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Abstract: Antipsychotic drug (APD) medication can lead to metabolic dysfunctions and weight gain, which
together increase morbidity and mortality. Metabolically active visceral adipose tissue (VAT) in particular
plays a crucial role in the etiopathology of these metabolic dysregulations. Here we studied the effect of 12
weeks drug medication by daily oral feeding of clozapine and haloperidol on the perirenal fat tissue as part of
VAT of male and female Sprague Dawley rats in the context of complex former investigations on brain, liver,
and blood. Adipocyte area values were determined as well as triglycerides, non-esterified fatty acids (NEFAs),
glucose, glycogen, lactate, malondialdehyde equivalents, ferric iron and protein levels of Perilipin-A, hormone-
sensitive-lipase (HSL), hepcidin, glucose transporter-4 (Glut-4) and insulin receptor-8 (IR-£). We found
increased adipocyte mass in males with slightly higher adipocyte area values in both males and females under
clozapine medication. Triglycerides, NEFAs, glucose and oxidative stress in the medicated groups were
unchanged or slightly decreased. In contrast to controls and haloperidol medicated rats, perirenal adipocyte
mass and serum leptin levels were not correlated under clozapine. Protein expressions of perilipin-A, Glut-4
and HSL were decreased under clozapine medication. IR-8 expression changed sex-specifically in the clozapine
medicated groups associated with higher hepcidin levels in the perirenal adipose tissue of clozapine-medicated
females. Taken together, clozapine and haloperidol have a smaller effect than expected on perirenal adipose
tissue. The perirenal adipose tissue shows only weak changes in lipid and glucose metabolism. The main
changes can be seen in the proteins examined and probably in their effect on liver metabolism.

Keywords: perirenal adipose tissue; clozapine; haloperidol; lipid; glucose; perilipin-A hormone sensitive
lipase; glucose transporter-4; insulin receptor-8

1. Introduction

Weight gain under second-generation antipsychotic (SGA) medication associated with
metabolic dysfunctions leads to increased morbidity and mortality with potential non-compliance in
patients. The risk of weight gain and obesity appears to be the highest with olanzapine and clozapine
[1]. An increase in weight has also been reported in individuals treated with first-generation
antipsychotics (FGAs) [2]. Especially adipose tissue as a target of SGAs seems to be involved in the
etiopathology of obesity and metabolic abnormalities like type 2 diabetes (T2D) or insulin resistance
including glucose and lipid dysregulation [3]. In murine adipocytes, SGAs increase both
adipogenesis of preadipocytes (hyperplasia) [4] and/or lipid accumulation (hypertrophy) in mature
adipocytes [5].

Energy balance includes energy intake, energy expenditure and energy storage. When energy
intake is equal to energy expenditure, body weight remains stable [6]. The key role of white adipose
tissue (WAT) consists in the storage of energy and in the protection from excessive glucose in the
form of triacylglycerols (TAG) similarly named triglycerides (TG) in lipid droplets organelles.
Perilipin is an intracellular protein that is hormonally regulated and is localized exclusively on the
surface of lipid droplets. When energy is required, perilipin is phosphorylated by protein kinase-A.
Once activated, perilipin changes its conformation and allows lipolysis by the three lipases adipocyte-
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triglyceride-lipase (ATGL), the rate-limiting enzyme for TAG hydrolysis, hormone-sensitive-lipase
(HSL) and monoacylglycerol-lipase (MGL) which degrade TAGs sequentially resulting in the release
of free fatty acids and glycerol [7]. The fatty acids are then bound to albumin and transported to the
target tissue. Glycerol can be isomerised in the liver to glyceraldehyde-3-phosphate and used for
gluconeogenesis or degraded to pyruvate by glycolysis. Consequently, production of glycerol or
lactate is an important primary function of adipocytes to lower the negative effects of excess glucose
[8].

Increased VAT is associated with metabolic dysfunctions like T2D, insulin resistance,
inflammatory processes and cardiometabolic disease [9]. In contrast to subcutaneous adipose tissue
(SCAT), visceral preadipocytes originate from the mesothelium [10]. VAT is located around internal
organs as uterus and ovaries in females (gonadal), epididymis and testes in males (epididymal),
kidneys (perirenal), heart (epicardial) and intestines (retroperitoneal, mesenteric, and omental).
Perirenal VAT has a close association to obesity and cardiovascular disease [11]. SCAT is located
under the skin and serves primarily as a body temperature insulator and energy store. VAT
adipocytes are more metabolically active, more sensitive to lipolysis and more insulin-resistant than
SCAT adipocytes [12]. SGA therapy increases both subcutaneous and visceral adipose tissue in
humans and rodents [3]. In recent years, VAT has been recognized as a major endocrine organ that
secretes hormones like leptin, adiponectin, tumor necrosis factor-a (TNFa), interleukin-6 (IL-6) and
estradiol controlling whole body metabolism, insulin sensitivity, and energy homeostasis [13]. Leptin
passes through the brain barrier and acts on neurons in the hypothalamic nuclei regulating food
intake and energy metabolism by inhibiting the neuropeptides NPY (Neuropeptid Y) and agouti-
related peptide (AGRP) [14]. It also induces lipolysis in adipocyte tissue, mediated by sympathetic
neurons which innervate adipocytes in VAT [15]. Adiponectin is involved in the regulation
of glucose levels as well as fatty acid oxidation. In humans and rodents, higher levels of the anti-
inflammatory and anti-atherogenic adiponectin counteracts insulin resistance by reducing TG levels
in muscle and liver cells [16]. However, it is also involved in the pathogenesis of obesity and non-
alcoholic fatty liver disease (NAFLD), the hepatic manifestation of metabolic syndrome,
characterized by increased hepatic lipid accumulation [17,18]. NAFLD covers a wide spectrum of
disorders ranging from steatosis with a benign non-progressive clinical course, to finally advanced
fibrosis and cirrhosis [19]. Ghrelin is mainly secreted by the gastric fundus mucosa and pancreatic
cells. Circulating levels of ghrelin are increased in response to fasting or prolonged food restriction
[20]. In addition to its stimulation of appetite and food intake by activating NPY and AGRP in the
hypothalamus, ghrelin stimulates adipogenesis and suppresses lipolysis in rat visceral adipocytes
[21]. The insulin-dependent glucose transporter-4 (Glut-4) is primarily expressed in adipocytes,
skeletal and cardiac muscle cells. The binding of insulin to its receptor triggers kinase cascades that
lead to translocation, docking and fusion of Glut-4 containing vesicles into the plasma membrane,
allowing more glucose to enter the cell [22]. Through this glucose uptake by Glut-4 blood glucose
levels can be lowered rapidly and efficiently, thereby reducing the harmful effect of excessive glucose
levels.

Previously, we have examined the effects of clozapine and haloperidol on weight, food and
water intake, and serum parameters [23], hepatic [24], hypothalamic [25] blood and iron parameters
[26] in a rat model of metabolic syndrome. Finally, in this study, we examine the effects of the two
antipsychotic drugs on basal metabolism of perirenal adipocytes.

2. RESULTS

In short, male and female rats received daily medication of clozapine or haloperidol by oral
feeding in ground pellets over 12 weeks. Serum levels of haloperidol, clozapine, and its metabolite
N-desmethylclozapine, body weight, motor activity, food and water intake (raw data and calculated
on 1 kg body weight), and metabolic parameters were reported previously [23-26]. Male and female
rats with haloperidol gained less weight than the control groups, associated with reduced food and
water intake. Male rats under clozapine medication showed significantly increased body weight, and
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liver mass, although their food and water intake were not increased. Higher fasting glucose in serum
and decreased glycogen in liver were found in female rats medicated with clozapine.

2.1. Effect of haloperidol and clozapine on percentage body weight gain after 12-week medication of clozapine
and haloperidol on male and female Sprague Dawley rats.

Percentage weight gain differed for MEDICATION [F(2,54)=27.94 p=0.0005] with significant
effect between male controls and clozapine medicated rats (p=0.022) (Figure 1).

25 A

20 -

15 -

percental body weight gain

10 A

27,55 22,73 3613 13,29 12,35 14,07

- (AN 1111111 111111
Contrm Halom Clozm Controlf Halof Cloz f

group

mean + SE of

Figure 1. Significant increase of percental weight gain between male controls and clozapine-
medicated Sprague Dawley rats with p=0.022 and n=10 animals per group (m=male, f=female,
Contr=Control, Halo=haloperidol medicated, Cloz=clozapine medicated).

2.2. Effect of haloperidol and clozapine on adipocyte mass, neutral fat content, adipocyte area value, and ferric
iron content of perirenal VAT

We found differences in adipocyte mass (Table 1) for MEDICATION [F(2,54)=8.90 p=0.00046],
SEX [F(1,54)=111.10 p<0.000001] and MEDICATIONXSEX [F(2,54)=5.41 p=0.007]. Male clozapine
treated animals showed higher adipocyte mass than male controls (p=0.047) and male haloperidol
treated animals (p=0.001). Perirenal VAT of female haloperidol medicated rats differed from
clozapine treated animals (p=0.020). adipocyte mass of males differed significantly from females in
all groups (p=0.00006 for controls; p=0.003 for haloperidol medicated rats; p<0.000001 for clozapine
medicated rats.

Neutral fat content in adipose tissue (Table 1) did not differ between the groups, but differed for
SEX [F(1,54)=111.10 p=0.001] with differences between male and female controls (p=0.021) and male
and female haloperidol medicated animals (p=0.035).

The mean adipocyte area value of 200 calculated perirenal adipocytes from each of two slices
(Table 1 and Figure 2) differed for SEX [F(1,53)=13.66 p=0.00047] with differences between male and
female controls (p=0.041) and clozapine medicated rats (p=0.018).
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Figure 2. Exemplary presentation of 20 um frozen fat sections of male and female Sprague Dawley
rats after 12-week medication with haloperidol or clozapine, stained with Mayer’s hematoxylin. Two
hundred adipocytes from each of two sclices were counted (marked by X), their area was calculated
with Axiovision (Zeiss, Germany) and the values were averaged. Values are given in Table 1 as
“adipocytes area value”. (m=male, f=female, Control=controls, Halo=haloperidol medicated,

Cloz=clozapine medicated).

We did not find ferric iron deposits in adipose tissue, although the Perl’s Prussian blue stain is
an extremely sensitive method.
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Table 1. Main metabolic parameters of perirenal VAT and selected metabolic parameters of liver and
serum in male and female control, haloperidol and clozapine medicated Sprague Dawley
rats after 12 week trial period.
Contr » Halo m» Cloz m Contr f Halo f Cloz f

adipocytes 27554238 22.73+268 36.13+189° 13.294134 12354107  14.07+0.81

percentage weight gain

adipocytez mazz [g]  27.55:2.38 22732260 36.1321.89° 13.29:1.34 1235107  14.07:0.31

neutral fat content

. 051004 0582005 0432002 0332006 041004 0362004
[g!q fat tizzue]

adipocytes area value 1475632 1342763 1635892 115800 1103041 1230143
[em’] 2100545 286313 238177 262336 263736 274637

triglycerides [mgldl] 23672195  130.0211.2 222.9:19.8 26862193 258.5:266 237.6226.7
NEFAS [mmolll) 0542004 041001° 0472004 055:002 052:003 0562004
glucoze [ngipl] 15.71e2.2 1213224 1183220 1393919 1263216 12.5222.3

glycogen [paiml) 7622136 4802070 651078 6432136 8682140 1131182

lactate [mmolil]) 0632004 0852013 0642004 0732005 03562015 083003

"‘°'°;'::":I°]"”d° 327252  11.97s23 20.76:2.9 13.42:35 215237  20.83:4.1
liver

NEFAS [mmoll]  6.37:0.33 6.46:0.42 T7T.14:054 7.26:0.28 7.48:0.24  6.85:0.75

cholesterolHOL- 224,036 805037 850038 7.33:031 818052  1.50.058

cholesterol ratio

lactate [mmoll]  0.44:0.03 0.47:0.03 0.65:0.04" 0320005 0.31:0.06  0.77:0.05

pyruvate [mmolll]  0.41:0.03 0482004 057s0.05° 0522003 0562006  0.4320.05
serem

MEFAS [mmolll]) 061005 0632005 0642006 0702008 0632003 0632004

cholesterol/HOL-

X 3.39:0.07  3.27+007 3.8620.13" 3.18:0.08 3.07:0.09 3.4521.0
cholezterol ratio

LOL-cholezterollHOL

N 1.51:0.06 1732011 2.28:0.11° 1.30:0.09 1.7720.10 2.1620.10
ratio-cholesterol

fazting glucoze [nglpl]  47.525.44 6412458  57.2:3.81 3442153 403545 454.2.99"

lactate [mmolll] 2342022 248:0.16 201013  292:016 251014 2962017

estrogen [pgiml) 1326250 1401168 1308278

Data prezented a3z group meaneSEM “denotes zignificance of p<0.05, ** denotes zignificance of p<0.005

with n=10 animalz per group.

NEF AS=non-esterified fatty acids; HOL=high density lipoprotein; LOL=low density lipoprotein; m=male; f=female;
Contr=controls; Halo=haloperidol medicated; Cloz= clozapine medicated

Serum leptin levels are positively correlated with adipocyte mass in male (0=0.830 p=0.003) and
female (0=0.794 p=0.006) controls, male (¢=0.733 p=0.016) and female (0=0.883 p=0.002) haloperidol
medicated animals, but not under clozapine medication (Supplement Figure 2A-D). Serum
adiponectin levels were negatively correlated with percental adipocyte mass in the male (0=-0.661
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p=0.038) and positively in the female (0=0.667 p=0.050) haloperidol medicated group (Supplement
Figure 2 E.-F.)

2.3. Effect of haloperidol and clozapine on triglycerides, and NEFAs in rat perirenal adipose tissue as well as
serum cholesterol/HDL ratio and LDL/HDL ratio, and hepatic Chol/HDL ratio

The amount of triglycerides (Table 1) in perirenal adipocytes did not differ between the groups
but differed for SEX [F(1,51)=5.01 p=0.03] between male and female haloperidol medicated rats
(p=0.034). Hepatic and serum NEFAs (Table 1) did not differ between the groups, but in adipocytes
for MEDICATION [F(2,51)=3.38 p=0.042] and SEX [F(1,51)=8.37 p=0.006] with decreased levels in
male haloperidol medicated rats compared to male controls (p=0.041). Only male haloperidol
medicated animals differed significantly from the females (p=0.002).

In the serum, LDL/HDL ratios (Table 1) differed for MEDICATION [F(2,52)=12.71 p=0.000032],
and the Chol/HDL ratios (Table 1) for MEDICATION [F(1,52)=15.07 p=0.0000071], and SEX
[F(1,52)=13.39 p=0.001]. Male clozapine treated animals showed higher LDL/HDL and
cholesterol/HDL ratios than male controls (LDL/HDL p=0.011; cholesterol/HDL p=0.007), and
haloperidol treated animals (LDL/HDL p=0.002; cholesterol/HDL p= 0.001). Female clozapine
medicated rats differed from female haloperidol medicated rats (LDL/HDL p=0.032; cholesterol/HDL
p=0.025). The Chol/HDL ratio of male clozapine treated rats differed significantly from females
(p=0.020).

2.4. Effect of haloperidol and clozapine on glucose, glycogen, and lactate contents in rat perirenal VAT

In perirenal adipose tissue glucose, glycogen and lactate did not differ significantly between the
groups (Table 1). However, glycogen shows differences for SEX [F(1,53)=5.77 p=0.02], and
MEDICATIONXSEX [F(2,53)=3.22 p=0.048]. Male and female controls did not differ, but females
under haloperidol (p=0.023) and clozapine (p=0.033) medication had higher glycogen levels than
males. We found no correlation between glucose and glycogen levels.

2.5. Effect of haloperidol and clozapine on oxidative stress of rat perirenal VAT and on plasma estrogen level
in female rats

We found no difference between the groups and for sex of malondialdehyde equivalents in
perirenal VAT (Table 1). Estrogen plasma levels did not differ between the female groups (Table 1).

2.6. Protein expression of Perilipin-A, HSL, hepcidin, Glut-4, IR-f$ in perirenal adipocytes of haloperidol- and
clozapine-medicated rats.

The protein level of perilipin-A in adipocytes (Figure 2A) varied significantly for MEDICATION
[F(2,51)=5.91 p=0.005], in which clozapine medicated females differed significantly from the control
group (p=0.006). Levels of HSL (Figure 2B) differed significantly for MEDICATION [F(2,53)=14.45
p=0.00001] and SEX [F(1,53)=20.43 p=0.000035]. Male clozapine medicated rats showed significantly
lower levels than haloperidol medicated animals (p=0.015), whereas females under clozapine
medication had lower levels than haloperidol medicated females (p=0.001) and female controls
(p=0.012). All male groups had higher HSL levels than the respective female group (p=0.032 for
controls, p=0.032 for the haloperidol medicated groups, p=0.005 for the clozapine medicated groups).
A positive correlation between perilipin-A and HSL was found in the male (0=0.001) and a negative
correlation in the female (0=-0.636 p=0.048) control group (Supplement Figure 2G-H). Hepcidin
(Figure 2C) differed for MEDICATION [F(2,53)=3.94 p=0.025], SEX [F(1,53)=5.50 p=0.0023] and
MEDICATIONXSEX [F(2,53)=3.90 p=0.026]. Female clozapine medicated rats had higher hepcidin
levels than female controls (p=0.002) and haloperidol medicated females (p=0.027). Only male
controls had higher levels than female controls (p=0.001). The corresponding autoradiographs of the
stripped and reprobed membranes are presented in Supplement Figure 1a in combination with the
Ponceau S red stained membranes (Supplement Figure 1b).
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B. Hormone sensitive lipase (HSL) after 12 weeks
haloperidol and clozapine medication of male and female SD
rats

A. PerilipinA after 12 weeks haloperidol and clozapine
medication of male and female SD rats
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Figure 3. Protein expression of A. perilipin A , B. hormone-sensitive lipase (HSL), C. hepcidin, D.
glucose transporter 4 (Glut 4), E. insulin receptor £ (IR 8) in male and female control, haloperidol, and
clozapine medicated Sprague Dawley rats with *p<0.05, **p<0.001 and ***p<0.0001 as significant (n=10
animals per group). The autoradiographs and the Ponceau stained membranes are seen in
Supplement Figure 1 A. and B.

Examining Glut-4 (Figure 2D) with two-way ANOVA showed differences for MEDICATION
[F(2,53)=17.39 p=0.000002], SEX [F(1,53)=12.26 p=0.001] and MEDICATIONXSEX [F(2,53)=6.94
p=0.002]. Male haloperidol (p=0.004) and male clozapine ((p=0.002) medicated rats had significantly
lower levels of Glut-4 than controls. Female clozapine (p=0.001) treated rats had also lower levels,
whereas female haloperidol (p=0.001) medicated animals showed higher expression of Glut-4 than
clozapine treated animals. Only male and female controls differed significantly from each other
(p=0.0003).

Two-way ANOVA of insulin receptor-f5 (IR-5) expression (Figure 2E) showed differences for
MEDICATION [F(2,51)=4.08 p=0.023] and MEDICATIONXSEX [F(2,51)=16.23 p=0.000004]. IR- was
significantly increased in male clozapine medicated rats, compared to controls (p=0.007), whereas
females under clozapine medication had lower levels than female controls (p=0.009) and female
haloperidol medicated rats (p=0.00039). In clozapine medicated females, we found a nonparametric
negative correlation between IR-f8 and Glut-4 (0=-0.714 p=0.047).
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3. DISCUSSION

One of the main findings of our study is that perirenal visceral adipose tissue (VAT) - at least in
rats- does not significantly contribute to the weight changes under SGA or FGA treatment. In a
previous publication [23], we were able to show that male Sprague Dawley rats under clozapine
gained significantly more weight over the entire duration of the trial, while males under haloperidol
significantly lost weight. Percentage weight also increases significantly in male rats under clozapine
medication (Figure 1) Although perirenal adipocytes mass is significantly increased in the male
clozapine-treated group (Table 1), adipocytes mass related to 1 kg body weight is not significantly
elevated [23]. Neutral fat, triglycerides and NEFAs in perirenal adipocytes are not increased (Table
1). Liver mass also increases significantly in clozapine-medicated males, as does the liver mass related
to 1 kg body weight [24]. However, significant weight gain of male clozapine-treated rats or weight
loss of haloperidol-medicated rats persists when fat mass and/or liver mass are subtracted from final
body weight (Supplement Figure 3). Therefore, we conclude that there is at least one other parameter,
such as subcutaneous adipose tissue (SCAT), that plays a role in weight gain with clozapine and
weight loss with haloperidol. The sedative effect of haloperidol causes reduced food and water intake
and thus weight loss in our animals [23]. In schizophrenic patients, treatment with SGAs results in
an increase in both VAT and SCAT [27]. Due to its promotion of inflammation, the accumulation of
VAT is considered harmful, whereas the beige adipocytes in SCAT seem to have neuroprotective and
anti-inflammatory effects [28]. Further studies need to clarify whether SCAT, which was neglected in
our study because it is difficult to determine in rats, has a higher impact on weight gain or loss under
antipsychotic drug medication than VAT. An answer to this question would certainly influence the
clinical assessment of obesity in patients.

In murine cells, SGAs seem to increase both adipocyte number, due to proliferation and
differentiation of progenitor cells in the adipose tissue (hyperplasia), and adipocyte size
(hypertrophy), due to lipid accumulation in mature adipocytes [4]. Hypertrophy of adipocytes is
associated with dysfunction of adipocytes and metabolic effects like altered lipid and energy
metabolism, increased pro-inflammatory cytokine secretion, and insulin resistance [9,29]. In humans,
hypertrophy of VAT but not SCAT is associated with a more atherogenic lipid profile and several
functional aspects of adipocyte activity relate to its size [9]. In our study, the increased adipocyte area
value under clozapine points to hypertrophy (Table 1). Significant increases in leptin, triglycerides,
insulin, intra-abdominal fat, adipocyte area and HSL activity are found in a metabolic syndrome
model of male Wistar rats. This suggests that changed lipogenesis and lipolysis, hyperinsulinemia,
and release of NEFAs cause a positive feedback loop that contributes to adipocyte hypertrophy [30].
But no direct influence of clozapine on fat storage and expression levels of an early marker of
adipogenesis peroxisome-proliferator-activated-receptor-gamma (PPAR-y) and a late marker of
adipogenesis fatty-acid-binding-protein-4 (FABP-4) is found in human preadipocytes and mature
adipocytes in vitro [31]. Unlike clozapine, which does not seem to have a significant effect on
lipogenesis in mature adipocytes, haloperidol inhibits probably the lipogenic capacity of adipocytes
in females, contributing to its lower propensity to induce weight gain [32].

Adipose tissue dysfunction as an intermediate between obesity and resulting inflammation and
insulin resistance appears to be characterised by an increase in pro-inflammatory adipokines and a
decrease in anti-inflammatory adipokines such as adiponectin [33]. Additionally, iron plays a role in
the regulation of adipose tissue function, especially in the expression of adipokines [34]. In contrast
to liver [24], we do not find ferric iron deposits in adipocytes. Hepatic ferric iron accumulation is
associated with oxidative stress, which is increased in liver [24] but not in adipose tissue (Table 1).
Low cellular iron level leads to obese-resistant white adipose tissue and limits lipid uptake in
enterocytes, reducing hypertrophy, lipid peroxidation and inflammation of adipose tissue, thereby
reducing the development of hepatic steatosis and insulin resistance [35]. Hepcidin is considered the
key regulator of iron metabolism. Haloperidol or clozapine medicated female rats have higher serum
ferritin levels and higher hepcidin levels in liver [26] and adipose tissue (Figure 2C). In mouse
models of obesity, increased adiposity leads to iron deposits only in the epididymal adipose tissue
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(eAT) of male mice. This tissue-specific iron accumulation causes local adipose tissue insulin
resistance, macrophage accumulation, and finally inflammation [36].

Clozapine might play an important role in the regulation of the adipokines leptin and
adiponectin, and total ghrelin [37]. In healthy individuals, leptin and total body adipose mass are
positively correlated [38], but we find this correlation for leptin and perirenal VAT only in the control-
and haloperidol-medicated groups (Supplement Figure 2 A-D). A negative correlation between
obesity and circulating adiponectin is also well-established [9], and adiponectin concentrations
increase concomitantly with weight loss, whereas decreased adiponectin levels are associated with
insulin resistance and hyperinsulinemia [39]. In our study, we find an increase of serum adiponectin
levels in all drug-medicated groups, highest in the two clozapine groups [23] and like expected, a
negative correlation between serum adiponectin and perirenal VAT for male haloperidol-medicated
rats (Supplement Figure 2 E). After binding to its receptors, Adipo-R1 and R2, adiponectin initiates
the phosphorylation of adenosine-monophosphate-activated-protein-kinase (AMPK), a key regulator
of hepatic energy and lipid homeostasis [40]. Activation of AMPK suppresses fatty acid and
cholesterol biosynthesis by inhibiting the activity of acetyl-CoA-carboxylase and 3-hydroxy-3-
methyl-glutaryl-CoA-reductase. Furthermore, activation of AMPK inactivates the SREBPs, the
transcriptional regulators of lipogenesis, thereby inhibiting lipogenic genes. Clozapine medication
suppresses AMPK-activity in male SD rats [41], thereby allowing upregulation of SREBP-1c in male
and SREBP-2 in female rats [24]. SREBP-1c stimulates hepatic triglyceride accumulation in males [24],
and SREBP-2 induces serum cholesterol production in females and partially in males [23].
Haloperidol has no effect on the SREBPs [24] and may inhibit cholesterol biosynthesis [42]. In healthy
animals, glycogen-bound subunit AMPK-8 suppresses activation of AMPK [43]. Reducing the
glycogen stores allows AMPK to inhibit lipogenesis and to direct cell metabolism towards fatty acid
oxidation [44]. Downregulation of glycogen synthesis — probably by GSK3-f activation —
subsequently leads to hyperglycemia in female clozapine-treated rats [23]. In male rats medicated
with clozapine, the glycogen stores are only slightly reduced. The both atherogenic serum indices
cholesterol/HDL and LDLI/HDL ratios (Table 1) are increased significantly in the male and weakly
in the female clozapine-medicated groups. The same is seen in schizophrenic patients [45]. Therefore,
we hypothesize that the increase of adiponectin levels counteracts cholesterol-regulated lipogenesis
by stimulating the hepatic adiponectin receptors, which activate AMPK as seen in C2C12 myotube
cells [46]. AMPK activation induces peroxisome proliferator-activated-receptor-a (PPAR-a)
signalling, which in turn induces anti-inflammatory signalling, reduces adipose tissue derived factors
that could stimulate steatosis [18], and inhibits SREBP activity, thereby reducing the development of
hepatic steatosis [47]. Activation of PPAR-a causes a reduction in circulating triglycerides and an
increase in the uptake of free fatty acids. Surprisingly, chronic treatment with clozapine or
haloperidol lowers adipocyte NEFAs in the male medicated groups as seen under olanzapine
medication in mice and humans, but not in serum or liver (Table 1), whereby insulin resistance,
adiposity, and diabetes are typically associated with elevated free fatty acids [48]. Ghrelin is elevated
during fasting periods and decreases rapidly after food intake. Ghrelin not only promotes adiposity
by activating hypothalamic orexigenic neurons, but also directly stimulates fat storage-related
proteins in adipocytes like Acetyl-CoA-carboxylase, fatty-acid-synthase, lipoprotein-lipase and
perilipin, thereby stimulating intra-cytoplasmic lipid accumulation [49]. In humans, perilipin is
elevated in obese subjects and its level is enhanced in steatotic hepatocytes [50]. In our study the
protein expression of perilipin-A and HSL in adipose tissue is decreased under clozapine medication
in both sexes (Figure 2A.-B.), indicating no effect of the antipsychotic drug on lipolysis and
lipogenesis. Therefore, we suspect that the serum ghrelin levels are elevated due to the 12-hour
starvation period of the rats before blood and organ collection.

In adipocytes, we find slightly decreased glucose in all medicated groups, decreased glycogen
in males and increased glycogen in females (Table 1) associated with decreased protein levels of the
insulin-dependent Glut-4 in the clozapine-medicated groups. Under conditions of low insulin, most
Glut-4 is sequestered in intracellular vesicles in muscle cells and adipocytes. Increasing insulin levels,
induced by increasing blood glucose, cause the uptake of glucose into the adipocytes by Glut-4 which
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is quickly incorporated into the plasma membrane of the cell when insulin binds to its membrane
receptors. Thereby, insulin-stimulated glucose uptake enhances glycolysis, tricarboxylic-acid-cycle-
flux and oxidative phosphorylation with mitoROS (reactive oxygen species) production in a glucose-
dependent manner. Downregulation of insulin receptors as well as insulin resistance protect against
glucose oversupply [51]. Haloperidol slightly increases serum insulin levels [23] associated with an
increase of IR-f3 in both sexes and a decrease of Glut-4 in adipose tissue of males. Clozapine treatment
leads to a lower protein level of Glut-4 in males and females associated with an increase in IR-f3 in
males and a decrease in females (Figure 2 D-E). Under normal conditions, the insulin level should
rise dramatically -at least in females under clozapine medication- due to the excessively elevated
serum glucose level, with the result that more glucose would be taken up via Glut-4 into the
adipocytes and would be stored there as triglycerides. However, despite strongly increased serum
glucose levels, no more insulin is secreted. The fact that NEFAs are not elevated in any of the tissues
examined also argues against a classic insulin resistance (Table 1). Murashita et al. [52] observed
elevated blood glucose levels also in male clozapine-treated SD rats. Clozapine directly inhibits
insulin secretion through membrane depolarisation and activation of protein kinase C in pancreatic
cells [53]. Smith et al. [54] found that SGA medication in rats can interfere with glucose metabolism,
not by acutely inducing insulin resistance but by increasing pancreatic glucagon secretion and thus
stimulating hepatic glucose production. Hepatic glucose production derives from glycogen
breakdown (glycogenolysis) and from de novo synthesis of glucose (gluconeogenesis). We found
liver glycogenolysis in females under clozapine [24] and the significantly increased hepatic pyruvate
and lactate levels in males favour suspected gluconeogenesis in males (Table 1). Glut-4 expression in
insulin-sensitive tissues decreases in association with whole-body insulin resistance and high levels
of inflammatory markers in a rat model of metabolic syndrome [55]. Clozapine is known to stimulate
proinflammatory gene transcription in human adipocytes [56]. Studies implicate a complex network
by which glucose sensing through Glut-4 in muscle and adipocytes may operate to integrate whole-
body energy metabolism [57], and adipocyte insulin sensitivity appears critical for whole-body
homeostasis.

We have investigated the impact of clozapine and haloperidol on metabolically active tissues
such as liver and VAT and their neuronal control in the hypothalamus, the control center of body
weight and homeostasis. It has been shown that the affected organs do not act independently of each
other, but rather influence each other in a sex-specific manner (Figure 4). Under clozapine medication,
increased hypothalamic lactate level in females points to enhanced glycolysis with a higher glucose
demand to produce the required energy. The two insulin-independent glucose transporters Glut-1
and Glut-3 were upregulated and this refers to glucose deficiency in endothelial cells and ultimately
in neurons and astrocytes. We found excessive fasting glucose in the serum of female rats medicated
with clozapine. The glucose probably originates from the hepatic glycogen depot, which was either
no longer replenished or had been emptied. Glycogenolysis in female liver contrasts with the findings
in male rats, which compensate their hypothalamic glucose deficiency through gluconeogenesis and
also carry out increased glycolysis with high hepatic pyruvate and lactate values. In contrast to VAT,
the liver shows high oxidative stress for both sexes. In females, hemosiderin is deposited in the liver,
while males show an iron deficiency, which is reflected in a low hemoglobin content and a reduced
cytochrome level [26]. Males have extremely high hepatic triglyceride levels and increased lipid
droplets. This is consistent with the upregulation of SREBP-1c in males and SREBP-2 in females,
which have high serum cholesterol, HDL-cholesterol and LDL-cholesterol levels. Based on high
triglyceride values, high NEFAS levels, increased liver mass and the accumulation of lipid droplets,
we assume the onset of steatosis in male rats under clozapine.
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Figure 4. Schematic diagram of the organ connections (crosstalk) derived from the results of the

serum, liver, hypothalamus, and adipose tissue examinations under clozapine medication. The

explanations can be found in the text below.

Unexpectedly, adipose tissue shows a much less disturbed lipid and glucose homeostasis
without oxidative stress than the liver. Low cellular iron levels limit the absorption of lipids, thereby
reducing hypertrophy, reduce lipid peroxidation and inflammation and decrease the development
of steatosis and insulin resistance in the liver. Clozapin suppresses AMPK-activity and upregulates
SREBP-1c in males, leading to hepatic triglyceride accumulation, and SREBP-2 in females increasing
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the cholesterol level in serum. The increased release of adiponectin counteracts this effect and
activates the hepatic AMPK and reduces fatty acid and cholesterol biosynthesis. In addition, AMPK
can inhibit lipogenesis by depleting glycogen depots, as we were able to show in female rats.
Clozapine does not cause classic insulin resistance in our animals. Despite the very high serum
glucose level in female animals, insulin secretion did not raise.

4. Limitations

The limitations of our studies, such as the social isolation of the test animals or the small group
size, have already been discussed in the four previous publications [23-26]. Among the major
limitations of our study on adipose tissue, is the fact that we only studied perirenal VAT, although
this only accounts for 20% of the total adipose tissue. [9]. Clozapine has no acute effect on food intake
in rats [Sorge [23,58]], unlike in patients, in whom, however, no precise studies exist on the amount
of food ingested and the amount of energy consumed under clozapine or haloperidol. The cells of
smaller mammals such as rats or mice consume more oxygen and nutrients per unit time. This, as
well as the metabolic differences between humans and rats, leads to the assumption that the results
from our animal model can only be transferred to humans to a limited extent and do not always
mimic clinical findings [59], although rodent adipose tissue shows great similarity to human adipose
tissue [60]. Nevertheless, the results of our study show many similarities with the clinical findings
under antipsychotic medication and some results can only be obtained in an animal model. In our
studies, male and female animals were tested. It has been shown that there are many sex-related
differences. Increasing clinical research shows also that male and female patients differ in their
metabolic expression of medication [61].

5. CONCLUSION

The examination of the perirenal adipose tissue shows lower metabolic changes under
haloperidol and clozapine than in serum and especially in liver. The differences between male and
female animals were also smaller in adipocytes (Table 1). Lactate or pyruvate levels in liver and
hypothalamus of male rats indicate a shift to glycolysis under clozapine, but this is also less
pronounced in adipose tissue, probably because adipocyte metabolism depends on oxidative
phosphorylation. Under clozapine medication, glucose seems to be stored in the male liver as
triglyceride deposits rather than in adipose tissue. Microscopic examination of adipose cells indicates
slight hypertrophy but without increased food intake [23]. However, the increase in adipose and liver
tissue does not explain total weight gain, suggesting an additive involvement of subcutaneous
adipose tissue. Increased protein expression of the IR-f8 and decreased Glut-4 expression indicate
insulin resistance under haloperidol and in clozapine-medicated males but not in females under
clozapine treatment. Lipolysis or lipogenesis seem to be unaffected in adipocytes, while liver shows
adipogenic transformation in male clozapine-treated rats leading to steatosis. Clozapine induces
hepatic SREBP-1c expression in male rats [24], the upstream regulator of fatty-acid-synthase. Female
rats are protected against fatty liver by low glycogen levels. Downregulation of glycogen synthesis
and upregulation of glycogenolysis — probably by GSK3-3 activation — subsequently leads to higher
serum glucose levels in female clozapine-treated rats. It is still an open question whether the glucose
deficit of the neuronal cells in the hypothalamus [25] or the glycogen depletion in liver cells is
responsible for the wide range of peripheral metabolic changes. The disturbance of glucose and lipid
metabolism is tissue- and sex-dependent and obesity shows sexual dimorphism as seen in Palmer
and Clegg [61].

6. Methods

6.1. Ethics statement

All experiments were carried out in accordance with the laws of the local authorities for animal
experiments approved by the Landesamt fiir Natur, Umwelt- und Verbraucherschutz NRW,
Recklinghausen, Germany; Reference number 9.93.2.10.34.07.227. The feeding experiment took place
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in the rooms of the animal testing facility of the Heinrich Heine University, Diisseldorf. The study
was conducted in compliance with ARRIVE guidelines 2.0.

6.2. Experimental design

30 male and 30 female healthy 10-weeks-old Sprague Dawley rats from Taconic (Denmark)
housed in 2x5 groups of 6 same-gender animals (sibling group) from the same litter with free access
to water and ground food pellets (maintenance diet (Altromin Spezialfutter GmbH, Germany) with
19% crude protein, 4% crude fat and additionally 15% fat to facilitate drug uptake). The animals were
maintained on a 12:12 h light/dark cycle at 21°C and 60% humidity. For acclimatization, the animals
were handled every day and weighted 2 times per week from postnatal day (PD) 71. On PD 78 the
rats were separated from each other and individually housed during the test period. Two animals
per sibling group were divided into the control, haloperidol-medicated and clozapine-treated
groups, resulting in 10 animals per group (n=10). To avoid puberty effects antipsychotic drug
treatment started at PD 85 (week 13) to PD 165 (week 25). Male (n=10 per group) or female (n=10 per
group) rats were fed orally each day with clozapine (Leponex® Novartis, Germany with 20mg/1kg
body weight (BW)/day in ground pellets), corresponding to an effective average dose rate to 18.5+0.26
mg/kg BW for males and 17.7+0.38 mg/kg BW for females [23]. Haloperidol (Haloneurol®, Hexal,
Germany) was fed with 1mg/lkg BW/day in ground pellets, corresponding to an effective daily
average dose of 0.8+0.03 mg/kg BW for males and 0.6+0.08 mg/kg BW for females [23]. Results were
compared to those in male and female control groups fed only with ground pellets. On PD 169 (week
25) twelve hours after food removal, the animals were anaesthetized by Pentobarbital (Narcoren,
Merial, Germany), and perirenal fat pads as part of the intra-abdominal VAT were removed,
weighted, and stored at -80°C in an ultra-low temperature cooler. All metabolic were determined for
all test animals.

6.3. Determination of percentage weight, neutral fat content and adipocyte area value

To calculate the percentage weight, we took the difference between the final and initial weight
and calculated its percentage of total weight.

0.5 g adipose tissue was homogenized on ice in 1 ml RIPA buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 1% Na-deoxycholate, 0.1 % LDS, 1 mM EDTA, 3% Triton with protease inhibitor (complete
mini, EDTA free, Roche Diagnostics, Germany) overnight at 4°C and centrifuged at 1000 g for 10 min
at 4°C. The pellet, containing blood vessels and collagen, was discarded and the aqueous supernatant
was collected for measurement of triglycerides, NEFAS, glucose, glycogen and lactate. The fat phase
was dissolved by shaking with 1 ml diethyl ether overnight at 39.5°C. The liquid phase was
transferred in weighted tubes, the volatile diethyl ether was removed, and the weight of neutral fat
was determined.

The adipocyte area value was determined microscopically. 20 um sections of frozen perirenal
VAT were fixed with 4 % buffered neutral formalin at room temperature for 5 min, washed three
times with distilled water and air-dried overnight. The slices were stained in Mayers hematoxylin
(Roth, Germany) for 5 min, rinsed in cool running water for 5 min, stained in 0.5% aquaeous eosin-G
solution (Roth, Germany), rinsed with distilled water, dehydrated in Roti-Histol (Roth, Germany),
and mounted in Roti-Histokitt (Roth, Germany). Two clusters on two different sections of each
animal, each cluster enclosing 200 adipocytes, were marked by x, the two areas were calculated with
Axiovision (Zeiss, Germany) and averaged.

6.4. Determination of ferric iron by Perl’s Prussian blue staining of frozen fat tissue sections

We analysed ferric iron (Fe*) by Perl’s Prussian blue staining [62]. 30 pm sections of frozen
adipose tissue were fixed with 4 % buffered neutral formalin at room temperature for 5 min, washed
three times with distilled water and air-dried. After descending alcohol series, the tissue was
prestained in 10% potassium-ferrocyanide for 5 min and stained with equal parts of a mixture of 2%
potassium-ferrocyanide solution and 1% hydrochloric acid for 30 min at 37°C. After washing with
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distilled water, the slides were counterstained with nuclear fast red aluminium sulphate solution
(Roth, Germany) for 5 min, rinsed with distilled water, dehydrated in Roti-Histol (Roth, Germany)
and mounted in Roti-Histokitt (Roth, Germany).

6.5. Determination of triglycerides and non-esterified fatty acids (NEFAs) in adipocytes, cholesterol/HDL-
cholesterol ratio in liver and serum and LDL-cholesterol/HDL-cholesterol ratio in serum

Triglyceride levels were determined by automated counter in the clinical laboratory of the LVR
Klinikum Diisseldorf. NEFAs were determined in serum, liver, and adipocyte lysate by NEFA-HR
(2) assay kit (436-91995, Fujifilm, Germany) following manufacturer’s recommendations. The two
atherogenic indices cholesterol/HDL-cholesterol ratio and LDL-cholesterol/HDL-cholesterol ratio
were calculated from the values for cholesterol, HDL-cholesterol and LDL-cholesterol in the serum
and cholesterol/HDL-cholesterol ratio in liver.

6.6. Determination of glucose, glycogen, and lactate in lysates of fat tissue

Glucose levels in adipocyte lysate were determined in the whole cell lysate by glucose
colorimetric assay kit (MAK263, Sigma-Aldrich, Germany) following manufacturer’s
recommendations. Lactate was determined in the whole cell lysate by a lactate LOX-PAP test (LT-
LC0056, Labor+Technik, Eberhard Lehmann GmbH, Germany) following manufacturer’s
recommendations.

Glycogen content was determined by the anthron method. 0.25 g adipose tissue was mixed with
1.25 ml HClO4 (6%, ice cooled) and heated for 10 min at 80°C. The solution was centrifuged for 5 min
at 960 rpm and 4°C. 2.5 ml methanol was added to 1.0 ml supernatant, heated for 30 min at 37°C and
centrifuged for 10 min at 8000 rpm and room temperature. The pellet was dissolved in 200 ul aqua
dest. mixed with 400 ul anthron solution (0.2 % anthron (Sigma Aldrich, Germany) in concentrated
H2504) and heated for 15 min at 95°C. After cooling to room temperature, the extinction of the green
solution could be measured at 620 nm and the levels of glycogen were calculated in mg/g of fat tissue
using a standard curve.

6.7. Determination of oxidative stress in perirenal fat of all rats and of estrogen levels in serum

Lipid peroxidation in the adipose tissue was determined through the production of TBARS as
previously described by [63]. 50 il SDS (8.1%), 375 ul acetic acid (20%, adjusted to pH 3.5 with 1 N
NaOH) and 375 ul TBA (0.8% aqueous solution of thiobarbituric acid) were added to 50 pl cell lysate
and filled-up to 1 ml with aqua dest. The solution was boiled for 60 min and cooled down to room
temperature. 0,5 ml n-butanol + pyridine (15:1) were added, thoroughly mixed, and centrifuged for
10 min at 2000 rpm at room temperature. Spectral absorption was measured at 532 nm and
malondialdehyde equivalents were calculated in pmol/ml by a standard curve.

Estrogen levels were measured in female rat serum with a rat estrogen ELISA kit (EKR3010,
Nordic Biosite, Germany) following manufacturer’s recommendations.

6.8. Western blot analysis of adipocyte lysates of the drug-medicated rats and controls

Protein expression was identified by Western blot analysis in the whole cell lysate. 0.5 g fat tissue
was homogenized on ice in 1.0 ml tissue extraction buffer I (50 mM Tris, pH 7.4, 250 mM NaCl, 5mM
EDTA, 2mM NasVOs, ImM NaF, 20 mM NasP207, Thermo Fisher scientific, Germany) with protease
inhibitor cocktail (complete mini, Roche, Germany) shaken overnight at 4°C and centrifuged at 13000
g for 20 min at 4°C. Total protein content was measured using the DC Protein Assay from Bio Rad
(Germany). 20 pg protein from each animal was separated on NuPAGE™ 4-12% Bis-Tris gels
(Thermo Fisher scientific, Germany) and blotted onto Invitrolon membranes (Thermo Fisher
scientific). Membranes were then blocked with Roti Block (Carl Roth, Germany) in TBS-T (0.5:10) at
RT for 30 min. The blocked PVDF membranes were incubated overnight at 4°C either with rabbit
polyclonal perilipin A antibody (62 kilodalton (kDa), 1:1000, PA1-1051, Thermo Fisher Scientific,
Germany), rabbit polyclonal HSL antibody (80 kDa, 1:1000, PA1-16966, Thermo Fisher Scientific,
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Germany), goat polyclonal hepcidin antibody (9 kDa; 1:1000, sc-240553, Santa Cruz Biotechnology,
Germany), rabbit polyclonal Glut-4 antibody (54 kDa, 1:1000, ab216661, Abcam, Germany) and
mouse monoclonal IR-f8 antibody (95 kDa, 1:1000, sc-373975, Santa Cruz Biotechnology, Germany) in
TBS-T and then probed at room temperature for 1 h with the HRP-conjugated secondary antibody (
against rabbit 1:20000, ab97051, Abcam, mouse 1:20000, sc-2004, Santa Cruz, or goat 1:20000, sc-
2064, Santa Cruz respectively). Resulting autoradiographs by autoradiography films (Santa Cruz
Biotechnology, Germany) (Supplement Figure 1A) were measured by densitometry using Gene Snap
and Gene Tools software (Syngene, Synoptics Ltd, United Kingdom). The membranes were routinely
stained with Ponceau-S (Supplement Figure 1B) before immunostaining to confirm correct sample
loading and the transfer of equivalent amounts of protein [64].

6.9. Statistical analysis

Our study is an exploratory study. Therefore, we chose 10 animals per group (male and female
controls, male and female haloperidol-medicated rats, male and female clozapine-medicated
animals) to obtain statistically valid conclusions.

We have re-analysed the following previously published results [23;24]: Final body weight of
male clozapine-treated animals; data of serum leptin, adiponectin, ghrelin; serum and liver
cholesterol, HDL-cholesterol and LDL-cholesterol.

Statistical analysis was performed using IBM SPSS version 25 for windows. All data were
represented as mean + SE. The data were examined by two-way ANOVA with the between-subject
factors MEDICATION and SEX and one-way ANOVA with MEDICATION as factor. In case of
significant group effects appropriate posthoc tests were carried out between the groups. Sex-
dependent effects were examined by t-tests for independent samples. Due to the small number of
animals per group and the explorative character of the study, p-values<0.05 were considered as
statistically significant and multiple testing was presented without a-adjustment. A bivariate
correlation procedure with Spearman-Rho coefficient was carried out to test the relationship between
HSL and perilipin-A, between serum adiponectin, leptin and body fat mass related to 1 kg BW,
ghrelin and perilipin-A, IR-§ and Glut-4 with p<0.05 as significant. Significant correlations are
displayed as simple scatterplots performed by spss in the Supplement Figure 2.

Supplementary Materials: Supplement Figure 1a.and b. Supplement Figure 2. Supplement Figure 3a.and b.
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Abbreviations

ACC: Acetyl-CoA carboxylase; AGRP: agouti related peptide; AMPK: AMP-activated protein
kinase; APD: antipsychotic drug; ATGL: adipocyte triglyceride lipase; eAT: epididymal adipose
tissue; FABP-4: fatty acid binding protein-4; FGA: first-generation antipsychotic; GLUT: Glucose
transporter; HMGR: 3-hydroxy-3-methyl glutaryl CoA reductase; HSL: Hormonsensitive lipase; IR-
8: Insulin receptor-f3; IL-6: interleukin-6; kDa: kilodalton; MGL: monoacylglycerol lipase; NAFDL:
non-alcoholic fatty liver disease; NEFAs: non-esterified fatty acids; NPY: neuropeptide Y; PK-B:
protein kinase-B; PD: postnatal day; PPAR-a: peroxisome proliferator-activated receptor-a; PPAR-
Y: peroxisome proliferator-activated receptor-gamma; ROS: reactive oxygen species;
SCAT:subcutaneous adipose tissue; SGA: second generation antipsychotic; SREBP: sterol regulatory
element-binding protein; TAG: triacylglycerols; TNF-a: tumor necrosis factor-a; TG: triglyceride;
T2D: type 2 diabetes; VAT: visceral adipose tissue; WAT: white adipose tissue

References

1. Dayabandera, M., Hanwella, R.; Ratnatunga, S.; Seneviratne, S.; Suraweera, C.; de Silva, V.A.
Antipsychotic-associated weight gain: management strategies and impact on treatment adherence.
Neuropsychiatr Dis Treat. 2017, 13,2231-2241. PMID: 28883731 PMCID: PMC5574691 DOI:
10.2147/NDT.S113099

2. Alonso-Pedrero, L.; Bes-Rastrollo, M.; Marti, A. Effects of antidepressant and antipsychotic use on weight
gain: a systematic review. Obesity Rev. 2019,20(12),1680-1690. PMID: 31524318 DOI: 10.1111/0br.12934

3.  Ferreira, V.; Grajales, D.; Valverde, A.M. Adipose tissue as a target for second generation (atypical)
antipsychotics: a molecular review. BBA Mol Cell Biol Lipids.2020,1865(2),158534. PMID:31672575
doi: 10.1016/j.bbalip.2019.158534

4.  Spalding, K.L.; Arner, E.; Westermark, P.O.; Bernard, S.; Buchholz, B.A.; Bergmann, O.; Blomquist, L.;
Hoffstedt, J.; Naslund, E.; Britton, T.; Concha, H.; Hassan, M.; Ryden, M.; Frisen, J.; Arner P. Dynamics of
fat cell turnover in human. Nature. 2008,453(7196),783-787. PMID:18454136d0i: 10.1038/nature06902

5. Vestri, H.S,; Maianu, L.; Moellering, D.R.; Garvey, W.T. Atypical antipsychotic drugs directly impair
insulin action in adipocytes: effects on glucose transport, lipogenesis, and antilipolysis.
Neuropsychopharmacol. 2006,32(4),765-772. PMID:16823387 doi: 10.1038/sj.npp.1301142

6.  Wilson, J.L.; Enriori, P.J. A talk between fat tissue, gut, pancreas and brain to control body weight. Mol Cell
Endocrinol. 2015,418(2),108-119. PMID:26316427 doi: 10.1016/j.m.c.2015.08.22

7. Yang, A.; Mottillo, E.P. Adipocyte lipolysis: from molecular mechanisms of regulation to disease and
therapeutics. Biochem J. 2020,477(5),985-1008. PMID:32168372 PMCID: PMC7187988
doi:10.1042/BCJ20190468

8.  Rotondo, F.; Ho-Palma, A.C.; Remesar, X.; Fernandez-Lopez, J.A.; del Mar Romero, M.; Alemany, M.
Glycerol is synthesized and secreted by adipocytes to dispose of excess glucose, via glycerogenesis and
increased acyl-glycerol turnover. Scientific Reports. 2017,7,8983. PMID:28827624 PMCID:PMC5567128
doi: 10.1038/541598-017-09450-4

9. Meyer, LK, Ciaraldi, T.P.; Henry, R.R.; Wittgrove, A.C.; Phillips, S.A. Adipose tissue depot and cell size
dependency of adiponectin synthesis and secretion in human obesity. Adipocyte. 2013,2(4),217-226.
PMID:24052897 PMCID:PMC3774697 doi:10.4161/adip.24953

10. Chau, Y.Y; Bandiera, R.; Serrels, A.; Martinez-Estrada, O.M.; Qing, W.; Lee, M; Slight, J.; Thornburn, A ;
Berry, R.; McHaffie, S.; Stimson, R.H.; Walker, B.R.; Chapuli, R M.; Sched], A.; Hastie, N. Visceral and
subcutaneous fat have different origins and evidence supports a mesothelial source. Nat Cell Biol.
2014,16(4),367-375. PMID:24609269 PMCID: PMC4060514 do0i:10.1038/ncb2922

11. Huang, N.; Mao, E.W.; Hou, N.N,; Liu, Y.P.; Han, F.; Sun, X.D. Novel insight into perirenal adipose tissue:
a neglected adipose depot linking cardiovascular and chronic kidney disease. World ] Diabetes.
2020,11(4),115-125. PMID:32313610 PMCID:PMC7156295 doi:10.4239/wjd. v11.i4.115

12.  Ibrahim, M.M. Subcutaneous and visceral adipose tissue: structural and functional differences. Obes Rev.
2010,11(1),11-18. PMID:19656312 d0i:10.1111/j.467-789X.2009. 00623.x

13. Booth, A.; Magnuson, A.; Fouts, J.; Foster, M.T. Adipose tissue: an endocrine organ playing a role in
metabolic regulation. Horm Mol Biol Clin Invest. 2016,26(1),25-42. PMID:26910750 d0i:10.1515/hmbci-2015-
0073

14. Friedman, .M. Leptin and the regulation of body weight. Keio ] Med. 2011,60(1),1-9. PMID:21460597 doi:
10.2302/kjm.60.1

15. Stern, J.H.; Rutkowski, ].M.; Scherer, P.E. Adiponectin, leptin, and fatty acids in the maintenance of
metabolic homeostasis through adipose tissue crosstalk. Cell Metab. 2016,23(5),770-784. PMID:27166942
PMCID:PM(C4864949 doi: 10.1016/j.cmet.2016.04.011


https://doi.org/10.20944/preprints202401.1508.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2024 doi:10.20944/preprints202401.1508.v1

17

16. Achari, A.E.; Jain, S.K. Adiponectin, a therapeutic target for obesity, diabetes, and endothelial dysfunction.
Int ] Mol Sci. 2017,18,1321.  PMID:28635626 PMCID:PM(C5486142_doi:10.3390/ijms18061321

17.  Ukkola, O.; Santaniemi, M. Adiponectin: a link between excess adiposity and associated comorbidities? J
Mol Med. 2002,80,606-702.  PMID:12436346 doi.org/10.1007/s00109-002-0378-7

18. Shabalala, S.C.; Dludla, P.V.; Mabasa, L.; Kappo, A.P.; Basson, A K.; Pheiffer, C.; Johnson, R. The effect of
adiponectin in the pathogenesis of non-alcoholic fatty liver desease (NAFDL) and the potential role of
polyphenols in the modulation of adiponectin signaling. Biomed Pharmacotherapy. 2020,131,110785.
PMID:33152943 doi: 10.1016/j.Biopha.2020.110785

19. Gatselis, N.K,; Ntaios, G.; Makaritsis, K.; Dalekos, G.N. Adiponectin: a key playmaker adipocytokine in
non-alcoholic fatty liver disease. Clin Exp Med. 2014,14(2),121-131. PMID:23292294 doi: 10.1007/s10238-
012-0227-0

20. Thompson, N.M.; Gill, D.A.S.; Loveridge, N.; Houstan, P.A.; Robinson, I.C.A.F.; Wells, T. Ghrelin and des-
octanoyl ghrelinpromote adipogenesis directly in vivo by a mechanism independent of the type 1a growth
hormone secretagogue receptor. Endocrinol. 2004,145(1),234-242. PMID: 14551228 doi:10.1210/en.2003-
0899

21. Miao, H.; Pan, H.,; Wang, L.; Yang, H.; Zhu, H.; Gong, F. Ghrelin promotes proliferation and inhibits
differentiation of 3L3-L1 and human primary preadipocytes. Front Physiol. 2019,article10,1296.
PMID:31681009 PMCID:PMC6798085 doi: 10.3389/fphys.2019.01296

22. Carvalho, E.; Schellhorn, S.E.; Zabolotny, ].M.; Martin, S.; Tozzo, E.; Peroni, O.D.; Houseknecht, K.L.;
Mundt, A.; James, D.E.; Kahn, B.B. GLUT4 overexpression or deficiency in adipocytes of transgenic mice
alters the composition of GLUT4 vesicles and the subcellular localization of GLUT4 and insulin-responsive
aminopeptidase. ] Biol Chem. 2004,279(20),21598-21605. PMID: 14985357 d0i:101074/jbcM312269200

23.  von Wilmsdorff, M.; Bouvier, M.L.; Henning, U.; Schmitt, A.; Schneider-Axmann, T.; Gaebel, W. The sex-
dependent impact of chronic clozapine and haloperidol treatment on characteristics of the metabolic
syndrome in a rat model. Pharmacopsychiatry. 2013,46(1),1-9. PMID: 22915487 doi: 10.1055/s-0032-1321907

24. von Wilmsdorff, M.; Bouvier, M.L.; Henning, U.; Schmitt, A.; Schneider-Axmann, T.; Gaebel, W. Sex-
dependent metabolic alterations of rat liver after 12-week exposition to haloperidol or clozapine. Horm
Metab Res. 2014,46(11),782-788. PMID: 25105542 doi:10.1055/s-0034-1384605

25. Bouvier, M.L.; Fehsel, K.; Schmitt, A.; Meisenzahl-Lechner, E.; Gaebel, W.; von Wilmsdorff, M. Sex-
dependent alterations of dopamine receptor and glucose transporter density in rat hypothalamus under
long-term clozapine and haloperidol medication. Brain Behav. 2020,e01694. PMID: 32525610. doi:
10.1002/brb3.1694

26. Bouvier, M.L.; Fehsel, K.; Schmitt, A.; Meisenzahl-Lechner, E.; Gaebel, W., von Wilmsdorff, M. Sex-
dependent effects of long-term clozapine or haloperidol medication on red blood cells and liver iron
metabolism in Sprague Dawley rats as a model of metabolic syndrome. BMC Pharmacol and Toxicol.
2022,23,8. PMID: 35033194 doi:10.1186/s40360-021-00544-4

27. Manu, P.; Dima, L.; Shulman, M.; Vancampfort, D.; De Hert, M.; Correll, C.U. Weight gain and obesity in
schizophrenia: epidemiology, pathobiology, and management. Acta Psychiatr Scand. 2015,132,97-108.
PMID:26016380 doi:10.1111/acps.12445

28. Guo, D.H.; Yamamoto, M.; Hernandez, C.M.; Khodadadi, H.; Baban, B.; Stranahan, A.M. Beige adipocytes
mediate the neuroprotective and anti-inflammatory effects of subcutaneous fat in obese mice. Nature
Communications. 2021,12,4623. PMID:34330904 PMCID:PMC8324783 doi: 10.1038/s41467-021-24540-8

29. Engfeldt, P., Arner, P. Lipolysis in human adipocytes, effects of cell size, age and regional differences. Horm
Metabol Res Suppl. 1988,19,26-29. PMID:3069692

30. Perez-Torres, I.; Gutierrez-Alvarez, Y.; Guarner-Lans, V.; Diaz-Diaz, E.; Pech, M.L.; Del Carmen Caballero-
Chacon, S. Intra-abdominal fat adipocyte hypertrophy through progressive alteration of lipolysis and
lipogenesis in metabolic syndrome rats. Nutrients. 2019,11,1529-1540. PMID:31284400
PMCID:PMC6683042 doi: 10.3390/nu11071529

31. Loffler, D.; Landgraf, K.; Kérner, A.; Kratzsch, J.; Kirkby, K.C.; Himmerich, H. Modulation of triglyceride
accumulation in adipocytes by psychopharmacological agents in vitro. ] Psychiatric Res. 2016,72,37-42.
PMID:26524413 doi: 10.1016/j.psychires.2015.10.008

32. Sertié, A.L.; May Suzuki, A.; Sertié, R.A.L.; Andreotti, S.; Lima, F.B.; Passos-Bueno, M.R.; Gattaz, W.F.
Effects of antipsychotics with different weight gain liabilities on human in vitro models of adipose tissue
differentiation and metabolism. Prog Neuro-Psychopharm Biol Psych. 2011,35,1884-1890, PMID:21840366
doi: 10.1016/j.pnpbp.2011.07.017

33.  Westerink, J.; Olijhoek, K.; Koppen, A.; Faber, D.R.; Kalkhoven, E.; Monajemi, H.; van Asbeck, B.S.; van der
Graaf, Y.; Visseren, F.L.]J. The relation between body iron stores and adipose tissue function in patients with
manifest vascular disease. Eur J Clin Invest. 2013,43(12),240-1249. PMID:24245570 doi: 10.1111/eci.12165

34. Britton, L.; Jaskowski, L.A.; Bridle, K.; Secondes, E.; Wallace, D.; Santrampurwala, N.; Reiling, J.; Miller, G.;
Mangiafico, S.; Andrikopoulos, S.; Subramaniam, V.N.; Crawford, D. Ferroportin expression in adipocytes


https://doi.org/10.20944/preprints202401.1508.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2024 doi:10.20944/preprints202401.1508.v1

18

does not contribute to iron homeostasis or metabolic responses to a high calorie diet. Cell Mol Gastroenterol
Hepatol. 2018,5(3),319-331. PMID: 29552621 d0i:10.1016/j.jcmgh.2018.01.005

35. 35.Zhang, Z.; Funcke, ].B.; Zi, Z.; Zhao, S.; Straub, L.G.; Zhu, Y.; Zhu, Q.; Crewe. C; An, Y.; Chen, S.; Li,
N.; Wang, M.; Ghaben, A.L.; Lee, C.; Gautron, L.; Engelking, L.; Raj. P.; Deng, Y....Scherer. P.E. Adipocyte
iron levels impinge on a fat-gut crosstalk to regulate intestinal lipid absorption and mediate protection
from obesity. Cell Metabol. 2021,33(8),1624-1639.e9 PMID:34174197 PMCID:PM(C8338877  doi:
10.1016/j.cmet.2.06.001

36. Ma, X.;Pham, V.T.; Mori, H.; MacDougald, O.A.; Shah, Y.M.; Bodary, P.F. Iron elevation and adipose tissue
remodelling in the epididymal depot of a mouse model of polygenic obesity. PLOS One. 2017,12(6),e179889.
PMID:28651003 PMCID:PM(C5484604  doi: 10.1371/journal.pone.0179889

37. Lu, M.L; Wang, T.N,; Lin, T.Y.; Shao, W.C.; Chang, S.H.; Chou, ].Y.; Ho, Y.F,; Liao, Y.T.; Chen, V.C.
Differential effects of olanzapine and clozapine on plasma levels of adipocytokines and total ghrelin. Prog
Neuro-Psychopharmacol Biol Psychiatry. 2015,58,47-50. PMID:25496829 doi: 10.1016/j.pnpbp.2014.12.001

38. Shimizu, H., Shimomura, Y., Hayashi, R. et al. Serum leptin concentration is associated with total body fat
mass, but not abdominal fat distribution. Int ] Obes 1997; 21: 536-541. PMID:22128212 PMCID:PMC3208009
doi.10.1038/sj.ij0.0800437

39. Meier, U.; Gressner, A.M. Endocrine regulation of energy metabolism: review of pathobiochemical and
clinical chemical aspects of leptin, ghrelin, adiponectin, and resistin. Clin Chem. 2004,50(9),1511-1525.
PMID:15265818 d0i:10.1373/ clinchem.2004.032482

40. Fang, H.; Judd, R.L. Adiponectin regulation and function. Compr Physiol. 2018,8(3),1031-1063. PMID:
29978896 d0i:10.1002/cphy.c170046

41. 41. Liu, Z; Cui, C; Xu, P.; Dang, R.; Cai, H,; Liao, D.; Yang, M.; Feng, Q.; Yan, X; Jiang, P. Curcumin
activates AMPK pathway and regulates lipid metabolism in rats following prolonged clozapine exposure.
Front Neurosci. 2017,11,article 558.  PMID:29046626 PMCID:PMC5632657 doi:10.3389/fnins.2017.00558

42. Canfran-Duque, A.; Casado, M.E,; Pastor, O.; Sanchez-Wandelmer, ].; de la Pena, G.; Lerma, M.; Mariscal,
P.; Bracher, F.; Lasuncion, M.A.; Busto, R. Atypical antipsychotics alter cholesterol and fatty acid
metabolism in vitro. ] Lipid Res. 2013,52,310-324. PMID:23175778 PMCID:PMC3588861
doi:10.1194/j1r.M026948

43. McBride, A.; Ghilagaber, S.; Nikolaev, A.; Hardie, D.G. The glycogen-binding domain on the AMPK beta
sununit allows the kinase to act as a glycogen sensor. Cell Metab. 2009,9(1),23-34. PMID:19117544
doi:10.1016/ j.cmet.2008.11.008

44. Tzumida, Y.; Yahagi, N.; Takeuchi, Y.; Nishi, M.; Shikama, A.; Takarada, A.; Masuda, Y.; Kubota, M;
Matsuzaka, T.; Nakagawa, Y.; lizuka, Y; Itaka, K.; Kataoka, K.; Shioda, S.; Niijima, A.; Yamada, T.; Katagiri,
H.; Nagai, R.; Yamada, N.; Kadowaki, T.; Shimano, H. Glycogen shortage during fasting triggers liver-
brain-adipose neurocircuitry to facilitate fat utilization. Nature Commun. 2013,4,2316. PMID:23939267
PMCID:PM(C3753545_ doi:10.1038/ncomms3316

45. Idonije, O.B.; Festus, O.O.; Akpamu, U.; Ohhiai, O.; Iribhogbe, O.1; Iyalomhe, G.B.S. A comparative study
of the effects of clozapine and risperidone monotherapy on lipid profile in Nigerian patients with
schizophrenia. Int ] Pharmacol. 2012,8(3),169-176. d0i:10.3923/ijp.2012.169.176

46. Kim, J.H,; Lee, ].O.; Lee, S.K; Jung, J.; You, G.Y.; Park, S.H.; Park, M.; Kim, S.D.; Kim, H.S. Clozapine
activates AMP-activated protein kinase (AMPK) in C2C12 myotube cells and stimulates glucose uptake.
Life Sci. 2010,87(1-2),42-48. PMID:20515698 doi: 10.1016/j.1fs.2010.05.017

47. L1i, Y.; Xu, S;; Mihaylova, M.; Zheng, B.; Hou, X,; Jiang, B.; Park, O.; Luo, Z; Lefai, E.; Shyy, J.; Gao, B,;
Wierzbicki, M.; Verbeuren, T.; Shaw, R.; Cohen, R.; Zang, M. AMPK phosphorylates and inhibits SREBP
activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin resistant mice. Cell Metab
2011; 13(4): 376-388. PMID:21459323 PMCID:PMC3086578 doi: 10.1016/j.cmet.2011.03.009

48. Albaugh, V.L.; Vary, T.C,; llkayeva, O.; Wenner, B.R.; Maresca, K.P.; Joyal, ].L.; Breazeale, S.; Elich, T.D.;
Lang, C.H.; Lynch, C.J. Atypical antipsychotics rapidly and inappropriately switch peripheral utilization
to lipids, impairing metabolic flexibility in rodents. Schizophr Bull. 2012,38(1),153-166. PMID:0494946
PMCID:PM(C3245588_ doi: 10.1093/schbul/sbq053

49. Rodriguez, A. Novel molecular aspects of ghrelin and leptin in the control of adipobiology and the
cardiovascular  system. Obes  Facts. 2014,7,82-95. PMID:24685565 PMCID:PMC5644879
doi:10.1159/000360837

50. Straub, B.K.; Stoeffel, P.; Heid, H.; Zimbelmann, R.; Schirmacher, P. Differential pattern of lipid droplet-
associated proteins and de novo perilipin expression in hepatocyte steatogenesis. Hepatology.
2008,47,1936-1946. PMID:18393390 doi: 10.1002/hep.22268

51. Krycer, ].R,; Elkington, S.D.; Diaz-Vegas, A.; Cooke, K.C.; Burchfield, ].G.; Fisher-Wellman, K.H.; Cooney,
G.].; Fazakerley, D.J.; James, D.E. Mitochondrial oxidants, but not respiration, are sensitive to glucose in
adipocytes. ] Biol Chem. 2020,295(1),99-110. PMID: 31744882 doi:10.1074/jbc. RA119.011695


https://doi.org/10.20944/preprints202401.1508.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2024 doi:10.20944/preprints202401.1508.v1

19

52. Murashita, M.; Kusumi, I.; Hosoda, H.; Kangawa, K.; Koyama, T. Acute administration of clozapine
concurrently increases blood glucose and circulating plasma ghrelin levels in rats.
Psychoneuroendocrinology. 2007,32,777-784. PMID:17629416 doi:10.1016/j.psyneuen.2007.05.007

53. Sasaki, N.; Iwase, M.; Uchizono, Y.; Nakamura, U.; Imoto, H.; Abe, S.; lida, M. The atypical antipsychotic
clozapine impairs insulin secretion by inhibiting glucose metabolism and distal steps in rat pancreatic
islets. Diabetologia. 2006,49(12),2930-2938. PMID:17072584 do0i:10.1007/s00125-006-0446-6

54. Smith, G.C,; Chaussade, C.; Vickers, M.; Jensen, ].; Shepherd, P.R. Atypical antipsychotic drugs induce
derangements in glucose homeostasis by acutely increasing glucagon secretion and hepatic glucose output
in the rat. Diabetologia. 2008,51(12),2309-2317. PMID:18843478 doi:10.1007/s00125-1152-3

55. Leguisamo, N.M.; Lehnen, A.M.; Machado, U.F.; Okamoto, M.M.; Markoski, M.M.; Pinto, G.H.; Schaan,
B.D. Glut4 content decreases along with insulin resistance and high levels of inflammatory markers in rats
with  metabolic syndrome. Cardiovascular Diabetology. 2012,11,100-110. = PMID:22897936
PMCID:PMC3439702 doi:10.1186/1475-2840-11-100

56. Sarvari, AK,; Vereb, Z; Uray, LP.,; Fesiis, L.; Balajthy, Z. Atypical antipsychotics induce both
proinflammatory and adipogenic gene expression in human adipocytes in vitro. Biochem Biophys Res
Commun. 2014,450,1383-1389. PMID:25019983 d0i:10.1016/j.bbrc.2014.07.005

57. Chadt, A.; Al-Hasani, H. Glucose transporters in adipose tissue, liver, and skeletal muscle in metabolic
health and disease. Eur ] Physiol. 2020,472,1273-1298. PMID:32591906 PMCID:PMC7462924
d0i:10.1007/s00424-020-02417-x

58. Sorge S. Der Einfluss des atypischen Neuroleptikums Clozapin auf das Verhalten und das Immunsystem
der Ratte. Thesis, Miinchen 2003.

59. Cooper, G.D.; Harrold, J.A.; Halford, ].C.G.; Goudie, A.J. Chronic clozapine treatment in female rats does
not induce weight gain or metabolic abnormalities but enhances adiposity: implications for animal models
of antipsychotic-induced weight gain. Prog Neuropsychopharmacol Biol Psychiatry. 2008,32(2),428-436.
PMID:17933447 doi:10.1016/j.npbp. 2007.09.012

60. Chusyd, D.E.; Wang, D.; Huffman, D.M.; Nagy, T.R. Relationships between rodent white adipose fat pads
and human white adipose fat depots. Front Nutr. 2016,3,10 PMID:27148535 PMCID: PMC4835715
doi:10.3389/fnut.2016. 00010

61. Palmer, B.F.; Clegg, D.J. The sexual dimorphism of obesity. Mol Cell Endocrinol. 2015,402,113-119.
PMID:25578600 doi:10.1016/j.mce.2014. 11.029

62. Romeis, B. Mikroskopische Technik (17. neubearbeitete und erweiterte Auflage, herausgegeben von P.
Bock). Miinchen — Wien — Baltimore 1989. Urban und Schwarzenberg. ISBN: 3-541-11227-1.

63. Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid
reaction. Analyt Biochem. 1979,95,351-358. PMID:36810 d0i:10.1016/0003-2697(79)90738-3

64. Romero-Calvo, I; Ocon, B.; Martinez-Moya, P.; Suarez, M.D.; Zarzuelo, A.;Martinet-Augustin, O.; de
Medina, F.S. Reversible Ponceau staining as a loading control alternative to actin in Western blots. Anal
Biochem. 2010, 401(2),318-320. PMID:20206115 doi: 10.1016/j.ab.2010.02.036.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202401.1508.v1

