature adipocytes were collected by removal of the SVF-
containing infranatant and further used for metabolic assays (Paper I, III, and 
VI) or co-culture (Paper II and IV). The SVF-containing infranatant was col-
lected in a separate tube for preadipocyte isolation.  
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THP-1 monocyte cell culture: maintenance  
Paper II and IV 
For macrophage-adipocyte co-culture studies, THP-1 human monocytic cell 
line was used. THP-1 monocytes were maintained in Roswell Park Memorial 
Institute (RPMI) 1640 GlutaMax medium supplemented with 10% FBS, 1% 
penicillin-streptomycin, 1mM sodium pyruvate, 1X L-glutamine, and 1X 
Minimum Essential Medium Non-essential Amino Acids. The cells were 
maintained and expanded to the density of 1-8 x 105 cells/ml.  

THP-1 macrophage differentiation and polarisation 
Paper II and IV 
Differentiation and polarisation of THP-1 monocytes were carried according 
to the protocols reported previously (177,178). Cells were maintained as de-
scribed above and plated in 6- or 12-well plates  at the density of 160000 and 
80000 cells per well, respectively. The differentiation of the cells was induced 
by treatment with 150 nM phorbol 12-myristate 13-acetate (PMA) for 48 h 
followed by 24 h rest in RPMI 1640 (described above). Differentiated macro-
phages were further polarised for 24 h into following macrophage populations: 

• M0 – non-polarised naïve macrophages treated with the vehicle; 
• M1 – classically activated macrophages – polarised in the presence 

of 20 ng/ml of human recombinant interferon gamma (IFN γ) and 
10 pg/ml lipopolysaccharide (LPS) from E.Coli; 

• M2 – alternatively activated macrophages – polarised in the pres-
ence of 20 ng/ml of human recombinant IL4  and 20 ng/ml of IL13. 

THP-1 macrophage treatment with second-generation 
antipsychotics (SGAs) and glucocorticoids 
Paper II and IV 
The treatment of macrophages with SGAs (Paper II) and dexamethasone (Pa-
per II and Paper IV) was carried as follows: 

1) To study whether the treatment with SGAs and dexamethasone can 
influence the macrophage polarisation, THP-1 macrophages were 
polarised into M0, M1, and M2 subtypes in the absence (Control) 
or presence of therapeutic and supra-therapeutic concentrations of 
OLA (0.2 and 2.0 µM), ARI (1.0 µM and 10 µM), and dehydro-
aripiprazole (dARI) (0.4 µM and 4 µM, dARI) for 24 h. The cells 
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were then washed with ice-cold PBS and snap-frozen in liquid ni-
trogen and kept at -80oC, and used for gene expression analysis. 
These cells are labelled as P-M0, P-M1, and P-M2. 

2) To understand whether SGAs and dexamethasone can alter the es-
tablished macrophage phenotype, the THP-1 macrophages were 
polarised into M0, M1, and M2 subtypes for 24 h and then treated 
with the drugs for 24 h. The cells were also washed with ice-cold 
PBS and snap-frozen in liquid nitrogen for future gene expression 
analysis. These cells are labelled as M0, M1, and M2. The simpli-
fied scheme of macrophage treatment with SGAs is illustrated in 
Figure 6. 

For Paper IV the macrophages were differentiated and polarised into M0 mac-
rophages for 24 h, followed by treatment with dexamethasone for 24 h. 

SGBS adipocyte culture 
Paper III and IV 
The human Simpson-Golabi-Behmel syndrome (SGBS) preadipocyte cell 
strain at the passages 6-10 were expanded in DMEM-F12 supplemented with 
33 µM biotin, 17 µM panthotenate, 1% penicillin-streptomycin, and 10% non 
heat-inactivated FBS. At the confluence of 80%, the cells were detached with 
trypsin and seeded in 12-well plates at density 30000 cells/well. At 90% con-
fluency, adipocyte differentiation was induced for 4 days with differentiation 
medium: DMEM-F12 with 1% penicillin-streptomycin, 100 nM insulin, 17 
µM pantothenate, 33 µM biotin, 1 µM dexamethasone, 1 µM rosiglitazone, 
250 µM 3-isobutyl-1-methylxanthine (IBMX), 10 µg/ml transferrin, 2 nM tri-
iodothyronine (T3).  

The differentiation medium was replaced with maintenance medium (the 
same composition as differentiation medium except IBMX, dexamethasone, 
and rosiglitazone) on the day 5. The adipocyte differentiation was sustained 
until day 14. The medium was changed every 3-4 days. Adipocyte differenti-
ation rate was assessed on the differentiation days 7 (Paper III) and 14 (Paper 
III and IV), the cells were washed with PBS and fixed in 4% formaldehyde for 
15-20 min at RT. The cells nuclei and neutral lipids were further stained with 
Hoechst 33342 and Bodipy 493/503  dyes for 20 min at RT, respectively. The 
images were acquired with ImageXpress Pico Automated Cell Imaging Sys-
tem. The differentiation rate of adipocytes was assessed at differentiation days 
7 and 14 by quantifying the number of cells positive for signal from the Bod-
ipy-stained lipids, normalized to total cell number. 
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THP-1 macrophage and human adipocyte co-culture 
Paper II 
Following treatment of THP-1-differentiated macrophages without (control) 
or with SGAs and dexamethasone, the medium containing the drugs was re-
moved entirely, cells were washed with PBS, and 1 ml of 6–7% lipocrit of 
isolated mature adipocytes was added to THP-1- differentiated macrophages 
(80,000 cells) and co-cultured for 24 h.  Macrophages and adipocytes were 
physically separated, since macrophages are adherent cells and mature adipo-
cytes are suspension cells. Adipocytes were collected and snap-frozen for fur-
ther gene expression analysis after the co-incubation with macrophages. The 
co-culture of differentiated macrophages with mature adipocytes was adapted 
from previous studies using membrane inserts and demonstrating the cross-
talk between two cell types (179,180). The study also indicated that floating 
adipocytes have a similar gene profile and can be used for short culture times 
(179).  

A visual representation of the experimental setup is illustrated in Figure 6 
to facilitate the understanding of the experimental design of the study.  
 

 
Figure 6. Simplified visual representation of the experimental setup for Paper II, il-
lustrating treatment of macrophages with SGAs and their co-incubation with mature 
adipocytes. 

 
Paper IV 
THP-1 monocytes were plated and differentiated into macrophages (as de-
scribed previously) at the density of 100000 cells per insert on Millicell Cell 
Culture Insert (30 mm, polycarbonate, 0.4 µm) for 6 well plates, and at the 
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density of 40,000 cells on Millicell Hanging Cell Culture Insert (PET 0.4 µm) 
for 12 well plates.  

The SGBS cells were expanded and plated in 6- and 12-well plates at the 
density of 75000 and 30000 cells, respectively. Once the SGBS cells reached 
90% confluency, differentiation of adipocytes was induced for 4 days with 
differentiation medium (as described previously). The cells were differenti-
ated in the absence or in the presence of THP-1 macrophages on the inserts 
for 14 days and the media used during SGBS adipocyte differentiation were 
supplemented with dexamethasone and/or with TGFBR1 kinase inhibitor 
SB431242 (5 µM) (SB) according to Table 1: 
 

 
 
 
 
 
 
 

The rate of adipocyte differentiation was assessed on day 14, as described be-
fore. 

Glucose uptake in primary mature adipocytes 
Paper I, III 
Mature adipocytes (described previously) were isolated from fresh or incu-
bated adipose tissue and washed four-times with glucose-free Krebs-Ringer 
bicarbonate medium (KRH) (supplemented with 4% bovine serum albumin 
(BSA), 150 nM adenosine, pH adjusted to 7.4) with five-minute intervals be-
tween the washes. The adipocytes were subsequently diluted to 6-7% lipocrit 
with KRH. The adipocytes were treated for 15 min without (basal) or with 
physiological, 25 µU/ml, and supra-physiological, 1000 µU/ml, concentra-
tions of human recombinant insulin in a shaking water bath at 37oC and at 65 
RPM. Following the stimulation with insulin, cells were incubated with 0.26 
mCi/l (0.86 µM) of radioactive D-[U-14C] glucose for 45 min at 37oC and at 
65 RPM.  

The reaction was stopped by transferring the adipocyte suspension to ice-
cold vials. The adipocyte cell pellet was collected via centrifugation of the 
lipocrit through 1 ml Silicone fluid 100 cS for 5 min at 2000 RPM and 4oC. 
The cell pellet was collected and transferred to the Ultima Gold scintillation 
cocktail. The adipocytes-associated radioactivity was measured with Liquid 
Scintillation Analyser Tri-Carb 4910 TR. The adipocyte glucose uptake was 
defined as the rate of transmembrane glucose transport and was calculated 
using the following equation, as reported previously (181): 

Condition 1 2 3 4 

Dex 0.3 µM - - + + 

SB431242 5 µM - + - + 

THP-1 macrophages +/- +/- +/- +/- 
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Cell clearance of medium glucose=
cell-associated radioactivity x volume

radioactivity of the medium × cell number × time 

 
The cell number was calculated using the mean diameter of 100 adipocytes 
and adipocyte triglyceride content as reported previously (182). 

Lipolysis in primary mature adipocytes 
Paper I, III 
After digestion of adipose tissue with collagenase as described previously, 
isolated mature adipocytes were washed four times and diluted to 2-3% lipo-
crit with Hank’s (supplemented with 6 mM glucose, 4% BSA, and 150 nM 
adenosine with pH adjusted to 7.4). The cells were stimulated for 10 min with-
out (basal) or with 10-100 µU/ml of human recombinant insulin in a water 
bath shaking at 37oC and 65 rpm. Following insulin stimulation, adipocytes 
were incubated with 0.5 µM β-adrenoceptor agonist isoproterenol for 2 h at 
37oC and 65 RPM. The reaction was terminated by transferring the cell sus-
pension vials to ice. 

Adipocyte lipolysis rate was assessed by measuring the release of glycerol 
into the cell medium. Released glycerol concentration was measured by col-
ourimetric absorbance at 540 nm with Free Glycerol Reagent. The lipolysis 
rate was normalised to the cell number, which was calculated as described 
previously (182). 

RNA extraction, cDNA synthesis, and quantitative  
real-time PCR analysis  
Paper I, II, III, IV 
Adipose tissue pre-incubated with or without SGAs , simvastatin or dexame-
thasone (Paper I, III and IV) and adipocytes co-cultured with macrophages 
pre-treated with SGAs or dexamethasone (Paper II) were snap frozen in liquid 
nitrogen. The RNA extraction from adipose tissue or adipocytes for Paper I, 
II, and IV was performed using RNeasy Lipid Tissue. For Paper II, III, and 
IV, RNA from macrophages, adipose tissue or SGBS adipocytes was extracted 
with phenol-chloroform extraction method. For this the cells or tissue were 
lysed with Trizol lysis reagent. Chloroform was added to homogenate allow 
the phase separation. The aqueous phase was transferred to isopropanol and 
incubated at -20oC to allow RNA precipitation. The RNA pellet was washed 
thrice with 70% ethanol and air-dried.  

The RNA was eluted in RNase-free water and RNA concentration were 
measured with NanoDrop 2000 Spectrophotometer. To ensure the RNA purity 
was assessed by measuring the A260/280 and A260/230 ratio. 
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Complementary DNA (cDNA) was transcribed from 400 ng of RNA using 
High-Capacity Reverse Transcription Kit.  

The expression of the genes of interest was measured using Taqman gene 
expression assays. The gene expression was measured with QuantStudio 3 
System. All samples were run in duplicates. Relative gene expression was nor-
malised to the expression of housekeeping genes 18S ribosomal RNA (18S 
rRNA) or β-glucuronidase (GUSB), which have been validated in human adi-
pose tissue (183,184). The gene expression data were calculated as 2-ΔΔCt. 

Gene association studies 
Paper III  
RNA was isolated from the adipose tissue samples with RNeasy Lipid Tissue 
Kit. RNAseq was performed by Exiqon Services (Vedbaek, Denmark) and 
adipose tissue and plasma metabolome were measured by Metabolon Inc.’s 
(Durham, NC, USA). The library preparation was performed with Illumina 
TruSeq Stranded mRNA Sample preparation kit. To study the association of 
adipose tissue HMGCR expression with other adipose tissue genes or plasma 
and adipose tissue metabolome, the transcriptomics data from 31 statin-free 
subjects were used. The data were analysed with multiple linear regression 
analysis with adjustment for BMI, sex, age, and diabetes status with Stats-
model (185) and SciPy (186) Python 3.8.6 packages. Benjamini-Hochberg 
correction was used for p-value correction. The obtained list of adipose tissue 
genes significantly associated with HMGCR was processed with the path-
findr.R package (187), to map the major biochemical pathways associated 
with the obtained genes. Similarly, the expression of HMGCR in the adipose 
tissue was correlated with the adipose tissue and plasma metabolites using 
multiple linear regression analysis with p-value adjustment with Benjamini-
Hochberg correction. 

 
Paper IV 
The expression of genes involved in adipose tissue fibrosis development was 
obtained from transcriptomics analysis performed on the adipose tissue sam-
ples treated without (Control) or with dexamethasone 0.3 µM for 24 h. RNA 
sequencing was performed by Novogene (Cambridge, UK).  
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Single nucleotide polymorphism (SNP) analysis and 
analysis of association of HMGCR rs12196 variant with 
circulating metabolome 
Paper III 
Results of previous human genome-wide association studies were extracted 
from publicly available database PhenoScanner (http://www.phenos-
canner.medschl.cam.ac.uk/) (188,189). The HMGCR variant rs12916 T-allele 
and its association with diabetes and diabetes-related traits were assessed. The 
SNP position was defined as chr5:74656539. A list of 11 traits, hence, all the 
p-values were adjusted with Bonferroni correction with the factor of 11. 

Publicly available data from a GWAS study of circulating levels of 174 
blood metabolites (190) were used to study the association of HMGCR variant 
rs12916 with circulating metabolome. We corrected the p-values using the 
Benjamini-Hochberg method. 

Protein expression analysis 
Paper III and IV 
The protein lysates were prepared by homogenising the differentiated adipo-
cytes with ice-cold lysis buffer (25 mM Tris-HCl; 0.5 mM EGTA; 25 mM 
NaCl; 1% Nonidet P-40; 1 mM Na3VO4; 10 mM NaF; 0.1 µM okadaic acid; 
1xComplete protease inhibitor cocktail and the pH was adjusted to 7.4). The 
homogenised samples were further rocked at 4oC for 2h and centrifuged for 
15 min at 4oC and 12000 rpm. The lysates were collected and the total protein 
concentration was measured using BCA protein assay kit. 

The total protein lysates (8-10 µg) were separated by SDS-PAGE on 10% 
Mini-Protean TGX Stain-free gels and transferred to nitrocellulose membrane. 
The membranes were further blocked with 5% non-fat dry milk in 0.05% 
Phosphate-buffered saline with Tween 20 (PBST). After blocking, the mem-
branes were immunoblotted overnight at 4oC with primary antibodies: anti-
GLUT4 (Paper III and IV) and anti-αSMA (Paper IV). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the loading control protein 
and was detected with anti-GAPDH antibody. This was followed by incuba-
tion with appropriate horseradish peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibodies. Protein bands were visualised with enhanced 
chemiluminescence with a high-resolution field ChemiDocTM MP System 
and quantified using ImageLab software. 
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Immunocytochemistry 
Paper IV 
To visualise the expression of α-SMA protein in the cells by immunocyto-
chemistry, the same mouse anti-αSMA antibody was used as for Western blot. 
At day 14 of differentiation, the medium was removed from adipocytes and 
the cells were washed twice with PBS and fixed with 4% formaldehyde for 
15 minutes at room temperature. The formaldehyde was removed entirely and 
the cells were washed thrice with PBS. This was followed by overnight incu-
bation with the primary antibody solution (mouse anti-αSMA antibody 1:100, 
10% Normal Goat Serum (NGS, Sigma) and 0.1% Triton X-100 (Sigma) in 
PBS) 4°C. After the incubation with the primary antibody, the cells were 
washed thrice with PBS followed by incubation with the secondary antibody 
solution for 2 hours at 4 °C (Alexa fluor 647 goat anti-mouse IgG (1:1000; 
Molecular Probes), 10% NGS and 0.1% Triton X-100 in PBS). The cells were 
then washed three times with PBS. To assess adipocyte differentiation, the 
cellular neutral lipids and nuclei were also stained as described above. 

Incubation of human islets and insulin determination 
Paper III 
Human islets were kindly provided by the Islet Transplantation Unit (Depart-
ment of Radiology, Oncology and Clinical Immunology, Uppsala University 
Hospital, Uppsala, Sweden). The islets were cultured in Connaught Medical 
Research Laboratories 1066 medium supplemented with 5.5 mM glucose, 
10% FBS, 1% penicillin-streptomycin and 1% L-glutamine at 37oC and 5% 
CO2. Human islets were treated with or without 0.5 mM palmitate (191) in the 
presence or absence of either 20 nM or 100 nM simvastatin for 48 h. 

Islets insulin secretion was measured as described previously (191). The 
islets were perifused with Krebs-Ringer Bicarbonate (KRBH) buffer, contain-
ing 130 mmol/l NaCl, 4.8 mmol/l KCl, 1.2 mmol/l MgSO4, 1.2 mmol/l 
KH2PO4, 1.2 mmol/l CaCl2, 5 mmol/l NaHCO3, 5 mmol/l HEPES (pH ad-
justed to 7.4) and supplemented with 1 mg/ml BSA and 5.5 mM glucose at 
37oC for 1h. After perifusing the islets, the medium aliquots were collected 
every 5 min for 20 min at 5.5 mM glucose. After this, the medium was re-
placed with 11 mM glucose and the samples were obtained at 1, 2, and 5 min 
for the next 20 min. Insulin release from the islets was measured with enzyme-
linked immunosorbent assay (ELISA) as previously described (191). 
  



 42 

Viability assays 
Paper I, II, III, and IV 
To study the effects of SGAs, dexamethasone, and simvastatin on the viability 
of adipocytes (Paper I and III) and macrophages (Paper IV) water-soluble 
tetrazolium (WST-1) colourimetric assay was used. Following the incubation 
with the drugs, the adipose tissue was digested with collagenase, as described 
previously. Isolated adipocytes were used to prepare 6-7% lipocrit in Hank’s 
medium (supplemented with 6.0 mM glucose, 4% BSA, 150 nM adenosine, 
pH = 7.4) and incubated in 96 well plate with WST-1 reagent (10% of WST-
1 as final dilution) for 2 h at 37oC. The adipocyte-free medium was collected 
and the absorbance was measured at 450 nm with Spectramax ID3.  

To study the effects of SGAs and dexamethasone on THP-1 macrophages, 
the cells were plated in 96 well plate and treated with the drugs for 24 h. The 
cell viability was measured by staining and incubated the cells with Viabil-
ity/Cytotoxicity Assay Kit for Animal Live & Dead cells. The fluorescence 
was measured at 530 nm and 635 nm using Spectramax ID3. 

Statistical analysis 
The data were analysed with IBM SPSS statistical software (versions 25 and 
27), GraphPad Prism software (versions 7.0 and 9.0), Python 3.8.6 (Paper III), 
and R 4.0.5 (Paper III). All the data are represented as mean ± SEM, unless 
stated otherwise. The data were tested for normality using Shapiro-Wilk test. 
Pairwise comparisons were performed between the treated and non-treated ad-
ipose tissue measurements from the same individual. Comparison between the 
means of two groups was performed with t-test or Wilcoxon test, depending 
on data distribution. The means of more than two groups were compared using 
repeated-measures One-Way ANOVA (for parametric data) or Friedman (for 
non-parametric data) test with the adjustment of p-value for multiple compar-
ison. 

The data obtained from transcriptomics and metabolomics (Paper III) were 
analysed with multiple regression analysis with p-value adjustment with Ben-
jamini-Hochberg correction. Data analyses were conducted using Statsmodel 
(185) and SciPy (186) packages for Python. The gene enrichment analysis and 
pathways mapping was performed with pathfindr.R package (187) (Paper III). 

The data visualisation was performed using GraphPad Prism (versions 7.0 
and 9.0), pathfindr.R package, Inkscape software. All the illustrations were 
created with BioRender.com. 
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Results 

Paper I 
For detailed results, please see the respective papers 
 
Effects of second-generation antipsychotics on human subcutaneous adi-
pose tissue metabolism. 
 
Short- and long-term incubation of human subcutaneous adipocytes and adi-
pose tissue with therapeutic concentrations of olanzapine (OLA) (0.2 µM) and 
aripiprazole (ARI) (1.0 µM) had no significant effect on adipocyte basal and 
insulin-stimulated glucose uptake compared to untreated control. Supra-ther-
apeutic concentration of ARI (10 µM) reduced adipocyte glucose uptake by 
~20%. Similarly, therapeutic concentrations of ARI and OLA did not affect 
adipocyte basal and isoproterenol-stimulated lipolysis in comparison to con-
trol. However, supra-therapeutic concentrations of OLA significantly reduced 
both basal and isoproterenol-stimulated lipolysis in adipocytes after short-
term incubation. The drugs did not affect adipocyte viability. 

After 72 h incubation, supra-therapeutic concentrations of both OLA and 
ARI acted as anti-inflammatory agents reducing the expression of several pro-
inflammatory genes, including IL1B, IL6, and IL18 by ~20-30% compared to 
control. Changes in the gene expression upon SGA-treatment did not correlate 
with anthropometric characteristics, such as subject’s sex, BMI, body fat %, 
age, HOMA-IR, fasting glucose, waist/hip ratio, systolic and diastolic blood 
pressure. 

Similarly, mRNA expression of several genes involved in regulation of mi-
tochondrial function and biogenesis were reduced by 15-30% in adipose tissue 
treated with supra-therapeutic concentrations of OLA and ARI. The drugs did 
not affects the mRNA expression of adipokines and genes involved in lipid 
metabolism. 
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Paper II 
Human macrophages stimulate expression of inflammatory mediators in 
adipocytes; effects of second-generation antipsychotics and glucocorti-
coids on cellular cross-talk. 
 
Upon treatment of THP-1-derived macrophages with supra-therapeutic con-
centrations of OLA (2.0 µM) and ARI (10 µM), the drugs acted as anti-in-
flammatory agents in P-M0 and P-M2 macrophages by significantly or nomi-
nally downregulating the expression of IL6 and TNFA by 25-50%. However, 
the active metabolite of aripiprazole – dehydroaripiprazole (dARI) induced 
the expression of pro-inflammatory genes, such as IL1B by about 20%. In P-
M1 macrophages, all SGAs seemed to promote pro-inflammatory phenotype 
by significantly or nominally upregulating the expression of IL1B and IL6,, 
respectively. 

Neither of the SGAs at therapeutic concentrations altered the expression 
pro- and anti-inflammatory cytokines in macrophages with established M1 
and M2 phenotype, when added after polarisation. The effects of the drugs on 
M0 macrophages was similar to the effects observed in P-M0 macrophages. 
Dexamethasone (0.3 µM) exerted potent anti-inflammatory effects in macro-
phages both upon treatment of cells during and after polarisation by reducing 
the expression of pro-inflammatory genes by 60-70%. 

Macrophages induced a marked increase in mRNA expression of pro-in-
flammatory cytokines, but not on the expression of adipokines or metabolic 
genes, in adipocytes, including IL1B (~100-fold), IL6 (~50-fold), and TNFA 
(~10-fold), compared to adipocytes incubated without macrophages. This ef-
fect was partially reversed by anti-inflammatory effect of dexamethasone, 
while SGAs had no significant effect on macrophage-adipocyte cross-talk. 
Adipocytes co-incubated with M1 macrophages, that were either pre-treated 
with dexamethasone or SGAs, had a reduction in the genes involved in glu-
cose and lipid metabolism, such as LIPE, FABP4, AKT1, SLC2A4. 
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Paper III 
Impaired HMG-CoA reductase activity caused by genetic variants or 
statin exposure: effects on human adipose tissue, β-cells and metabolism 

 
The expression of HMGCR gene in adipose tissue was associated with a num-
ber of metabolic and mitochondrial pathways, including insulin signalling, ad-
ipocytokine signalling, oxidative phosphorylation, and citrate cycle.  

Analysis of publicly available GWAS data indicated that the LDL-lowering 
HMGCR rs12916-T allele was associated with diabetes and cardiometabolic 
traits. Publicly available data from a GWAS study of circulating levels of 174 
blood metabolites demonstrated that this HMGCR polymorphism was nega-
tively associated with plasma phosphatidylcholines and sphingomyelins. 
However, no significant association with adipose tissue metabolites was ob-
served. 

Pharmacological inhibition of HMG-CoA reductase activity for 24 h with 
therapeutic concentration of simvastatin (Sim) and its active metabolite, 
simvastatin hydroxy acid (SA) did not alter basal or insulin-stimulated adipo-
cyte glucose uptake and lipolysis compared to untreated control. The drugs 
induced a nominal increase in the mRNA expression of pro-inflammatory cy-
tokine IL1B in adipose tissue and glucose transporter SLC2A4. Similarly, ther-
apeutic concentration of Sim did not affect palmitate-stimulated insulin secre-
tion in pancreatic islets after 48 h incubation in comparison to control. The 
presence of Sim and SA throughout adipocyte differentiation did not alter ad-
ipogenesis or expression of adipogenic markers compared to adipocytes dif-
ferentiated in the absence of statins.  

In a clinical cohort of 195 individuals with or without statin treatment, 
statin therapy was associated with HOMA-IR (model r2=0.4969). Patients on 
statin therapy had a higher fasting blood glucose, fasting HbA1c, and insulin 
levels, compared to BMI- and age-matched controls. 
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Paper IV 
Role of glucocorticoids in adipose tissue fibrosis and interplay between 
macrophages and adipose cells 

 
Incubation of adipose tissue with synthetic glucocorticoid dexamethasone for 
24 h resulted in a significant ~2-fold upregulation of pro-fibrotic genes, such 
as CTGF, FN1, COL6A3, and TIMP4, while there was a significant reduction 
of 2-4-fold in the expression of genes involved in degradation of extracellular 
matrix, namely, MMP2, MMP14, and MMP9. The expression of genes in-
volved in fibrosis regulation and gene expression of components of extracel-
lular matrix in adipose tissue was associated with M2-macrophage CD163 ex-
pression. 

Presence of macrophages during the differentiation of SGBS preadipocytes 
greatly inhibited adipogenesis by ~90% compared to preadipocytes differen-
tiated without macrophages. Moreover, macrophages induced proliferation of 
preadipocytes and promoted their phenotypic transition into myofibroblasts, 
which was determined by a significant and nominal 3-fold increase in α-
smooth muscle actin (αSMA) gene ACTA2 and protein expression, respec-
tively. Macrophages also nominally upregulated the expression of COL6A3 in 
preadipocytes. The presence of macrophages during preadipocyte differentia-
tion significantly altered the expression of genes involved in extracellular ma-
trix degradation, namely TIMP4 (20-fold reduction), MMP2 (10-fold in-
crease) and MMP9 (~8000-fold increase) compared to control. Furthermore, 
macrophages completely abolished the expression of SLC2A4 and signifi-
cantly reduced the expression of GLUT4 in preadipocytes. 

Presence of high concentration of glucocorticoid dexamethasone during 
differentiation of SGBS preadipocytes reduced lipid accumulation and the ex-
pression of adipogenic markers in preadipocytes, compared to untreated con-
trol. Furthermore, dexamethasone potentiated pro-fibrotic effects of macro-
phages on preadipocytes and nominally enhanced macrophage-stimulated 
ACTA2 and COL6A3 upregulation. Treatment with dexamethasone partially 
reversed the effect of macrophages on TIMP4, MMP2 and MMP9 in preadi-
pocytes. Dexamethasone reduced the mRNA expression of SLC2A4 in pread-
ipocytes by 30-40%; however, not on the protein level compared to untreated 
control. Moreover, dexamethasone partially reversed macrophage-induced 
GLUT4 downregulation. 
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Discussion 

Pharmacological intervention is often the first-line treatments of various dis-
orders, and it is an indispensable part of the healthcare system (192). For in-
stance, according to the National Center for Health Statistics (NCHS), approx-
imately 45.8% of the population in the USA reported to have used one or more 
prescribed medications within last 30 days in 2015-2016 (193). Although 
pharmaceutical agents provide a considerable non-invasive treatment option, 
they can also have a myriad of various side effects. Several classes of phar-
macological agents have metabolic adverse effects, such as antipsychotics, 
immunosuppressive drugs, lipid-lowering medications, and others (91). Met-
abolic adverse effects of these medications may include the development of 
insulin resistance, dyslipidaemia, obesity, and frank diabetes (90). Interest-
ingly, several classes of diabetogenic drugs, such as statins or antipsychotics 
(CNS modulators) are among the most widely prescribed medications (193). 
As mentioned previously, both second-generation antipsychotics and gluco-
corticoids induce metabolic disturbances in more than 50% of the patients, 
while statins increase the risk of new onset diabetes by more than 10% 
(96,140,167).  

Understanding the mechanisms underlying the metabolic adverse effects of 
these medications would significantly increase quality of life and therapy 
compliance of patients. Additionally, it could provide a closer insight into the 
mechanisms of pathophysiology of T2DM. 

As an important endocrine organ, white adipose tissue contributes to the 
regulation of energy homeostasis via cross-talk with other organs (32). Addi-
tionally, adipose tissue dysfunction is central to the development of obesity, 
insulin resistance, and diabetes (194). Although many studies have addressed 
the metabolic adverse effects of SGAs, statins, and GCs, the direct effects of 
these agents at therapeutic concentrations on human adipose tissue are 
scarcely investigated. Therefore, this thesis focuses on the effects of SGAs, 
statins, and GCs on adipose tissue metabolism, inflammation, and fibrosis. 
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Effects of SGAs, glucocorticoids, and statins on adipose 
tissue glucose uptake 
In papers I and III we investigated the effect of second-generation antipsy-
chotics, olanzapine and aripiprazole, and lipid-lowering drug, simvastatin and 
its active metabolite, on adipocyte glucose uptake.  

A number of clinical studies and case reports have demonstrated that treat-
ment with high-risk SGAs, including OLA, might result in hyperglycaemia 
and ketoacidosis in the patients (195–198). Similarly, statins were also re-
ported to increase the risk of new onset T2DM (142,199). In our study, we 
observed that HMG-CoA reductase gene expression in adipose tissue was sig-
nificantly associated with the insulin signalling pathway, genes involved in 
insulin resistance, and glucose metabolism. This suggested that reduced 
HMG-CoA reductase activity by statins or certain polymorphisms could ex-
plain the increased diabetes risk in the patients. In the clinical cohort from 
Paper III, we also observed a positive association between the statin therapy 
and reduced insulin sensitivity, as well as higher plasma glucose and insulin 
levels after adjustment for multiple confounding factors, including BMI, sex, 
age, diabetes status, HbA1c, and LDL-c levels. Having tested the direct effects 
of OLA, ARI, and simvastatin and its active metabolite on adipocyte glucose 
uptake, we observed that none of these drugs affected adipocyte glucose up-
take after both short- (30 min) and long-term (24 and 72 h) incubation of adi-
pocytes or adipose tissue with the drugs, respectively. However, we observed 
that at supra-therapeutic concentrations, ARI led to a slight (~20%) yet signif-
icant reduction in basal and/or insulin-stimulated adipocyte glucose uptake 
while simvastatin and its active metabolite reduced glucose uptake by 10%. 
In addition, 24 h incubation of adipose tissue with simvastatin did not alter the 
expression of glucose transporter GLUT4, while presence of the drugs during 
adipocyte differentiation led to a marked 25-30% decrease in SLC2A4 
(GLUT4) expression, but not on the protein level. Reduced GLUT4 expres-
sion could partially explain statin-mediated decrease in adipocyte glucose up-
take, however, the effects are mostly seen at supra-therapeutic concentrations 
and need to be interpreted with caution. 

Our data suggest that the ability of these drugs to induce hyperglycaemia 
is not via their direct effect on adipose tissue, since we did not observe changes 
in glucose uptake with therapeutic concentrations of the drugs. Indeed, it could 
be argued that the concentration of these drugs in adipose tissue could be sig-
nificantly higher than in plasma, particularly for lipophilic drugs, such as 
simvastatin or OLA (200,201), leading to a minor reduction in adipose tissue 
glucose uptake. However, adipose tissue is responsible for ~10% of the whole-
body glucose uptake, with muscle and liver being the main glucose uptake 
sites (202), therefore, 10-20% reduction seen in the adipose tissue may not 
significantly contribute to the induction of hyperglycaemia or ketoacidosis in 
the patients. Whether ARI-induced reduction in adipocyte glucose uptake is 



 49

due to the drug’s interference with insulin signalling is unclear and requires 
further investigation. However, this seems unlikely, as ARI is associated with 
a small effect on metabolic characteristics of the patients and improves the 
metabolic profile of the patients when given as an adjunctive therapy to 
clozipe (CLO) (203). Another important point to consider in our studies is the 
incubation duration of adipose tissue. Indeed, we attempted to perform clini-
cally relevant experiments; however, the longest incubation of adipose tissue 
we performed was 72 h, which is a much shorter duration than in patients, who 
take antipsychotics or statins for months or even years. Therefore, studies on 
adipose tissue or whole-body glucose uptake at baseline and after several 
months of therapy in patients are warranted. 

The synthetic glucocorticoid, dexamethasone, was used as a positive control 
in both studies as it has been previously reported to reduce adipocyte glucose 
uptake via interfering with insulin binding to the receptor, decreasing expression 
of insulin receptor and substrate (IRS1), and diminishing translocation of 
GLUT4 transporter (158,204–207). We observed decreased SLC2A4 expression 
in adipose tissue. Our data corresponds to previous reports, supporting that glu-
cocorticoids are able to directly affect adipose tissue metabolism.  

Effects of second-generation antipsychotics and statins 
on adipocyte lipid metabolism 
We studied the effects of SGAs or statins on adipocyte lipolysis after short- 
and long-term incubation of adipocytes or adipose tissue. 

In Paper I, we observed that after short-term incubation of adipocytes with 
OLA, there was a dose-dependent reduction in basal and isoproterenol-stimu-
lated lipolysis in adipocytes, however, this effect was not observed after 72 h 
incubation. By contrast, ARI did not affect adipocyte lipolysis, but reduced 
glucose uptake at higher concentrations. Our data imply that ARI and OLA 
affect adipose tissue metabolism through different mechanisms. Similar to our 
findings, in vitro and animal studies reported reduced lipolysis after treatment 
with OLA (125,131,208). Short-term treatment with OLA in healthy volun-
teers also showed reduction in FFA levels (121). One could argue that this 
could be due to the effects of OLA on β-adrenoceptors, however, inhibition of 
lipolysis rate by OLA was shown to be independent of β-adrenoceptor signal-
ling (125). OLA-induced suppression of adipocyte lipolysis indicates that this 
drug seems to promote lipid storage in adipocytes. Indeed, many studies have 
demonstrated that OLA and CLO stimulate adipogenesis and upregulate lipo-
genic markers as well as promote formation of larger lipid droplets (130,209). 
In our setting, we observed no changes in the genes involved in adipogenesis 
or lipid metabolism, apart from reduction of FABP4 expression by OLA. 
FABP4 is involved in regulation of adipocyte lipolysis by activation of HSL 
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and fatty acid transportation (210). Diminished FABP4 expression could un-
derlie the observed reduction in adipocyte lipolysis and promotion of lipid 
storage. Increased adiposity and significant weight gain observed in the pa-
tients taking OLA or CLO (112,113,211) could be some of the lipogenesis-
stimulating consequences of these SGAs. Interestingly, long-term administra-
tion of OLA in patients results in a significant increase in plasma FFA levels, 
which correlates with plasma glucose concentrations and insulin resistance 
(212). This could be a consequence of SGA-induced weight gain and adipo-
cyte hypertrophy, as hypertrophic adipocytes exhibit a higher lipolysis rate 
compared to small adipocytes (59).  

Statins have also been reported to favour lipid storage in adipocytes, as an-
other lipophilic and diabetogenic statin, atorvastatin, was shown to increase li-
pogenesis without affecting lipolysis in murine 3T3-L1 adipocytes (153). Like-
wise, we did not observe effects on adipocyte lipolysis with simvastatin after 24 
h incubation of adipose tissue, despite the association of HMGCR expression in 
adipose tissue with adipocyte lipolysis regulation. Additionally, our study on 
the effects of simvastatin on adipocyte differentiation demonstrated no changes 
in adipogenesis. Perhaps, lipogenesis-stimulating effects of statins are of higher 
importance in the liver of the patients, as statins induce upregulation of hepatic 
de novo lipogenesis genes (213), which could contribute to the development of 
hepatic steatosis and induction of insulin resistance (214). 

Overall, we only observed significant effects of SGAs and statins on glu-
cose uptake, lipolysis, and gene expression only at supra-therapeutic concen-
trations. Such outcome indicates that both SGAs and statins have a minor di-
rect effect on adipose tissue metabolism. Therefore, other organs, such as 
liver, muscle or brain (in case of SGAs) appear to be of a higher importance 
for metabolic adverse effects of these medications. 

Do SGAs, statins, and glucocorticoids interfere with 
adipose tissue mitochondrial gene expression? 
Despite the fact that SGAs and statins exert minor direct effects on adipose 
tissue glucose uptake or lipid metabolism, it was of importance to test whether 
the drugs would affect the expression of genes involved in regulation of adi-
pose tissue function.  

Mitochondrial dysfunction and reduced mitochondrial biogenesis in white 
adipose tissue are associated with obesity and metabolic impairments (215). We 
studied the effects of SGAs and statins on genes involved in regulation of mito-
chondrial function. In Paper I, we observed that SGAs downregulated expres-
sion of genes involved in regulation of mitochondrial biogenesis mostly at su-
pra-therapeutic concentrations. This outcome indicates that the drugs might dis-
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turb mitochondrial function in the adipose tissue and subsequently diminish en-
ergy expenditure and fatty acid oxidation. One of the mechanisms underlying 
this effect could be the antagonistic effects of SGAs on different neurotransmit-
ter receptors, such as serotonin receptors (108). Indeed, activation or blockade 
of different 5HT serotonin receptors by specific agonists or antagonists was re-
ported to modify the expression of peroxisome proliferator-activated receptor 
gamma coactivator 1 alpha (PGC-1α, PPARGC1A) which regulates mitochon-
drial biogenesis and functions (216). Although we did not measure mitochon-
drial biogenesis per se, as an estimate, we measured the expression of mitochon-
drial transcription factor TFAM (downstream of PGC-1α), which was slightly 
reduced with supra-therapeutic concentrations of the drugs. Interestingly, OLA 
significantly downregulated the expression of PPARGC1A (PGC-1α gene) and 
FABP4 at both therapeutic and supra-therapeutic concentrations, which sup-
ports our data on its detrimental role for lipid metabolism regulation. The role 
of glucocorticoid receptors in regulation of mitochondrial function has been 
long discussed (217). Indeed, dexamethasone increased the expression of 
PPARGC1A and PDK4 by two-fold and reduced TFAM expression, supporting 
the previous reports. Increased PPARGC1A expression by dexamethasone sug-
gests “browning” of white adipose tissue. Glucocorticoids stimulate brown ad-
ipose tissue differentiation in vitro (218), however, an animal study showed that 
glucocorticoids induced lipid accumulation and inhibited thermogenesis in both 
white and brown adipose tissue in rats (219). 

In Paper III, we observed that HMGCR in adipose tissue appears to be in-
volved in mitochondrial pathways, such as the citric cycle and oxidative phos-
phorylation. Additionally, there have been multiple reports on detrimental ef-
fects of statins on mitochondria, which could potentially contribute to diabeto-
genic effects of statins  (220). Therefore, we also studied the effects of simvas-
tatin and simvastatin hydroxy acid on the expression of genes involved in 
regulation of mitochondrial function. Simvastatin did not change the expres-
sion of PPARGC1A, albeit it induced an upregulation of TFAM expression at 
therapeutic concentration. Our data suggest that adverse effects of statins on 
mitochondrial functions are exerted outside of PGC-1α signalling and perhaps 
via recruitment of other regulatory factors. However, this requires further in-
vestigation. 

SGAs, statins, and glucocorticoids effects on adipose 
tissue endocrine function 
We also studied the effects of SGAs, statins, and glucocorticoids on the ex-
pression of adipokines. Similar to the majority of our data, we observed that 
SGAs and statins had no significant effect on the mRNA expression of leptin 
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(LEP) and adiponectin (ADIPOQ), apart from slight reduction in LEP ex-
pression by OLA. By contrast, Sarvari and colleagues reported an increase 
in LEP and ADIPOQ expression in primary human adipocytes (221). Patient 
studies also report increased leptin and reduced adiponectin levels in SGAs 
patients (222,223). However, a meta-study by Jin and co-workers suggested 
aberrant adipocyte secretion to be a consequence of weight gain, as it is 
highly correlated with BMI and adiposity (224). Furthermore, another in 
vitro study reported no apparent effects of SGAs on adipocyte leptin pro-
duction (225).  

Our data showed that presence of simvastatin or its active metabolite during 
adipocyte differentiation reduced the expression of ADIPOQ and LEP. The 
strongest effects were observed with supra-therapeutic concentrations of the 
drug. In accordance to our findings, other studies also reported reduced adi-
ponectin and leptin expression in adipocytes and in patients after statin treat-
ment (226,227). Both leptin and adiponectin are highly important for adipo-
cyte metabolism as well as energy regulation in other organs, including brain 
(228,229). Therefore, reduction in adipokines secretion could contribute to the 
induction of metabolic adverse effects of statins. However, the effects ob-
served in the study were mostly at supra-therapeutic concentrations. 

Dexamethasone, on the contrary, induced LEP expression in adipose tissue, 
which corresponds to an in vivo study report (230). Increased leptin levels are 
observed in obese individuals and are termed as a hallmark of leptin resistance 
(228). Insulin and dexamethasone were reported to have a synergistic effect 
of leptin synthesis and release (231). These findings suggest that in patients 
with chronic exposure to elevated endogenous (e.g. Cushing’s syndrome) or 
exogenous glucocorticoids with MetS, high glucocorticoids levels and hyper-
insulinaemia could potentially aggravate their metabolic state by inducing lep-
tin resistance. 

SGAs, statins, and glucocorticoids induce aberrant 
immune response in adipose tissue 
Obesity and T2DM are associated with chronic low grade inflammation in  
adipose tissue (60,232,233). It has been recognized that adipose tissue can 
produce a number of pro-inflammatory mediators, which contribute to the sys-
temic levels of these cytokines (233). To understand whether the adverse met-
abolic effects of SGAs and statins stem from adipose tissue inflammation in-
duction, we investigated the impact of SGAs and simvastatin on the expres-
sion of genes involved in inflammatory response.  

In Paper I we observed that SGAs at supra-therapeutic concentrations acted 
as anti-inflammatory agents, as they significantly reduced the expression of 
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pro-inflammatory cytokines in the adipose tissue. Dexamethasone, being a po-
tent anti-inflammatory agent significantly reduced the expression of pro-in-
flammatory cytokines in the adipose tissue, as expected. Increased levels of 
circulating pro-inflammatory cytokines and C-reactive protein (CRP) were re-
ported in patients with schizophrenia (234,235). Antipsychotic treatment was 
reported to exert both pro- and anti-inflammatory effects (234). In contrast to 
our findings, a number of animal studies indicate that after chronic treatment 
with antipsychotics, the adipose tissue of these animals present an inflamma-
tory profile as well as infiltration of inflammatory cells (236–238). Similarly, 
in first-episode schizophrenia patients, antipsychotic led to pro-inflammatory 
effects (239). Indeed, the immunomodulatory effects of antipsychotics are 
challenging to understand. It is important to consider weight gain and in-
creased adiposity observed during antipsychotic treatment, since the systemic 
or local adipose tissue inflammation is secondary to weight gain. Anti-inflam-
matory potential of SGAs has been reported previously (240).  

One could argue that anti-inflammatory effects of SGAs or dexamethasone 
on adipose tissue inflammation should have beneficial effects on systemic and 
adipose tissue metabolism. However, it has been demonstrated that adipocyte 
inflammation is vital for healthy adipose tissue function (241). Furthermore, 
adipose tissue-derived pro-inflammatory cytokines regulate food intake and 
secretion of leptin, which is involved in appetite regulation (242,243). There-
fore, the anti-inflammatory effects of drugs on adipose tissue could induce 
hyperphagia due to disrupted appetite-regulation.  

Statins have also been reported to have anti-inflammatory potential (244). 
Our study in Paper III showed that HMGCR expression in adipose tissue was 
positively associated with JAK-STAT signalling pathway, which is linked to 
the development of various autoimmune and inflammatory conditions (245). 
Hence, one could assume that pharmacological or genetic inhibition of HMG-
CoA reductase would have immunomodulatory functions. Our findings 
demonstrated that treatment of adipose tissue with simvastatin led to a nomi-
nal increase in IL1B expression. In accordance with our findings, previous 
studies also reported statin-induced NLRP3 inflammasome activation and in-
creased production of its downstream target IL1β (246). These effects are 
speculated to be independent of statins-mediated reduction of LDL-c, but ra-
ther due to reduced isoprenoids synthesis (153). These findings could partially 
explain the diabetogenic effects of statins, as NLRP3 activation has been up-
regulated in the immune cells of T2DM patients and it has been associated 
with immune response in obesity and T2DM (247).  

Overall, our data from both studies support the idea that aberrant pro- and 
anti-inflammatory immune response activation in adipose tissue could poten-
tially compromise adipose tissue function. This said, the clinical relevance of 
our findings are not clear, as we observed the effects of the drugs only at supra-
therapeutic concentrations. Therefore, despite demonstrating immunomodu-
latory functions, SGAs and statins appear to have a minor effect on adipose 
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tissue inflammation at therapeutic concentrations, while dexamethasone ex-
erts a direct potent anti-inflammatory effect. 

Direct effects of SGA- and glucocorticoids on adipose 
tissue: role of macrophage-adipocyte communication 
Treatment of human adipocytes with SGAs have been shown to upregulate 
the expression of pro-inflammatory cytokines (221). Interestingly, the anti-
inflammatory effects of SGAs are suggested to be mediated via their effects 
on immune cells, such as lymphocytes, macrophages/monocytes etc (240). 
This is of importance for adipose tissue, as macrophages are the predominant 
immune cells in adipose tissue and their phenotype can be regulated by various 
neurotransmitters, such as serotonin, dopamine, or histamine (248–250).  

To understand the role of macrophages in anti-inflammatory effects of 
SGAs, we studied the effects of these drugs on macrophage-adipocyte cross-
talk in Paper II. We observed a marked upregulation of pro-inflammatory 
markers in adipocytes upon co-incubation with macrophages, which is in ac-
cordance with several previous reports (179,180,251,252). The effects of 
SGAs on macrophages were largely anti-inflammatory at supra-therapeutic 
concentrations, similar to previous report by Stapel and colleagues (253), 
while dexamethasone exerted strong anti-inflammatory effect and promoted 
M2 phenotype in macrophages. Interestingly, pre-treatment of macrophages 
with SGAs did not prevent macrophage-induced upregulation of pro-inflam-
matory genes in adipocytes, while dexamethasone partially reversed this ef-
fect. This suggests that SGAs have no effect on macrophage-adipocyte com-
munication and that their immunomodulatory effects appear to be mediated 
through immune cells only or via other pathways. By contrast, dexame-
thasone-mediated anti-inflammatory effects can be partially mediated via di-
rect effects of the drug on the cellular cross talk.  

We also observed that pre-treatment of M1 macrophages with SGAs at su-
pra-therapeutic concentrations, particularly OLA, and dexamethasone were 
able to downregulate genes involved in lipid and glucose metabolism in adi-
pocytes co-cultured with the macrophages. Our findings support that these 
drugs can have adverse effects on adipocyte lipid turnover and glucose uptake. 
Furthermore, our data suggest that OLA and dexamethasone are prone to exert 
their metabolically detrimental effects in adipocytes exposed to a pro-inflam-
matory environment, observed in obesity or T2DM.  

Our data show that SGAs have a mild anti-inflammatory effect on macro-
phages and have no effect on macrophage-adipocyte communication, while 
glucocorticoids seem to directly influence the cross talk between these two 
cell types, preventing macrophage-induced upregulation of pro-inflammatory 
genes in adipocytes. However, our data and their clinical relevance need to be 
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interpreted with caution, as the described effects were observed mostly at su-
pra-therapeutic concentrations. 

Glucocorticoids and adipose tissue fibrosis induction 
A recent study showed that the adipose tissue of patients with Cushing’s syn-
drome express higher levels of pro-inflammatory and pro-fibrotic genes (254). 
Similarly, in Paper IV, we observed that 24 h treatment of adipose tissue with 
dexamethasone markedly induced pro-fibrotic gene expression. Alternatively, 
activated M2 adipose tissue resident macrophages play a pivotal role in adi-
pose tissue remodelling and are associated with adipose tissue fibrosis (255). 
M2 macrophages are capable of regulating adipocyte progenitors’ prolifera-
tion and differentiation (256). In Paper II, we observed that dexamethasone 
promoted M2-like phenotype in macrophages, therefore, we hypothesised that 
pro-fibrotic effects of dexamethasone are linked to the effects of macrophages 
on preadipocyte differentiation. We observed that presence of macrophages 
alone prevented differentiation of adipocytes and induced phenotypic switch 
of preadipocyte to myofibroblasts. This effect was exacerbated in the presence 
of dexamethasone, supporting our hypothesis.  

Treatment of preadipocytes alone with dexamethasone during their differ-
entiation also resulted in a reduced lipid storage and decreased expression of 
adipogenic markers. We assume it could be due to a reduced insulin sensitivity 
or mitochondrial dysfunction in preadipocytes caused by a prolonged expo-
sure to high concentration of glucocorticoid (257–259). 

Adipose tissue fibrosis is linked to a number of different factors. The most 
commonly discussed pro-fibrotic mediator is TGFβ family, which is elevated 
in adipose tissue of obese individuals (260,261). Indeed, in our study, treat-
ment with type I TGFβ receptor inhibitor SB-431542 (262) partially reversed 
macrophage-mediated suppression of adipogenesis. However, TGFβ family 
includes more than 30 members, which regulate varying cellular events (263). 
For instance, TGFβ1 and INHBA/activin A induce myofibroblast-like pheno-
type in adipocyte progenitor cells (260). However, TGFβ2 is an exercise-in-
duced adipokine, which improves glucose and lipid metabolism, and TGFβ3 
appears to be involved in hyperplastic adipose tissue expansion (264,265). We 
observed that dexamethasone reduced the expression of all three factors in the 
adipose tissue; however, the strongest effect was observed on TGFB2 and 
TGFB3. Given that both TGFβ2 and TGFβ3 were shown to be enriched in 
adipocyte progenitor cells (264), it is possible to assume that detrimental ef-
fects of dexamethasone on adipose tissue are partially mediated through these 
pathways.  

Overall, our data suggest that glucocorticoid exposure has pro-fibrotic ef-
fect on adipose tissue and could partially be mediated through the effects of 
the drug on phenotypic switch of preadipocytes to myofibroblasts stimulated 
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by macrophages. Limited adipogenic capacity of the precursor cells would re-
sult in a hypertrophic and metabolically less favourable expansion of adipose 
tissue, which could contribute to detrimental effects of glucocorticoids. Clas-
sically it was considered that fibrosis results from unresolved inflammation 
(266). Our data undermines this theory, as we demonstrate that a potent anti-
inflammatory agent induces pro-fibrotic genes in adipose tissue. It could be 
argued that this is a transient effect and longer incubation times are needed. 
Finally, the effects of dexamethasone on adipose tissue glucose uptake in vitro 
appears to result from the direct effect of dexamethasone on adipocytes and 
seems to be independent of dexamethasone-induced upregulation of pro-fi-
brotic genes in adipose tissue. In the patients, however, glucocorticoid-in-
duced adipose tissue fibrosis could potentially contribute to adverse effects of 
glucocorticoids on adipose tissue and whole-body metabolism. 

Important aspects to consider and the limitations of the 
studies 
SGAs 
Overall, our findings from Paper I and II suggest that OLA and ARI have a 
minor effect on adipose tissue metabolism and, mostly at supra-therapeutic 
concentrations. We observed differential effects of these drugs, with ARI re-
ducing adipocyte glucose uptake and OLA decreasing adipocyte lipolysis, 
which indicates that the drugs differ in their mechanisms of action. We believe 
that such differential effects arise from specific receptor profiles targeted by 
each drug. For instance, ARI demonstrates partial agonistic activity on dopa-
mine D2 and serotonin 5HT1A receptors as well as antagonistic activity on 
serotonin 5HT2A receptor (267). On the contrary, OLA has a much broader 
receptor profile, targeting dopamine D1-4, serotonin 5HT2A/C, histamine H1, 
muscarinic M1-5, and α1 and α2 adrenergic receptors. Indeed, the antagonistic 
effects on a number of receptors, such as H1, 5HT1A/2A, α adrenergic receptors 
are associated with weight gain in patients (108). This could explain much 
higher risk and incidence of metabolic side effects with OLA, compared to 
ARI.  

Adipose tissue express receptors targeted by SGAs, and their contribution 
to metabolic effects of SGAs on adipose tissue has been suggested (268–270). 
We did not observe any significant effects of these drugs on adipose tissue 
metabolism. In our studies, we performed ex vivo experiments, which means 
adipose tissue innervation was disrupted, hence, the effects of antipsychotics 
in the presence of native ligands, such as dopamine, serotonin, and histamine 
needs to be investigated. However, most of the effects we observed were only 
at supra-therapeutic concentrations, which questions the clinical relevance of 
our findings. This suggests that SGAs can exert their metabolic adverse effects 
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via other organs, such as the brain, liver, muscle, or pancreas. Indeed, in vivo 
studies report that OLA induces hepatic insulin resistance, promoting weight-
independent glycogen depletion and hepatic glucose output (271). OLA also 
reduced glucose stimulated insulin secretion (GSIS), potentially via antago-
nism of M3 muscarinic receptors (272). Finally, the main target of SGAs is in 
the brain and these neurotransmitters are directly or indirectly involved in reg-
ulation of appetite or food intake. Increased food intake was also reported in 
healthy volunteers taking OLA, while patients on OLA and CLO therapy re-
ported increased food cravings and binge eating (116,273).  
 
Statins 
In Paper III, similarly to Paper I, we did not observe significant effects of 
statins on adipocyte or pancreatic islet function, despite the positive associa-
tion of statin therapy with insulin resistance in the clinical cohort. Although 
we adjusted for multiple confounding factors, it is of high importance that 
there was a selection bias in this observational study, as the patients on statin 
therapy had a less favourable metabolic characteristics compared to control 
subjects and may be prone to develop new onset diabetes.  

Additionally, although we studied the role of HMG-CoA reductase in adi-
pose tissue metabolism and pancreatic islet function, we did not assess the 
activity of this enzyme and the effects of statins treatment on its function, 
therefore, such measurements are warranted. 

Finally, similar to studies with SGAs, although we show that statins may 
exert their metabolic adverse effects via organs other than adipose tissue or 
pancreas, it is important to consider that these experiments were performed ex 
vivo. This could attenuate the effects of the drug seen in vivo, due to disrupted 
cross talk of adipose tissue or pancreas with other organs. Hence, intervention 
studies would provide a deeper understanding of the underlying mechanisms. 
 
Adipocyte and macrophage co-culture 
For Papers II and IV, we performed co-culture of THP-1-derived macrophages 
with mature adipocytes or SGBS preadipocytes. Although the study facilitates 
the understanding of the cross-talk between two cell types, there are few ele-
ments to consider. One main factor is the ratio of the cells. In extremely obese 
individuals the percentage of macrophages in adipose tissue is estimated to 
reach 50%, while in lean subject it would be around 10% (66). In our study 
we used 1:1 ratio of the cells and its physiological relevance is questionable. 
Therefore, it is of interest to perform studies with adjusting the cell number 
close to the physiological conditions. 

Additionally, although the macrophages are the predominant immune cell 
type in adipose tissue (274), it is important to consider other immune cells 
present in the adipose tissue (60). These cells can regulate the macrophage 
phenotypes themselves. For instance, M1 or M2 polarisation occurs in the 
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presence of Th1 or Th2 cytokines, respectively (72). Furthermore, many im-
mune cells are involved in regulation of adipocyte metabolic functions (60). 
Hence, the contribution of other cell types in pharmacologically-induced adi-
pose tissue dysfunction also needs to be addressed. 
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Concluding remarks 

Overall, our results indicate that SGAs and statins mildly reduce adipose tis-
sue glucose uptake, however, these effects are only observed at supra-thera-
peutic concentrations. These findings suggest that these drugs have a minor 
effect on adipose tissue metabolism and that other organs, such as liver, mus-
cle or brain are of a higher importance for the adverse metabolic effects. 
 
Furthermore, supra-therapeutic concentrations of the selected medications 
demonstrated immunomodulatory functions in the adipose tissue, with SGAs 
and dexamethasone exerting anti-inflammatory effects, while statins inducing 
IL1β expression. We showed that despite their anti-inflammatory effects in 
macrophages, SGAs had no effects on macrophage-adipocyte communication. 
The effects of the drugs on adipose tissue genes were observed at supra-ther-
apeutic concentrations only, supporting that adverse effects of SGAs and 
statins are mediated via other organs.  
 
Glucocorticoid dexamethasone is able to directly reduce adipocyte glucose 
uptake and induce adipose tissue fibrosis. Furthermore, dexamethasone was 
able to prevent macrophage-mediated induction of pro-inflammatory genes in 
adipocytes. Additionally, we observed that dexamethasone promoted macro-
phage-stimulated phenotypic switch of preadipocytes into myofibroblasts, in-
dicating that pro-fibrotic effects of the drug in adipose tissue appears to be at 
least partially mediated by macrophage-preadipocyte communication. How-
ever, the more detailed studies on exact mechanisms underlying such effects, 
including the identifying the key mediators, are warranted. 
 
In conclusion, SGAs and statins seem to have a mild direct effect on adipose 
tissue metabolism and their diabetogenic effects appear to be induced via other 
organs, such as brain, liver or muscle. Glucocorticoids, on the other hand, di-
rectly impairs adipose tissue metabolism and exacerbates adipose tissue fibro-
sis, albeit the underlying mechanisms require further investigation. Figure 7 
illustrates the main findings and conclusions of this thesis work. 
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Figure 7. Overview of the effects of SGAs (olanzapine, aripiprazole), simvastatin, 
and dexamethasone on adipose tissue metabolism and gene expression (bottom left) 
and on macrophage-adipocyte as well as macrophage-preadipocyte cross-talk (top 
right). 
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