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Abstract

Background Antipsychotic-induced weight gain (AIWG) is a common side effect of antipsychotic drugs and may
lead to cardiometabolic comorbidities. There is an urgent public health need to identify patients at high risk of AIWG
and determine potential biomarkers for AIWG.

Methods In the Sequential Multiple-Assignment Randomized Trials to Compare Antipsychotic Treatments (SMART-
CAT) trail, first-episode schizophrenia patients were randomly assigned to olanzapine, risperidone, perphenazine,
amisulpride or aripiprazole for 8 weeks. We applied absolute quantitative lipidomics at baseline and after 8 weeks

of antipsychotic treatment in 80 patients. To evaluate the effects of AIWG on lipid profile, 25 patients with >7%
weight changes (weight gain, WG) and 28 patients with <|3|% weight changes (weight stable, WS) were investigated,
separately.

Results We found that baseline CerP(d40:3) and PC(20:1_22:6) were positively associated with weight changes at
follow-up (r>04, pFDR < 0.05). Additionally, baseline CerP(d40:3) and PC(20:1_22:6) independently predicted rapid
weight gain, with receiver operating curve (ROC) of 0.76 (95% Cl: 0.63-0.90), and 0.75 (95% Cl: 0.62-0.88), respectively.
Compared with baseline, levels of 45 differential lipid metabolites (fold change > 1.2, VIP>1 and pFDR <0.05) were
significantly higher in the WG group. Interestingly, no differential lipid metabolites were identified in the WS group.
The LASSO regression model identified 18 AIWG lipid signatures, including 2 cholesterol esters (ChEs), 1 diglyceride
(DG), 12 phosphatidylcholines (PCs), 1 phosphatidylglycerol (PG), 1 phosphatidylinositol (PI), and 1 sphingomyelin
(SM), with the ChE(16:1) contributing the most. Furthermore, the level changes of ChE(16:1) were positively associated
with weight gain(r=0.67, pFDR < 0.05).

Conclusion Our findings indicate that lipid profile may serve as predictors of rapid weight gain in schizophrenia and
provide useful markers for AIWG intervention.
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Introduction

Antipsychotic-Induced Weight Gain (AIWG) is a major
side effect of antipsychotic treatment, and negatively
impacts on quality of life, treatment adherence and may
result in metabolic syndrome and excess mortality in
severe mental illness [1-3]. Recent studies have focused
on the reversibility of AIWG, nevertheless, AIWG can
only be reversed to a limited extent by reducing, switch-
ing, or discontinuing antipsychotics [4, 5]. Effective man-
agement of AIWG during initial treatment is critical for
prompt correction of AIWG progression and its associ-
ated metabolic complications. Thus, there is an urgent
need for better understand the molecular mechanisms
behind AIWG in order to develop more precise preven-
tion strategies.

A two-stage genome-wide association study in Han
Chinese patients with schizophrenia highlighted that
lipid pathway dysfunction plays a role in the mechanism
of AIWG [6]. Lipidomics, a rapid development of high-
throughput metabolomics techniques, has paved the way
for directly measureing disease- or intervention-derived
shifts in metabolism. Emerging data demonstrates that
exposure to antipsychotic drugs could alter lipid metabo-
lism. In female patients with first-episode schizophrenia,
4-week antipsychotic treatment was characterized by ele-
vated levels of lysophosphatidylcholine (LysoPC), lyso-
phosphatidylethanolamine (LysoPE), as well as reduced
carnitine levels [7]. Notably, changes in LysoPC(14:0)
level independently contributed to olanzapine-induced
weight gain [7]. After 7-month antipsychotic treatment,
the levels of 11 glycerophospolipids (GPLs) [2 LysoPCs,
9 phosphatidylcholines (PCs)] and 2 sphingomyelins
(SMs)] changed in individuals with first-episode psycho-
sis [8], however the relationship between these altered
lipid profiles and weight gain remains unknown. In par-
ticular, a molecular signature consisting of 2 triacylglyc-
erols (TGs) was found to predict one year weight gain in
individuals with psychotic disorders [9]. Recent research
has confirmed that olanzapine exposure leads to weight
gain and liver lipid accumulation through up-regulation
of genes related to lipid synthesis and down-regulation of
genes involved in lipolysis [10]. On the other hand, lipid
alterations have been documented in plasma and adipo-
cytes from obese individuals. Compared to lean controls,
obese females and males had a 31% and 34% increase in
total ceramide content in their adipocytes, respectively
[11]. Plasma lipidomics reported higher levels of dhCer,
Cer(d18:0_22:0), 12 TG species, and DG(18:0_20:4)
among overweight/obese patients [12].

The aforementioned studies hold promise for the iden-
tification of potential lipid contributors to AIWG. The

aim of this study is to identify schizophrenia patients who
have a high risk of rapid AIWG, and to characterize the
early-stage lipid profile and biomarkers of AIWG. Here
we present a comprehensive serum lipid profile analysis
in first-episode drug-naive patients with schizophrenia
(FES) before and after 8 weeks of antipsychotic mono-
therapy based on the Sequential Multiple-Assignment
Randomized Trials to Compare Antipsychotic Treat-
ments (SMART-CAT) trial [13]. Taking into account the
above evidence, we hypothesized that lipid profiles may
serve as predictors and useful markers for AIWG in indi-
viduals with schizophrenia.

Methods

Participants

One hundred and five patients who met Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition
(DSM-V) criteria for schizophrenia, schizophreniform
or schizoaffective disorder were recruited from Shang-
hai Mental Health Center (SMHC). The inclusion cri-
teria were as follows: (1) aged between 16 and 45 years;
(2) hospitalized patients; (3) first episode and illness
duration<3 years (4) drug-naive, or continuous use of
the same antipsychotic drug<14 days, and the cumula-
tive antipsychotic treatment<42 days; (4) PANSS total
score>70 and at least one of the following items (delu-
sions, conceptual disorganization, hallucinatory behav-
ior, grandiosity, or suspiciousness/persecution) score >4.
Participants with diagnoses of schizophreniform disor-
der at study enrollment were subsequently confirmed as
schizophrenia 6 months later. Exclusion criteria included
unstable clinical condition, significant medical condi-
tions or any other psychiatric or neurological disorders,
current substance abuse, modified electric convulsive
therapy, pregnancy, or breastfeeding. The study was
approved by the Institutional Review Board of SMHC
(Reference no.:2018-37R), and written informed consent
was obtained from all patients.

Study design

This randomized, controlled study was based on the
SMART-CAT trial [13] and conducted between Janu-
ary 1, 2021 and December 31, 2021. After enrollment,
eligible patients were randomly assigned to receive oral
olanzapine, risperidone, amisulpride, aripiprazole or
perphenazine for 8 weeks. The detailed dosing for the
pharmacological treatment is listed in the supplemen-
tary material. Clinical symptoms were assessed using the
Positive and Negative Syndrome Scale (PANSS) [14] and
the Clinical Global Impression (CGI)-severity scale [15].
After 8 weeks treatment, non-responders (defined as
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PANSS reduction rate<40%) or patients with intolerable
side effects were excluded in the analysis. Body weight
and laboratory tests [fasting blood glucose(GLU), tri-
glycerides, high density lipoprotein cholesterol (HDL-C),
and low density lipoprotein cholesterol (LDL-C)] were
collected at baseline and 8 weeks follow-up. Out of the
105 patients enrolled, 2 patients withdrew their consent,
and 23 patients switched treatments due to poor effi-
cacy. Finally, 80 patients completed 8 weeks of treatment
and entered the final analysis, comprising 71 drug-naive
patients and 9 patients who had received antipsychotics
for a duration of 1-3 days.

Serum absolute quantitative lipidomics and data
processing

Fasting serum samples of FES patients were collected for
lipidomics measurement before and after 8 weeks anti-
psychotic treatment. Blood samples were obtained using
standard venipuncture technique between 06:00-06:30
a.m. A volume of 5 ml blood was sampled in anticoag-
ulant-free tubes and kept for 1 h at 4 °C prior to serum
isolation (centrifugation at 3000 rpm for 15 min at 4 °C).
Serum samples were frozen and stored under identical
conditions at —80 °C until processing.

The experiments and data processing were supported
by Shanghai Applied Protein Technology Co., and the
details has been published elsewhere [16], including sam-
ple preparation and lipid extraction (Tert-butyl Methyl
Ether method), lipid analysis (LC-MS/MS method) and
identification of lipids (LipidSearch software).

Statistical analysis

All lipidomics data were processed with normaliza-
tion and integration using the Perato scaling method for
further analysis. In order to investigate the association
between pre-therapeutic serum lipids and rapid weight
gain in FES patients, we first performed pearson cor-
relation and then independently tested each potential
predictor of future weight gain by the receiver operat-
ing curve (ROC) analysis. Multiple comparisons were
corrected using the false discovery rate (FDR). To evalu-
ate the effects of AIWG on lipid profile, the paired stu-
dent’s t-test was used to select the differential features of
AIWG in the WG and WS group, separately. A multivari-
ate analysis was performed with orthogonal partial least
squares discriminant analysis (OPLS-DA) by SIMPCA-P
16.1 (Umetrics, Umea, Sweden). Lipids with significant
differences were identified based on a combination of sta-
tistically significant thresholds of variable importance in
projection (VIP) calculated by OPLS-DA >1, fold change
(FC)>1.2 or FC<0.8 and pFDR<0.05 (paired student’s
t-test). Subsequently, the least absolute shrinkage and
selection operator (LASSO) regression was developed to
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select lipid profile and potential lipid biomarkers associ-
ated with ATWG.

Results

Baseline demographic and clinical characteristics

After 8 weeks of antipsychotic therapy, 25 (31.25%)
patients had clinically significant weight gain (=7%
increases from baseline) and 28 patients had stable
weight (< |3|% weight change), Fig. 1a. In the WG group,
8 patients were treated with olanzapine, 5 with risperi-
done, 7 with amisulpride, 3 with perphenazine, and 2
with aripiprazole. In the WS group, 7 with olanzapine,
5 with risperidone, 5 with amisulpride, 6 with perphen-
azine, 5 with aripiprazole. There was no statistical dif-
ferences in drug types between the WG and WS groups
(p=0.640). The demographic and clinical characteristics
of patients at baseline are summarized in Table 1. There
were no statistically significant differences between WG
and WS in terms of age, education, PANSS total and sub-
scales, HDL-C, LDL-C and GLU (all p>0.05). We found
significant group differences in sex, BMI, body weight,
WC and TG (all p<0.05).

Pre-therapeutic lipid metabolites predict the antipsychotic
induced weight gain

A total of 1913 lipid metabolites were detected using
untargeted lipidomics absolute-quantitative analy-
sis (Fig. 1b). Among these, three pre-therapeutic lipid
metabolites correlated positively with future weight
change (r>0.4, pFDR<0.05, Fig. 1c-e). Compared with
controls, patients with weight gain (WG) demon-
strated elevated levels of CerP(d40:3) and PC(20:1_22:6)
(p<0.01) at baseline(Fig. 1f and g), while the level of
TG(12:1e_6:0_22:4) remained similar between the two
groups (Fig. 1h). Correlation between pre-therapeutic
lipid CerP(d40:3) and PC(20:1_22:6) and laboratory tests
in FES patients are provided in supplementary Tables
3-4.

The independent signatures CerP(d40:3) and
PC(20:1_22:6) displayed a good ability to predict rapid
weight gain in individuals with schizophrenia, with an
area under the receiver operating characteristic curve
(AUROC) of 0.76 (95% CI: 0.63—-0.90), and 0.75 (95% CI:
0.62-0.88), respectively (Fig. 1i, Supplementary Table 4.).
However, baseline TG(12:1e_6:0_22:4) cannot predict
rapid weight gain with AUC=0.50 (95%CI: 0.35-0.65,
p=0.98). In addition, we used the Delong test to evaluate
the best predictor for weight gain, the prediction value
was similar between baseline CerP(d40:3) and baseline
PC(20:1_22:6) (Z=0.159, p=0.873).
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Fig. 1 (a) Study setting. (b) Lipid class. (c)(d)(e) Correlation of pre-therapeutic lipid metabolites with weight change (%) (8-week follow-up vs. baseline)
in the FES. (f)(g)(h) Difference in pre-therapeutic lipid levels between WG and NON-WG. (i) Pre-therapeutic lipid metabolites serve as predictors for rapid
weight gain in the FES. WG, weight gain; NON-WG, non-weight gain; WS, weight stable

Lipid metabolites in response to antipsychotic induced
weight gain

To investigate the dynamics of lipid metabolism during
antipsychotic treatment, serum samples for each patient
were collected at the two time points: before treatment
and at the 8wk of treatment. The OPLS-DA model of
the two groups are displayed in Fig. 2a and b. Following
screening with VIP value>1, pFDR<0.05, and FC>1.2
or FC<0.8 criteria, a total of 59 differential lipid metab-
olites were identified in the WG group after treatment
(Fig. 2¢, Supplementary Table 5). Among these, levels of
45 differential lipid metabolites were significantly higher

in the WG group compared to baseline. The most abun-
dant subclass was phosphatidylcholine (PC) (37 lipid
molecules), followed by diglyceride (DG) and sphingo-
myelin (SM) with 8 and 3 lipid molecules, respectively
(Fig. 2d). After screening with VIP value>1, pFDR<0.05,
and FC>1.2 or FC<0.8 criteria, no differential lipid
metabolites were observed in the WS group after treat-
ment. The LASSO regression model identified 18 lipid
signatures related to AIWG, including 2 cholesterol ester
(ChEs), 1DG, 12PCs, 1 phosphatidylglycerol (PG), 1
phosphatidylinositol (PI), and 1 SM, with the ChE(16:1)
contributing the most (Fig. 2e, Supplementary Table 6).
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ALL WG Ws t/x*(p)

N=80 N=25 N=28
Age (years) 27.20+£7.19 26.25+7.48 29.19+7.95 -1.346(0.158)
Sex (M/F) 27/53 4/21 13/15 5.613(0.018)
Education (years) 1458+261 14.86+2.49 13.71+£284 1.462(0.151)
PANSS-total 85.26+14.52 86.56+13.37 83.07+£13.52 0.943(0.350)
PANSS-P 244+465 2348+4.63 2450+4.57 -0.806(0.424)
PANSS-N 17.76+£8.08 19.40+7.89 16.82+6.85 1.273(0.209)
PANSS-G 43.10+7.79 43.68+7.12 41.75+8.06 0.919(0.362)
CGI-S 5254070 512+0.78 536+0.62 -1.229(0.225)
BMI (kg/mz) 2191+£3.83 20.18+£2.88 23.92+3.80 -4.006(< 0.001)
Body weight (kg) 61.24+£12.94 54.12+9.67 68.03+£13.20 -4.331(<0.001)
WC (cm) 80.77+10.66 75.70+885 85.60+9.59 -3.793(<0.001)
HDL-C (mmol/L) 1.60+£0.38 1.70+0.36 1.54+044 1.439(0.156)
LDL-C(mmol/L) 230081 226+0.76 239+0.74 -0.634(0.529)
TG (mmol/L) 0.92+040 0.78+0.28 1.02+049 -2.150(0.036)
GLU (mmol/L) 490£0.63 4.79+£0.64 5.06+0.65 -1.510(0.137)

Note: WG, weight gain; WS, weight stable; PANSS, Positive and Negative Syndrome Scale, which includes positive symptoms, negative symptoms and general
psychopathology subscales; CGI-S, Clinical Global Impression-Severity; BMI, body mass index; WC, Waist Circumference; HDL-c, High Density Lipoprotein Cholesterol;
LDL-C: Low Density Lipoprotein Cholesterol; TG: triglyceride; GLU, Fasting Blood Glucose

Moreover, partial correlation analysis revealed a posi-
tive association between changes in ChE(16:1) level and
rapid weight gain(r=0.67, pFDR<0.05). Additionally,
changes in ChE(16:1) level could distinguish different
degrees of weight gain in the WG group, as patients with
weight gains over 15% showed larger level changes than
those with gains under 15% (2.03£0.46 vs. 3.94+0.85,
p=0.002).

Discussion

Our first major finding indicates that serum lipids, specif-
ically CerP and PC may be valuable molecular predictors
for identifying individuals who are prone to rapid weight
gain. Glutamate and dopamine are crucial neurotrans-
mitters associated with the etiology of schizophrenia
[17]. The dysregulation of dopamine and glutamate
affects the brain’s reward circuitry, leading to excessive
food intake and weight gain [18]. Various antipsychotics
can differ considerably in their propensity of weight gain
[19, 20]. Furthermore, there is also substantial variability
in weight gain and lipid changes among the FES individu-
als with respect to antipsychotic drugs [20]. As a novel
finding, we have demonstrated the lipid signature asso-
ciated with an increased susceptibility to AIWG in FES
patients, independently of diverse antipsychotic medi-
cation. This suggests that specific lipid disturbances in
early psychosis may also contribute to the development
of metabolic comorbidities.

In recent years, ceramides and their metaboliz-
ing enzymes have emerged as key signaling molecules
implicated in obesity [21]. The increased expression of
ceramide kinase (CerK) and ceramide 1-phosphate C1P
formation during adipogenesis are consistent with the

substantial reduction of ceramide levels during differen-
tiation of 3T3-L1 preadipocytes, as CerK produces C1P
from ceramides [22, 23]. Recent evidence has revealed
that CerK expression was increased during adipogenic
differentiation, while CerK knockdown resulted in
impaired adipogenesis as determined by reduced lipid
droplet formation and the TG content of cells [24]. In
addition, administering exogenous C1P to cells under-
going adipocyte differentiation caused a significant
decrease in TG levels, along with decreased lipid droplet
formation and leptin release, suggesting a possible anti-
adipogenic role of exogenous CI1P [25]. Phosphatidyl-
choline (PC) is the most abundant phospholipids in all
mammalian cell membranes [26]. Previous studies have
demonstrated that PC contributes to fatty acid oxida-
tion and metabolism, while reducing cholesterol or fatty
acids absorption in the gastrointestinal tract [27]. Treat-
ment with soybean PC alleviated obesity induced by high
fat diet and its its associated hyperlipidemic changes
[28]. Children with obesity exhibited elevated concen-
trations of branch-chained amino acids and various lipid
metabolites, such as PC, ChE, TG [29]. A prospective,
multicenter cohort study found that 1 PC, 9 phosphati-
dylethanolamines (PEs) and 1 phosphatidylserine (PS)
were associated with increased risk of incident metabolic
syndrome [30]. The above results suggest a potential
association between CerP and PC with an increased sus-
ceptibility to AIWG. This distinctive lipid signature may
be used to identify individuals who are at increased risk
of developing metabolic comorbidities in FES. Our find-
ings might provide novels insights into the development
of pharmaceuticals targeting AIWG.
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Fig. 2 (a)(b) OPLS-DA scores plots distinguishing patients before (Blue dots) and after (Green square) treatments of the WG group and the WS group.
(c)(d) Heatmap and lipid class of the 59 differential metabolites of the WG group. (e) Regression coefficient of the LASSO model. WG, weight gain; WS,

weight stable

In our study, weight gain with >7% leads to distur-
bances in lipid metabolism, characterized by elevated
levels of 48 differential lipid metabolites, mostly PC. Fur-
thermore, among the 18 lipid signatures, elevated lev-
els of ChE contribute most to the pathology of AIWG.
Meanwhile, changes in ChE level can differentiate the
severity of AIWG. Cholesterol homeostasis is crucial for

proper cellular and systemic functions [31]. Cholesterol
esterification serves as a mechanism to avoid cellular tox-
icity from the overabundance of unesterified cholesterol.
Acyl-coenzyme A: cholesterol acyltransferases (ACATs)
catalyze the formation of ChE from free cholesterol to
regulate intracellular cholesterol homeostasis. The ACAT
inhibitor, avasimibe, can potentially ameliorate body
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weight with increased energy expenditure in high-fat
diet-induced obese mice [32]. Elevated plasma ChE levels
are common manifestations of obesity, as well as a risk
factor of insulin resistance [12, 29]. In a large population-
based cohort, there is an association between ChE levels
and BMI [33]. Between classes, ChE displayed a strong
correlation with PC in our study. Therefore, ChE eleva-
tion in AIWG observed in our work may be associated
with enhanced cholesterol homeostasis and increased PC
levels. It is worth noting that the brain is the most choles-
terol-rich organ in the body, and brain cholesterol metab-
olism may play an important role in food intake [34]. The
Melanocortin-4 receptor (MC4R) is a G-protein-coupled
receptor expressed in the hypothalamus where it con-
trols feeding behavior. Membrane cholesterol is reduced
in the hypothalamus of insulin-deficient diabetic mice,
leading to increased food intake and weight gain [34].
The reduced membrane cholesterol specifically inhibits
MCA4R constitutive endocytosis and impairs responsive-
ness to a-MSH, indicating changes in membrane lipid
composition can affect appetite control [35]. Treatment
with risperidone induced hyperphagia and weight gain,
reduced MC4R expression; and administration of MC4R-
specific agonist mitigated hyperphagia and obesity in
both risperidone- and olanzapine-fed mice [36]. Hence,
these findings provide hope for cholesterol metabolism
as the potential mechanism-based therapy for individu-
als affected by AIWG. Furthermore, it is crucial to closely
monitor ChE concentrations in FES as they may serve as
an important target for managing AIWG and preventing
obesity.

Interestingly, no differential lipid metabolites were
identified in the weight stable patients. Sevel stud-
ies have reported an association between weight gain
or increased serum lipids and improved antipsychotic
response [37-39]. Marked differences exist between anti-
psychotics regarding metabolic side-effects, with olan-
zapine and clozapine exhibiting the worst profiles and
aripiprazole the most benign profiles [20]. In a popula-
tion of drug-naive schizophrenia patients, changes in
the levels of Cer, PC, phosphatidic acid (PA), PE, PL, PG
and PS were observed after 6 weeks antipsychotic treat-
ment, and PS levels may be a potential biomarker for
poor response [40]. Notably, marked differences exist
among antipsychotics in terms of the affected numbers of
lipids, with risperidone treatment affected more classes
of lipids compared to olanzapine and quetiapine [40].
In our study, we have controlled the confounding influ-
ence of treatment efficacy and suggest that changes in
lipids seem to be the result of metabolic disturbances by
antipsychotics.

Our study has some limitations that should be consid-
ered. The small sample size precluded subgroup analysis,
including those regarding specific antipsychotics and
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gender. Furthermore, external independent validation
will be necessary to confirm our findings. Despite the
limited number of samples, samples used in this study are
all drug-naive hospitalized patients, which may help miti-
gate potential confounding effects from medications at
baseline, diet, physical exercise, and sleep schedule dur-
ing treatment. Thus, future studies with a larger sample
size considering possible confounding factors for the
metabolites identified in the present work may possibly
provide novel mechanisms underlying the pathophysiol-
ogy of AIWG.

Conclusion

The results of the present study provide evidence for the
utility lipids metabolomics strategies in exploring the
pathophysiology of AIW@G, as well as in the identification
of individuals at high risk of rapid weight gain and valu-
able markers for ATWG intervention.
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