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A B S T R A C T   

Second-generation antipsychotics (SGAs), used as the cornerstone treatment for schizophrenia and other mental 
disorders, can cause adverse metabolic effects (e.g. obesity and type 2 diabetes). We investigated the effects of 
SGAs on adipocyte differentiation and metabolism. The presence of therapeutic concentrations of aripiprazole 
(ARI) or its active metabolite dehydroaripiprazole (DARI) during human adipocyte differentiation impaired 
adipocyte glucose uptake while the expression of gene markers of fatty acid oxidation were increased. Addi-
tionally, the use of a supra-therapeutic concentration of ARI inhibited adipocyte differentiation. Furthermore, 
olanzapine (OLA), a highly obesogenic SGA, directly increased leptin gene expression but did not affect adipo-
cyte differentiation and metabolism. These molecular insights are novel, and suggest that ARI, but not OLA, may 
directly act via alterations in adipocyte differentiation and potentially by causing a switch from glucose to lipid 
utilization in human adipocytes. Additionally, SGAs may effect crosstalk with other organs, such as the brain, to 
exert their adverse metabolic effects.   

1. Background 

Schizophrenia is a severe and chronic psychiatric disorder charac-
terized by positive (e.g. delusions and hallucinations), negative (e.g. 
social withdrawal), and cognitive (e.g. cognitive inflexibility and 
impaired problem solving) symptoms (McCutcheon et al., 2020). Atyp-
ical or second-generation antipsychotics (SGAs) are medications 
commonly prescribed to treat schizophrenia and other psychiatric dis-
orders (e.g. bipolar disorder), being highly efficient in suppressing both 
positive and negative symptoms. However, they are associated with 
weight gain and, as a consequence, metabolic alterations, such as insulin 
resistance, dyslipidemia, cardiovascular disease, and type 2 diabetes 
(T2D) (Nasrallah, 2008a, Rojo et al., 2015). Different SGAs have 
different propensities to induce adverse metabolic effects, e.g. olanza-
pine (OLA) is a high-risk drug associated with worse metabolic out-
comes, while aripiprazole (ARI) is considered more metabolically 
neutral (Hirsch et al., 2017). 

Adipose tissue is an important endocrine organ involved in the 
regulation of whole-body energy balance. Adipose tissue expansion 

occurs due to an increase in adipocyte number (hyperplasia) and/or an 
increase in cell size (hypertrophy) (Fuster et al., 2016). New adipocytes 
are generated by recruitment and differentiation from precursor cells 
(preadipocytes) located in the adipose tissue, in a process so-called 
adipocyte differentiation or adipogenesis (Tang and Lane 2012). An 
increase in cell number by the differentiation of new adipocytes, as 
opposed to increased cell size, is considered protective against 
obesity-associated metabolic complications (Gustafson et al., 2015). It 
has been shown that the number of preadipocytes in subcutaneous ad-
ipose tissue (SAT) that can undergo differentiation is reduced in obesity, 
resulting in the accumulation of triglycerides in the existing adipocytes, 
leading to adipocyte hypertrophy, which is associated with hyperten-
sion, dyslipidemia, ectopic lipid accumulation, and T2D (Bays et al., 
2008). Previous studies have shown that supra-therapeutic concentra-
tions of SGAs, such as OLA, facilitate lipid storage and stimulate adi-
pogenesis in mouse and human adipose stem cell models (Sertié et al., 
2011; Nimura et al., 2015; Bába et al., 2019), an effect that could play a 
role in SGA-induced weight gain. However, the knowledge of the impact 
of therapeutic concentrations of SGAs in human primary preadipocytes 
differentiation and function is limited. 
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Our recent study showed that ARI and OLA at therapeutic concen-
trations have a mild direct effect on lipid and glucose metabolism of 
mature adipocytes after short-term adipose tissue exposure (up to 72h) 
(Sarsenbayeva et al., 2019; Sarsenbayeva et al., 2021). This data sug-
gests that SGAs might affect adipocytes before they are mature (during 
differentiation), longer/chronic treatments might be needed, or the 
adverse effects could be mediated through other insulin-sensitive tissues 
and/or the central nervous system. 

In this study, we aimed to investigate the direct effects of ARI and 
OLA on human primary adipocyte differentiation and glucose meta-
bolism, and the expression of genes regulating adipocyte function, after 
a long-term exposure during differentiation. 

2. Materials and methods 

2.1. Subjects 

SAT samples were obtained from 6 healthy subjects (4 women/2 
men, BMI: 26.3–30.3 kg/m2, age: 20–63 years) by needle aspiration of 
the lower part of the abdomen after local dermal anesthesia with lido-
caine (Xylocaine, AstraZeneca, Södertälje, Sweden), and used for the 
isolation of preadipocytes. Subjects’ clinical characteristics are shown in 
Table 1. Blood samples were collected after overnight fasting (>10 h) for 
biochemical analysis at the Department of Clinical Chemistry (Uppsala 
University Hospital). We excluded subjects with type 1 diabetes, endo-
crine disorders, cancer, or other major diseases, as well as subjects 
having ongoing medication with antipsychotics, antidepressants, or 
neuroleptic drugs. The study was approved by the Regional Ethics Re-
view Board in Uppsala (Dnr, 2018/385), and the reported investigations 
have been carried out following principles endorsed by the Declaration 
of Helsinki. All participants gave their written informed consent. 

2.2. Human preadipocyte isolation and differentiation into adipocytes 

Primary human preadipocytes were isolated from SAT biopsies and 
differentiated as previously reported (Kamble et al., 2020). Adipose 
tissue was digested in sterile conditions with collagenase (1.2 mg/mL, 
from Clostridium histolyticum, Roche, Manheim, Germany) in Hank’s 
medium (Medium 199, Gibco, Life Technologies, Paisley, UK) supple-
mented with 5.6 mM glucose, 4% bovine serum albumin (BSA, Sigma, 
MO, USA), 150 nM adenosine (Sigma), pH 7.4, in a shaking water bath at 
37 ◦C and 105 RPM, and filtered through a nylon mesh. The stromal 
vascular fraction (SVF) was centrifuged at 1200 RPM for 3 min. The 
pellet was resuspended in the red cell lysis buffer (0.154 M NH4Cl, 10 
mM KHCO3, and 0.1 mM EDTA, all from Sigma) and centrifuged again 
at 1200 RPM for 3 min. The pellet containing the SVF was cultured with 
preadipocyte medium (Dulbecco’s modified Eagle’s medium 
(DMEM)/Ham’s F12, Gibco) containing 10% fetal bovine serum (FBS, 
Thermo Fisher, MA, USA), 100 units/mL penicillin, and 100 g/mL 
streptomycin (PEST, Life Technologies), 0.04 mg/mL gentamycin 
(Gibco), and 4.1 ng/mL basic fibroblast growth factor (bFGF) (Sigma) at 
37 ◦C. Media was replaced every second day until 70–80% confluence. 
Preadipocytes at passages 3–4 were trypsinized and seeded into a 
12-well plate at a density of 30000 cells/cm2. After preadipocytes 
reached 100% confluence, they were left for an additional day to grow, 
and thereafter differentiation was induced by adding the differentiation 
induction cocktail (DMEM/Ham’s F12, 1% PEST, 100 nM human insulin 
(Actrapid, Novo Nordisk, Bagsvaerd, Denmark), 17 μM pantothenate 
(Sigma), 33 μM biotin (Sigma), 1 μM cortisol (Sigma), 1 μM rosiglitazone 
(Sigma), 250 μM 3-isobutyl-1-methylxanthine (IBMX, Sigma), 10 μg/mL 
transferrin human (Sigma), 2 nM 3, 3, 5-triiodo L-thyronine (T3, Sigma)) 
for 5 days with replacement of induction cocktail after the first three 
days. The differentiation continued using maintenance media (compo-
sition is the same as the induction cocktail, but without IBMX) until day 
14. During the complete course of differentiation (14 days), cells were 
incubated in the absence or presence of either vehicle control (dimethyl 
sulfoxide, DMSO, Sigma) or therapeutic and supra-therapeutic concen-
trations of SGAs: ARI 1, 2, and 10 μM (AC457990010; ACROS Organics, 
ThermoFisher); ARI’s active metabolite dehydroaripiprazole (DARI) 0.4 
and 4 μM (1042690; US Pharmacopeial Convention, Rockville, USA); 
and OLA 0.2 and 2 μM, (GP8311, Glentham Life Sciences, Corsham, UK) 
as shown previously in the treatment of human adipose tissue ex vivo 
(Sarsenbayeva et al., 2019, 2021). The drugs were present in the in-
duction and maintenance differentiation medium. Since OLA showed 
limited effects on the investigated outcomes, we only show results with 
supra-therapeutic concentration. Furthermore, the treatment with 
vehicle control did not differ from untreated control in any investigated 
outcomes, thus it is not included in the results, but this data is available 
upon request. 

Abbreviations 

ACO1 Aconitase 1 
ADIPOQ Adiponectin 
ARI Aripiprazole 
ATGL Adipose triglyceride lipase 
CD36 Cluster of differentiation 36 
CEBPA CCAAT enhancer-binding protein alpha 
CPT1B Carnitine palmitoyltransferase 1B 
DARI Dehydroaripiprazole 
DGAT2 Diacylglycerol O-acyltransferase 2 
FASN Fatty acid synthase 
GLUT1 Glucose transporter 1 

GLUT4 Glucose transporter 4 
HSL Hormone-sensitive lipase 
LEP Leptin 
LPL Lipoprotein lipase 
OLA Olanzapine 
PDK4 Pyruvate dehydrogenase kinase 4 
PPARG Peroxisome proliferator-activated receptor gamma 
SAT Subcutaneous adipose tissue 
SGA Second-generation antipsychotic 
SVF Stromal vascular fraction 
T2D Type 2 diabetes 
TFAM Mitochondrial transcription factor A 
VAT Visceral adipose tissue  

Table 1 
Subjects characteristics.  

Variable 

Men/Women (number) 2/4 
Age (years) 34 ± 15 
BMI (kg/m2) 27.9 ± 1.7 
Waist-hip-ratio 0.8 ± 0.1 
Plasma glucose (mmol/L) 5.6 ± 0.6 
Serum insulin (mU/L) 8.9 ± 4.8 
Serum C-Peptide (nmol/L) 0.7 ± 0.2 
HbA1c, IFCC (mmol/mol) 33.0 ± 3.2 
Plasma total cholesterol (mmol/L) 4.4 ± 0.7 
Plasma HDL-cholesterol (mmol/L) 1.5 ± 0.3 
Plasma LDL-cholesterol (mmol/L) 2.7 ± 0.8 
Plasma triglycerides (mmol/L) 1.0 ± 0.3 

Data are mean ± SD; HbA1c, glycosylated hemoglobin; LDL, low-density lipo-
protein; HDL, high-density lipoprotein. 
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2.3. Fluorescent lipid staining for differentiation rate 

Fluorescent staining of neutral lipids was performed on days 10–14 
of differentiation (n = 5) as previously described (Pereira et al., 2022). 
Cells were fixed with 4% formaldehyde (Histolab, Gothenburg, Swe-
den), and a combination of two fluorescent dyes were used: BODIPY 
493/503 for neutral lipids (green; Molecular Probes, OR, USA) and 
Hoechst 33342 for nuclei (blue; Invitrogen, MA, USA). Cells were 
imaged using the ImageXpress Pico (Molecular Devices, CA, USA) and 
the InCellis Fluorescent microscope (Bertin Instruments, 
Montigny-le-Bretonneux, France). Image acquisition on the ImageXpress 
Pico was performed in a 6x6 square image scan, using a 10× magnifi-
cation, covering ~20% of the central area of each well. Hoechst 33342 
staining was imaged using the DAPI channel and BODIPY staining using 
the FITC channel, and image analyses were performed on the images 
obtained from the ImageXpress Pico instrument using the CellRe-
porterXpress software. The percentage of lipid-positive cells was calcu-
lated using the automated cell scoring software function “Cell 
differentiation” which identifies cells that either contain lipids (positive 
cells) or that do not contain any lipids (negative cells). Lipid-positive 
area was measured using the software function “Cell count”, with 
marker set for the FITC channel and calculated as the total stain area of 
BODIPY per total number of cells. 

2.4. Gene expression 

Total RNA was extracted from differentiating preadipocytes (days 0, 
7, and 14 post-induction) (n = 3–6) using the RNeasy lipid tissue mini kit 
(Qiagen, Hilden, Germany), as previoulsy reported (Pereira et al., 2022). 
cDNA was synthesized using a High Capacity cDNA Reverse Transcrip-
tase kit (Applied Biosystems, Foster City, CA, USA) according to the 
manufacturer’s guidelines. The concentration and purity of total RNA 
were measured with the Nanodrop (Thermo Scientific). mRNA expres-
sion was determined using TaqMan gene expression assays (Thermo 
Fisher) shown in Table 2. Gene expression was detected using the 
QuantStudio 3 sequence detection system (Applied Biosystems) and 
calculated using a 2− deltaCt. The gene expression levels were normalized 
to the housekeeping gene GUSB for human samples and Gapdh for mice 
samples, and all samples were run in duplicates. 

2.5. Western blot 

Total protein lysates were prepared from adipocytes differentiated in 
the presence or absence of SGAs (day 14 post-induction, n = 3) using 
lysis buffer (25 mM Tris-HCl (Sigma), pH 7.4; 0.5 mM EGTA (Sigma); 25 
mM NaCl (Sigma); 1% Nonidet P-40 (Sigma); 1 mM Na3Vo4 (Sigma); 10 

mM NaF (Sigma); 100 nM okadaic acid (Alexis Biochemicals, Lausen, 
Switzerland), 1X Complete protease inhibitor cocktail (Roche, Indian-
apolis, IN, USA) and 1X orthovanadate (Sigma), as previously reported 
(Kamble et al., 2020). Samples were vortexed, incubated on ice for 10 
min, and centrifuged at 12000g for 15 min at 4 ◦C. The lysate was 
collected, and protein concentration was determined using a BCA pro-
tein assay kit (Pierce, Thermo Scientific, Rockford, IL, USA). 

Proteins (20 μg) were separated by SDS-PAGE (5–8% gradient, Bio-
Rad, Hercules, CA), transferred to nitrocellulose membranes, and 
blocked for 1 h at room temperature with 0.05% tween-phosphate buffer 
saline (PBST, Medicago, Uppsala, Sweden) with either 5% non-fat milk 
(BioRad) or BSA (Sigma). Membranes were incubated overnight with 
primary anti-GLUT4 antibody (1:1000 Invitrogen, Waltham, MA, MA1- 
83191). β actin (1:1000, Cell signaling, Beverly, MA; 4970S) was used as 
a loading control protein. Membranes were then washed with PBST 
buffer and incubated with appropriate horseradish peroxide conjugated 
anti-rabbit or anti-mouse (Cell Signaling Technologies) secondary anti-
body. Protein bands were visualized using enhanced chemiluminescence 
with a high-resolution field on the ChemiDoc™ MP System (BioRad) and 
quantified with Image Lab software (BioRad). 

2.6. Glucose uptake in differentiated adipocytes 

Glucose uptake was performed on days 13–14 of the differentiation 
(n = 3–5) in control and SGA-incubated cells using luminescence 
Glucose Uptake-GLO™ kit (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions and as previously reported (Pereira 
et al., 2022). Briefly, cells were washed twice with warmed PBS and then 
incubated for 2 h in Krebs Ringer HEPES (KRH) buffer containing 0.01% 
BSA (Sigma), with 5 mM glucose (Sigma), 200 nM adenosine (Sigma), 
and pH 7.4 followed by washing twice with KRH without glucose. Cells 
were then incubated at 37 ◦C for 30 min in KRH medium without 
glucose, and without or with physiological and supra-physiological 
concentrations of insulin (25 and 1000 μU/mL, respectively). 1 mM 
(final concentration) of 2-deoxyglucose was added during the last 10 
min of the incubation. The glucose uptake quantification was done as 
per the manufacturer’s instructions and corrected for total protein 
concentrations. 

2.7. Cell viability assay 

Cell viability was measured on day 14 of differentiation using 
CyQUANT™ LDH Cytotoxicity Assay Kit (C20300; Invitrogen, Waltham, 
MA) per manufacturer’s instructions (n = 3). Briefly, 10X Lysis Buffer 
was added onto the plates with adipocytes differentiated without or with 
SGAs, and the plates were incubated for 45 min at 37 ◦C. After incu-
bation, 1X Positive Control and Reaction Mixture were added, and plates 
were incubated at room temperature for 30 min protected from light. 
Thereafter, Stop Solution was added, and absorbance was measured at 
490 and 680 nm on a plate reader (SpectraMax® iD3, Molecular De-
vices). Cell viability was calculated as relative to control. 

2.8. Animals 

Animal studies developed at the Instituto de Investigaciones Bio-
medicas Alberto Sols (Madrid, Spain) were approved by the Ethics 
Committee of the Consejo Superior de Investigaciones Científicas (CSIC, 
Spain) and conducted per the guidelines for animal care of Comunidad 
de Madrid (Spain) and the Directive 2010/63/EU of the European 
Parliament and the Council. 

To test the effects of OLA and ARI on adipose tissue gene expression 
in vivo, 12-week old male mice were used, and the study was performed 
as previously described (Ferreira, Folgueira et al. 2022). Briefly, the 
animals were kept in a controlled environment (temperature: 22–24 ◦C, 
humidity: 55%), with 12 h of light-dark cycles and fed with regular 
rodents’ chow diet (A04, Panlab, Barcelona, Spain) (n = 9) or the same 

Table 2 
TaqMan probes used for gene expression analyses.  

Gene name (symbol) TaqMan probe Human (Hs)/ 
Mouse (Mm) 

Aconitase 1 (ACO1) Hs00158095 
Adiponectin (ADIPOQ) Hs00605917 
Adipose triglyceride lipase (ATGL; PNPL2) Hs00982042 
Carnitine palmitoyltransferase 1B (CPT1B) Hs00189258 
CCAAT eenhancer binding protein alpha (CEBPA) Hs00269972 
Cluster of differentiation 36 (CD36) Hs00354519 
Diacylglycerol O-acyltransferase 2 (DGAT2) Hs01045913 
Fatty acid synthase (FASN/Fasn) Hs01005622/Mm00662319 
Glucose transporter 1 (GLUT1; SLC2A1) Hs00892681 
Glucose transporter 4 (GLUT4; SLC2A4) Hs00168966 
Hormone-sensitive lipase (HSL; LIPE) Hs00193510 
Leptin (LEP/Lep) Hs00174877/Mm00434759 
Lipoprotein lipase (LPL) Hs00173425 
Mitochondrial transcription factor A (TFAM) Hs00273372 
Peroxisome proliferator-activated receptor 

gamma (PPAR/Pparg) 
Hs01115513/Mm00440940 

Pyruvate dehydrogenase kinase 4 (PDK4/Pdk4) Hs01037712/Mm01166879  
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diet supplemented with OLA (n = 9) or ARI (n = 8) for 7 months. The 
calculations were made so that, with a regular food intake of 4 g/day, 
the mice (with a weight between 30 and 35 g) received 5 mg/kg/day of 
OLA or ARI. After the treatment, during the light phase of the diurnal 
cycle, mice were euthanized by decapitation. White adipose tissue, both 
visceral-epididymal and subcutaneous-inguinal, was dissected, 
snap-frozen, and stored at − 80 ◦C until used for gene expression 
analyses. 

2.9. Statistical analysis 

Data are shown as mean ± SEM unless stated otherwise. All data 
were first checked for normality using the Shapiro-Wilk test and 
analyzing histograms. A comparison of the mean of more than two 
groups was made using repeated measures ANOVA and corrected for the 
false discovery rate using the original Benjamini and Hochberg method. 
All statistical analyses were performed using GraphPad Prism 9 

software, and p < 0.05 was considered statistically significant. 

3. Results 

3.1. SGAs effects on human adipocyte differentiation 

Human primary preadipocytes were differentiated in the absence or 
presence of ARI, DARI, and OLA for 14 days. The adipocyte differenti-
ation rate was determined by measuring the number of differentiating 
adipocytes, adipocyte lipid accumulation, and the expression of key 
adipogenic mRNA markers. We have previously shown that these mea-
sures were inhibited after the knockout of the master regulator of adi-
pogenesis, PPARG, in human preadipocytes (Kamble et al., 2020). 

When present during differentiation, therapeutic levels of ARI and 
supra-therapeutic concentration of DARI caused a minor but significant 
reduction in the number of differentiating preadipocytes (up to 4%; p <
0.05), and in the amount of lipids accumulated per adipocyte (up to 

Fig. 1. SGAs effects on human adipocyte differenti-
ation and cell viability. (A) Representative images of 
adipocytes on day 14 of differentiation in the absence 
or presence of therapeutic and supra-therapeutic 
concentrations of ARI, DARI, and OLA, stained with 
Hoechst 33342 nuclear stain (blue), BODIPY lipid 
stain (green) and corresponding bright-field images. 
(B) The number of differentiating adipocytes, 
measured as the percentage of lipid-positive cells on 
day 14. (C) Lipid-positive area, measured as BODIPY- 
covered area per cell number on day 14. (D-F) mRNA 
expression levels of differentiation gene markers in 
human preadipocytes on days 7 and 14 of differenti-
ation. (G, H) mRNA expression of adipokines on days 
7 and 14 of differentiation. (I) Cell viability on day 14 
of differentiation, assessed by LDH release and shown 
as relative to Control. Comparisons were made be-
tween treatments at either time point and not be-
tween time points. Data are shown as mean ± SEM, n 
= 3–6. ARI, aripiprazole, OLA, olanzapine; DARI, 
dehydroaripiprazole. *p < 0.05, **p < 0.01, ***p <
0.001.   
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10%; p < 0.05) (Fig. 1A–C). Similarly, the supra-therapeutic concen-
tration of ARI caused only a minor decrease in the number of differen-
tiating preadipocytes (~6%; p < 0.001); however, it markedly 
decreased the amount of lipids accumulated per adipocyte (~70%; p <
0.01), compared to the control (Fig. 1A–C). 

Regarding the effects of SGAs on the expression of adipogenic gene 
markers, overall, we observed that ARI on days 7 and 14, and DARI on 
day 7, at supra-therapeutic concentrations, reduced the expression of all 
measured differentiation markers (PPARG, CEBPA, CD36, and ADIPOQ) 
(Fig. 1D–G). In addition, therapeutic concentrations of ARI reduced 
CEBPA and ADIPOQ expression, and DARI reduced CEBPA expression on 
day 7, but these effects were lost by day 14 of adipogenesis (p < 0.05) 
(Fig. 1E and G). Interestingly, therapeutic concentrations of ARI and 
supra-therapeutic concentration of DARI increased PPARG expression 

on day 14 of adipogenesis (p < 0.05) (Fig. 1D). OLA did not affect dif-
ferentiation rate at therapeutic (data not shown) or supra-therapeutic 
concentrations (Fig. 1A–D), except for an almost 2-fold up-regulation 
of LEP expression at the end of differentiation compared to the control 
(p < 0.01) (Fig. 1H). Furthermore, leptin mRNA levels were significantly 
increased by treatment with supra- and therapeutic concentrations of 
ARI and DARI on day 14 of differentiation (p < 0.05) (Fig. 1H). 
Adipocyte cell viability was not affected after differentiation in the 
presence of either SGA (Fig. 1I). 

3.2. Analysis of the SGA effects on the expression of lipid storage markers 

Lipid storage gene markers FASN, DGAT2, and LPL expression were 
significantly reduced during and after differentiation (days 7 and 14) in 

Fig. 2. Effects of SGAs on the gene expression of lipid 
storage markers in human adipocytes differentiated 
without or with SGAs. (A-C) Expression levels of gene 
markers of lipogenesis, and (D, E) lipolysis on days 7 
and 14 of human adipocyte differentiation in the 
presence or absence of therapeutic and supra- 
therapeutic concentrations of ARI, DARI, and OLA. 
Comparisons were made between treatments at either 
time point and not between time points. Data are 
shown as mean ± SEM, n = 4–6. FASN data has been 
log-transformed. ARI, aripiprazole, OLA, olanzapine; 
DARI, dehydroaripiprazole. *p < 0.05, **p < 0.01, 
***p < 0.001.   
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the presence of a supra-therapeutic concentration of ARI (p < 0.05) 
(Fig. 2A–C). LPL mRNA expression was also reduced with therapeutic 
concentrations of ARI and supra-therapeutic concentration of DARI on 
day 7 of differentiation (p < 0.05), but these effects were not observed 
on day 14 (Fig. 2C). The expression of the lipolytic genes HSL and ATGL 
was significantly reduced by the supra-therapeutic concentration of ARI 
(days 7 and 14) (p < 0.05) (Fig. 2D and E). In addition, ATGL gene 
expression on day 7 was dose-dependently reduced by ARI treatment 
(Fig. 2E), and DARI reduced mRNA expression of HSL on day 14 and 
ATGL on day 7 of differentiation (p < 0.05) (Fig. 2D and E). 

3.3. Analysis of glucose uptake in differentiated adipocytes after SGAs 
treatment 

Glucose uptake was measured in adipocytes differentiated in the 

presence or absence of SGAs. ARI and DARI dose-dependently decreased 
basal and insulin-stimulated glucose uptake up to ~70% (Fig. 3A). 
However, the relative response to insulin was similar between SGAs and 
control conditions, except for a significant reduction with a supra- 
therapeutic concentration of ARI (p < 0.001 for maximal insulin stim-
ulation). GLUT1 mRNA expression was dose-dependently decreased up 
to 80% by ARI and DARI on day 14 of differentiation (p < 0.05) 
(Fig. 3B). The expression of GLUT4 transporter was dose-dependently 
decreased up to 90% by both ARI and DARI on day 7 and by supra- 
therapeutic concentrations of ARI and DARI on day 14 of differentia-
tion (p < 0.05) (Fig. 3C). In addition, the protein levels of GLUT4 fol-
lowed the gene expression pattern and were decreased up to 60% by the 
supra-therapeutic concentration of ARI and both supra- and therapeutic 
concentrations of DARI on day 14 of differentiation, when compared to 
the control condition (p < 0.05) (Fig. 3D and E). OLA had no impact on 

Fig. 3. Glucose uptake and the expression of glucose 
transporters in human adipocytes differentiated 
without or with SGAs. (A) Basal and insulin- 
stimulated adipocyte glucose uptake shown as rela-
tive to Control basal (n = 3–6). (B, C) mRNA 
expression levels of glucose transporters 1 (GLUT1) 
and GLUT4 on days 7 and 14 of differentiation (n =
5–6). (D) Representative western blot images of 
GLUT4 and β actin proteins in control and ARI, DARI, 
or OLA treated adipocytes on day 14, and (E) quan-
tification of protein levels (n = 3). Comparisons were 
made between treatments at either time point and not 
between time points. Data are shown as mean ± SEM. 
ARI, aripiprazole, OLA, olanzapine; DARI, dehy-
droaripiprazole. *p < 0.05, **p < 0.01, ***p < 0.001.   
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adipocyte glucose uptake or the expression of the glucose transporters at 
therapeutic (data not shown) or supra-therapeutic concentrations 
(Fig. 3A–E). 

3.4. Evaluation of the effects of SGAs on gene expression of mitochondrial 
function and lipid oxidation markers 

The expression of mitochondrial biogenesis marker TFAM and the 
lipid oxidation markers PDK4, CPT1B, and ACO1 was decreased by the 
supra-therapeutic concentration of ARI on days 7 and 14 compared to 
control on the respective days (p < 0.05, Fig. 4A–D). In addition, the 
supra-therapeutic concentration of DARI reduced the expression of 
TFAM and PDK4, but only on day 7 (p < 0.05, Fig. 4A–B). In contrast, 
therapeutic concentrations of ARI and supra- and therapeutic concen-
trations of DARI increased the expression of TFAM (p < 0.05, Fig. 4A) 
and lipid oxidation markers PDK4, CPT1B, and ACO1 (p < 0.06, 
Fig. 4B–D) on day 14 of differentiation. 

3.5. Gene expression in adipose tissue from ARI- and OLA-treated mice 

The in vitro outcomes of the SGAs-mediated effects on the expression 
of differentiation, lipid storage, and mitochondrial function markers in 
human preadipocytes were validated in inguinal and epididymal adi-
pose tissue depots from mice treated with ARI and OLA for 7 months. 

Treatment with OLA increased the weight of the animals, compared to 
baseline (Ferreira, Folgueira et al. 2022), but not with ARI. However, 
there was an increase in epididymal adipose tissue weight after OLA and 
ARI treatment (by 89% and 132%, respectively; p < 0.05), and inguinal 
adipose tissue weight by ARI (by 140%; p < 0.05). In epididymal adipose 
tissue, ARI and OLA treatments decreased the expression of Pparg (p <
0.001) (Fig. 5A). Similar to the in vitro results in human preadipocytes, 
OLA and ARI increased the expression of Lep in both inguinal (OLA p =
0.07 and ARI p < 0.05) and epididymal adipose tissue (OLA p = 0.05 and 
ARI p < 0.01) (Fig. 5B). The lipid storage marker Fasn was decreased in 
both inguinal and epididymal adipose tissues (p < 0.05) (Fig. 5C). 
Furthermore, the lipid oxidation marker Pdk4 was increased by both ARI 
and OLA treatments in epididymal adipose tissue (p < 0.05) (Fig. 5D). 

4. Discussion 

This study investigated the effects of ARI, its active metabolite DARI, 
and OLA on human adipocyte differentiation. The results show that 
while ARI and DARI can directly impair adipocyte differentiation and 
glucose uptake, OLA only acts to increase leptin mRNA expression in 
differentiated adipocytes. 

Therapeutic concentrations of ARI and DARI had only minor or no 
effects on the differentiation of human preadipocytes and expression of 
adipogenic and lipogenic gene markers. On the contrary, the supra- 

Fig. 4. Mitochondria-related gene markers expression in human preadipocytes differentiated without or with SGAs. (A) mRNA expression of mitochondrial 
biogenesis, and (B-D) lipid oxidation gene markers on days 7 and 14 of differentiation (n = 3–6). Comparisons were made between treatments at either time point 
and not between time points. Data are shown as mean ± SEM. ARI, aripiprazole, OLA, olanzapine; DARI, dehydroaripiprazole. *p < 0.05, **p < 0.01, ***p < 0.001. 

M. Vranic et al.                                                                                                                                                                                                                                 



Molecular and Cellular Endocrinology 561 (2023) 111828

8

therapeutic concentration of ARI markedly decreased lipid accumula-
tion by ~70%, which was in accordance with the reduction in the 
expression of genes regulating adipocyte differentiation (e.g. PPARG, 
CD36, CEBPA) and lipid storage (e.g. FASN, DGAT2) and adipocyte 
differentiation. However, the translational relevance of this finding is 
debatable since the supra-therapeutic concentration used is ~10 times 
higher than commonly found in the plasma of patients taking ARI, which 
varies roughly from 0.5 to 2 μM with doses of 7.5–60 mg/day (Kirsch-
baum et al., 2008). OLA treatment had no effects on adipocyte differ-
entiation and adipocyte lipid and glucose metabolism in vitro, suggesting 
that commonly reported OLA-induced weight gain (Citrome et al., 2011; 
Huang et al., 2020) is not due to direct effects on adipocyte develop-
ment. Conversely, OLA has previously been described to enhance 
adipocyte differentiation and increase triglyceride accumulation during 
in vitro differentiation in human and rodent precursor cells (Bába et al., 
2019; Nimura et al., 2015; Sertié et al., 2011; Yang et al., 2007). How-
ever, it is important to highlight that previous studies used different cell 
models, incubation periods, and much higher concentrations of OLA (up 
to 100 μM) than found in the serum of the patients under OLA treatment. 
The divergent effects could be explained by the different cell models 
and/or supra-therapeutic concentrations of SGAs used in previous in 
vitro studies (Grajales et al., 2019; Ferreira, Grajales et al. 2020). In 
accordance with the findings in human preadipocytes, OLA and ARI 
treatments in mice had no effect on the expression of differentiation 
markers in inguinal adipose tissue. Nevertheless, in epididymal adipose 
tissue ARI and OLA treatment reduced Pparg expression. These results 
also highlight the importance of future studies to explore SGAs-induced 
effects in cells from human visceral adipose tissue (VAT) to elucidate 
potential depot-specific effects since the results presented in this work 
are exclusively in preadipocytes isolated from human SAT. 

The treatment with ARI and its metabolite dose-dependently reduced 
(up to 70%) the basal and insulin-stimulated glucose uptake in differ-
entiated adipocytes. Insulin-stimulated glucose uptake reduction caused 
by the supra-therapeutic concentration of ARI could be attributed to the 

lack of adipocyte differentiation in those cultures, as insulin respon-
siveness and GLUT4 expression are characteristics of mature adipocytes 
(Hauner et al., 1998; Fernyhough et al., 2007). However, the therapeutic 
concentrations of ARI, as well as DARI, inhibited adipocyte glucose 
uptake without major effects on adipocyte differentiation, so this effect 
can be considered differentiation-independent. Moreover, except for the 
highest ARI concentration, cultures treated with ARI and DARI did not 
show an altered insulin response, suggesting that the inhibitory effects 
are independent of insulin signaling. Accordingly, decreased glucose 
uptake was most likely due to the decreased expression of glucose 
transporters GLUT1 and GLUT4. Reduction in adipocyte glucose uptake 
after ARI and DARI treatment may contribute to impaired glucose 
handling in adipose tissue and hyperglycemia, as observed in patients 
with T2D (Pereira et al., 2016; Boersma et al., 2018). Even though ARI is 
considered metabolically safer, compared to OLA, previous studies have 
reported aripiprazole-induced hyperglycemia, and even cases of dia-
betic ketoacidosis in humans (Dhamija and Verma 2008, Makhzoumi 
et al., 2008). 

We also observed an increase in the expression of genes important for 
mitochondrial biogenesis and lipid oxidation (e.g. TFAM, PDK4, CPT1B) 
by ARI and DARI, which could indicate increased lipid oxidation rates in 
adipocytes (Vernochet et al., 2012; Warfel et al., 2016; Pettersen et al., 
2019; De Carvalho et al., 2021). However, bearing that measuring gene 
expression of mitochondrial function markers is an indirect measure of 
mitochondrial activity, further functional studies are required. 
Enhanced lipid oxidation in combination with the decreased glucose 
uptake lead us to hypothesize that there could be a potential metabolic 
switch from glucose to lipid utilization in adipocytes. In animal studies, 
it has previously been shown that SGAs such as OLA and clozapine can 
cause a rapid switch from glucose utilization to whole-body lipid 
oxidation in mice, while ARI has little or no effects (Albaugh et al., 2012; 
Klingerman et al., 2013). Decreased glucose uptake and increased lipid 
oxidation in adipocytes, as observed in our results, could be protective 
against weight gain (Vijayakumar et al., 2012) and potentially explain 

Fig. 5. Gene expression in inguinal and epididymal adipose tissue depots from SGAs-treated mice for 7 months. mRNA expression of (A-C) adipocyte differentiation 
and function markers, (D) lipid oxidation gene marker in inguinal and epididymal adipose tissue of control, and ARI- and OLA-treated mice. Data are shown as mean 
± SEM, n = 9 for controls, n = 9 for OLA, and n = 8 for ARI. ARI, aripiprazole, OLA, olanzapine. *p < 0.05, **p < 0.01, ***p < 0.001. 
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why patients taking ARI have fewer reported weight-related side effects 
(Hirsch et al., 2017). However, further in vitro and in vivo functional 
assessments of potential energy substrate switch following ARI treat-
ment are needed. 

Leptin is an energy balance regulating adipokine secreted mainly by 
white adipose tissue, hence circulating leptin levels are strongly corre-
lated to body fat percentage (Considine et al., 1996a). It is well-known 
that leptin blood levels are increased in obesity (Considine et al., 
1996a), reflecting leptin resistance that may account for disturbances in 
body weight regulation (Sáinz et al., 2015). ARI- and OLA-treated mice 
in vivo showed increased levels of Lep expression in both epididymal and 
inguinal adipose tissue depots. An increase in leptin upon treatment 
with SGAs has also previously been shown in patients taking the drugs 
(Pérez-Iglesias, Ortiz-Garcia de la Foz et al., 2014, Potvin et al., 2015). 
Leptin increase in vivo could reflect the increase in adiposity after the 
SGAs treatment, as also previously suggested in patients during anti-
psychotic treatment (Haupt et al., 2005). However, our in vitro data 
argue that ARI, DARI, and OLA treatment can directly up-regulate LEP 
expression in human adipocytes. Leptin is considered a major CNS 
satiety signal, but it also plays an important role in the periphery. Leptin 
can acutely inhibit the translocation of GLUT4 in murine muscle L6 cells 
(Sweeney et al., 2001) and regulate lipolysis in adipocytes (Zeng et al., 
2015). However, whether increased leptin mRNA expression is associ-
ated with increased leptin protein levels and impairment in glucose and 
lipid metabolism in adipocytes requires further investigation. 

ARI and OLA target a spectrum of different neurotransmitter re-
ceptors e.g. dopaminergic, serotonergic, histaminergic etc. (Roth et al., 
2004). However, they differ in drug pharmacology, from the receptors 
they target with varying relative affinities, to their agonism/antagonism 
properties, e.g. OLA antagonizes dopamine receptor D2, serotonin re-
ceptor 5-HT2C, and muscarinic M3 receptor, while ARI acts as a partial 
agonist of D2 and 5-HT1 (Nasrallah 2008, Siafis et al., 2018). Specific 
receptor-binding profiles of SGAs have previously been associated with 
the specific metabolic side effects; for example, the antagonism of 
5-HT2C, D2, and H1 has been linked to the antipsychotic induced weight 
gain and diabetes, and partial agonism of D2/3 or 5-HT1 may disrupt 
insulin secretion by beta cells (Allison et al., 1999; Matsui-Sakata et al., 
2005; Correll et al., 2011, Guenette et al., 2013; Ustione et al., 2013; 
Bennet et al., 2015). Varying propensities to cause metabolic 
adverse-effects, as well as different adverse-effect profiles, may be due to 
the differences in receptor-binding profiles of the SGAs (Nasrallah, 
2008a). Future studies are warranted to investigate the link between 
receptor-binding profiles and the divergent metabolic side-effects 
induced by ARI and OLA. 

This study has some limitations. The differentiation in the presence 
of SGAs was performed in a limited number of experiments and only in 
preadipocytes from SAT, thus, future studies should also focus on the 
effects on VAT preadipocytes. Additionally, the in vitro study in human 
adipocytes doesn’t necessarily reflect the in vivo setting in humans. 
Furthermore, the therapeutic and supra-therapeutic concentrations of 
the drugs used to treat human adipocytes were based on the measures in 
the plasma of the patients receiving treatment (Kirschbaum et al., 2008; 
Citrome et al., 2009). However, since SGAs are lipophilic drugs, the 
concentration in adipose tissue could be higher than the concentration 
in plasma. Additionally, this study our lacks functional assessment of 
lipid oxidation. 

These data suggest that ARI, but not OLA, may directly act via in-
hibition of subcutaneous adipocyte differentiation and glucose uptake, 
and increase the expression of lipid oxidation genes. These molecular 
insights suggest that ARI may cause a switch from glucose to lipid uti-
lization in adipocytes, while OLA may require longer chronic treatments 
and/or the crosstalk with other organs, such as the brain, to exert their 
side-metabolic effects. 
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Spégel, P., Storm, P., Krus, U., Wierup, N., Fex, M., 2015. Altered serotonin (5-HT) 
1D and 2A receptor expression may contribute to defective insulin and glucagon 
secretion in human type 2 diabetes. Peptides 71, 113–120. 

Boersma, G.J., Johansson, E., Pereira, M.J., Heurling, K., Skrtic, S., Lau, J., 
Katsogiannos, P., Panagiotou, G., Lubberink, M., Kullberg, J., Ahlström, H., 
Eriksson, J.W., 2018. Altered glucose uptake in muscle, visceral adipose tissue, and 
brain predict whole-body insulin resistance and may contribute to the development 
of type 2 diabetes: a combined PET/MR study. Horm. Metab. Res. 50 (8), 627–639. 

Citrome, L., Holt, R.I., Walker, D.J., Hoffmann, V.P., 2011. Weight gain and changes in 
metabolic variables following olanzapine treatment in schizophrenia and bipolar 
disorder. Clin. Drug Invest. 31 (7), 455–482. 

Citrome, L., Stauffer, V.L., Chen, L., Kinon, B.J., Kurtz, D.L., Jacobson, J.G., Bergstrom, R. 
F., 2009. Olanzapine plasma concentrations after treatment with 10, 20, and 40 mg/ 

M. Vranic et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0303-7207(22)00276-3/sref1
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref1
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref1
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref1
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref2
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref2
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref2
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref3
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref3
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref3
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref3
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref3
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref4
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref4
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref4
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref4
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref5
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref5
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref5
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref5
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref6
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref6
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref6
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref6
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref6
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref7
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref7
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref7
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref8
http://refhub.elsevier.com/S0303-7207(22)00276-3/sref8


Molecular and Cellular Endocrinology 561 (2023) 111828

10

d in patients with schizophrenia: an analysis of correlations with efficacy, weight 
gain, and prolactin concentration. J. Clin. Psychopharmacol. 29 (3), 278–283. 

Considine, R.V., Sinha, M.K., Heiman, M.L., Kriauciunas, A., Stephens, T.W., Nyce, M.R., 
Ohannesian, J.P., Marco, C.C., McKee, L.J., Bauer, T.L., Caro, J.F., 1996. Serum 
immunoreactive-leptin concentrations in normal-weight and obese humans. N. Engl. 
J. Med. 334 (5), 292–295. 

Correll, C.U., Lencz, T., Malhotra, A.K., 2011. Antipsychotic drugs and obesity. Trends 
Mol. Med. 17 (2), 97–107. 

De Carvalho, F.G., Brandao, C.F.C., Batitucci, G., Souza, A.d.O., Ferrari, G.D., Alberici, L. 
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