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A B S T R A C T

Clinical use of the antipsychotic drug olanzapine (OLA) is associated with metabolic side effects to variable
degrees. N-desmethyl-olanzapine (DMO) is one major metabolite of OLA, but its potential involvement in the
metabolic responses remains unclear. Here we examined whether DMO can directly impact the metabolic, en-
docrinal and inflammatory parameters under conditions of metabolic disturbance. DMO administration (2mg/
kg, i.g.) to high-fat diet induced obesity mice for 4 weeks induced a remarkable loss of body weight and fat mass.
DMO improved insulin resistance and energy expenditure in mice, but had no significant effects on dyslipidemia
or hepatic steatosis. Moreover, DMO induced morphological changes in the white adipose tissue, accompanied
by reduced interleukin-1β (IL-1β) production and increased UCP1 expression. These findings demonstrate that
DMO is devoid of the metabolic side effects commonly observed for OLA during obesity, which suggests that the
N-desmethyl metabolism may function to regulate the metabolic responses to OLA.

1. Introduction

The advent of atypical antipsychotics (AAPs) represents a major
therapeutic advance in the clinical management of schizophrenic or
bipolar patients, attributed to a lower incidence of extrapyramidal side
effects and better efficacy (Aringhieri et al., 2018). However, metabolic
side effects, typically weight gain and insulin resistance, have become a
serious concern in the clinical use of AAPs (Bobo et al., 2013). As a
typical example, olanzapine (OLA) treatment of schizophrenia is asso-
ciated with a high propensity for weight gain and metabolic dis-
turbances in some patients (Irwin and Gault, 2013). Despite much
progress in the past decade, the biological determinants of AAPs-asso-
ciated metabolic responses remain incompletely understood. There is
ample evidence that factors such as gender, age and life style may affect
the magnitude and even occurrence of untoward metabolic effects
among patients treated with OLA and other AAPs (Daurignac et al.,
2015; Henderson et al., 2015; Musil et al., 2015; Yatham et al., 2016).
Our previous study and others have also found pathophysiological-de-
pendent effects of OLA on energy metabolism in animal models (Boyda
et al., 2010; Davey et al., 2012; Horska et al., 2016; Townsend et al.,
2018; Zhang et al., 2018).

Variable pharmacokinetic profile of OLA is commonly observed
during clinical therapy (Castberg et al., 2017; Zabala et al., 2017).

Studies have shown that the concentration variability of OLA only well
correlate with its mental effects, but has a poor relevance to the adverse
metabolic effects, suggesting the existence of other factors (Lu et al.,
2016). In addition to the parent drug, recent studies are beginning to
focus on the concentration of OLA metabolites in schizophrenia patients
(Theisen et al., 2006; Lu et al., 2013, 2016). Indeed, ever since the drug
discovery stage, it has been acknowledged that OLZ is extensively
metabolized to several molecules such as 2-hydroxymethyl OLA and N-
desmethyl-olanzapine (DMO) (Kassahun et al., 1997; Mattiuz et al.,
1997). The potential involvement of OLA metabolites in the metabolic
outcome to OLA therapy remains, however, largely unexplored. Very
recently, a study in OLA-treated schizophrenia patients showed that the
plasma concentration of DMO was negatively correlated with the me-
tabolic disturbance (Lu et al., 2018). This is reminiscent of an earlier
study reporting that glucose and insulin level of patients treated with
OLA was inversely correlated with plasma DMO level (Lu et al., 2013).
These findings raise an intriguing and open question as to the in-
volvement of DMO in the metabolic disturbance after OLA adminis-
tration.

The aim of this study was to investigate the direct impacts of DMO
on metabolic and endocrinal parameters in a clinically-relevant context.
Schizophrenia patients show metabolic disturbance to different degrees
before and during OLA treatment (Chang et al., 2013). Therefore, we
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focused on the metabolic impacts of chronic DMO administration in
mice with obesity, which feature clinically-relevant markers of meta-
bolic disturbance. We examined the change in metabolic, endocrinal
and inflammatory parameters at tissue and systemic level to explore the
functional impacts of DMO in metabolic disturbance. The results in-
dicate that elucidation of the metabolic and endocrinal actions of OLA
metabolites such as DMO could provide novel insights into its clinical
side effects.

2. Methods

2.1. Animals

Adult male C57BL/6 J mice were purchased from Vital River
Laboratory Animal Co., Ltd (Beijing, China) and maintained in tem-
perature (25℃) and humidity controlled conditions with 12-h light/
dark cycles and free access to food and water. Animals were 5–6 weeks
old and weighed between 18 and 20 g at the start of the study. After
acclimation to the housing conditions, the animals were then fed with a
high-fat diet (45% kcal fat, Trophic Animal Feed, Nantong, China) for
12 consecutive weeks to induce obesity. All experiments were approved
by the Southeast University Animal Ethics Committee (Nanjing, China)
and conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

2.2. Drugs and administration

N-desmethyl-olanzapine (sc-208019, Santa Cruz, USA) was dis-
solved in pure water with pH adjustment by 1M hydrochloric acid and
orally administered to mice once daily (2 mg/kg). This dose was chosen
based on a previous report of DMO administration in C57BL/6 mice and
our preliminary study (Wiebelhaus et al., 2011). At the end of 8th week
of high-fat diet, mice with clear signs of obesity were randomized into
the vehicle group (HFD, n=6) and the DMO treatment group
(HFD+DMO, n= 7). Mice received oral administration of vehicle or
DMO once daily during the following 4 weeks of the experimental
period (9th to 12th week). Body weight and food intake were recorded
every 2 days. Behavioral changes of mice, in particular sedation and
locomotion activity, were also observed during this period. The ex-
perimental design is depicted in Fig.1

2.3. Glucose and insulin tolerance tests

The determination of glucose homeostasis and insulin sensitivity
was performed in the 12th week according to the procedures previously
described (Zhang et al., 2018). Briefly, for intraperitoneal glucose tol-
erance testing (IGTT), mice were fasted overnight and intraperitoneally
given a single dose of D-glucose (2 g/kg), and blood glucose level was

measured at different intervals (15, 30, 45, 60, 90, 120min) with an
UltraEasy glucometer (Johnson & Johnson, Shanghai, China). For in-
sulin tolerance testing (ITT), mice were fasted for 4 h and in-
traperitoneally injected with recombinant human insulin (0.35 U/kg,
WanBang Biomedical, Xuzhou, China). The change of blood glucose
concentrations were expressed as percent of the baseline level.

2.4. Indirect calorimetry study

Indirect calorimetry study in mice were conducted as previously
described with minor modifications (Choi et al., 2018). Before the start
of recording, mice were housed individually and habituated to each
chamber of an indirect calorimetry system (TSE systems, Beijing,
China) for 12 h, provided with free access to food and water. Then, the
oxygen consumption (VO2) and carbon dioxide production (VCO2) were
monitored under a 12-h light, 12-h dark cycle with constant environ-
mental temperature (22 ℃). The respiratory exchange ratio (RER) were
calculated by the ratio of VCO2/VO2.

2.5. Rectal temperature measurement

A digital thermometer (Omron, Shanghai, China) was used for
measurement of rectal temperature at around 4:00 p.m. in ambient
temperature. The probe was gently inserted about 1˜2 cm into the anal
ducts of mice, and care was made not to induce overt reactions of the
animal.

2.6. Tissue histology

The mice were humanely sacrificed by isoflurane at the end of the
12th week. For the preparation of histological analysis, white adipose
tissue at the inguinal, epididymal and perirenal sites, the interscapular
brown fat and a lobe of liver were exercised and immediately fixed in
4% paraformaldehyde for 48 h. The samples were then paraffin em-
bedded, cut into 5 μm thick sections and stained with hematoxylin-
eosin using common protocols. To examine the lipid droplets in the
liver, the same lobe of livers were collected at the sacrifice of mice and
placed into dry ice before OCT embedding. The samples were then cut
into 7 μm slices, and then stained for lipids using a standard Oil Red O
(ORO, Merck, Germany) staining protocol. All the images were cap-
tured in a random manner under bright field mode of microscope
(Leica, Germany). The average diameters of adipocytes in white adipose
tissue were calculated with the Image J software.

2.7. Biochemical assay of serum

Serum levels of insulin, adiponectin and leptin were analyzed by
commercially available ELISA kits (all purchased from Crystal Chem, IL,

Fig. 1. Schematic illustration of the experimental design in mice. Mice received high-fat diet (HFD) during the whole study (12 weeks), and DMO treatment started
from the 9th week (from the 9th to 12th week). IGTT, intraperitoneal glucose tolerance test, ITT, insulin tolerance test.
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USA) following the instructions by the manufacturer. Serum levels of
triglyceride (TG), total cholesterol (TC) and non-esterized fat acids
(NEFA) were measured by commercially available kits (JianChen
Biochem, Nanjing, China). The same method was also used for the
determination of hepatic TG and TC following the manufacturer in-
structions. The calculation of Homeostasis model assessment (version 2,
HOMA2-IR) is based on fasting blood glucose concentration and serum
insulin level.

2.8. Western Blot analysis

The adipose tissues were excised on ice plates and homogenized
with ice-cold RIPA lysis buffer (150mM NaCl, 50mM Tris, 0.5% so-
dium deoxycholate,1% Triton X-100) supplemented with protease/
phosphatase inhibitors (all purchased from Beyotime Biotech, Nantong,
China). After centrifuge at 13,000 g for 15min, supernatants were
collected and protein concentrations in the supernatants were measured
using a commercially available BCA kit (Beyotime Biotech, Nantong,
China). Protein samples were separated by SDS-PAGE and im-
munoblotted for UCP-1 (#23673-1-AP, 1:1000; Proteintech, Wuhan,
China), IL-1β (#12242, 1:1000; Cell Signaling Technology, MA, USA)
and β-actin (#AB0035,1:5000; Abways, China). The immunoreactive
bands were visualized with HRP substrates using the Tanon 5200
imaging system (Tanon Sci & Tech, China). Densitometric analyses of
the immunoblots were carried out by a built-in quantitative software
(Tanon Sci & Tech, China) and relative band intensity compared to
control group was used for statistical analysis.

2.9. Quantitative real-time PCR analysis

Total RNA extraction, reverse transcription and real-time PCR were
performed as previously described by us (Zhang et al., 2018). The gene
amplification was performed with SYBR Green and primer sequences
(5′-3′) were as follows: Il1β, forward-GCAACTGTTCCTGAACTCAACT,
reverse-ATCTTTTGGGGTCCGTCAACT; Tnfα, forward-GAGAGATTGGC
TGCTGGAAC, reverse-TGGAGACCATGATGACCGTA; Mcp1, forward-
GTGAAGTTGACCCGTAAA, reverse-TCCTACAGAAGTGCTTGA; Cd68,
forward-TGTCTGATCTTGCTAGGACCG, reverse-GAGAGTAACGGCCTT
TTTGTGA; Gapdh, forward-AGGTCGGTGTGAACGGATTTG; reverse-
TGTAGACCATGTAGTTGAGGTCA. The fold change in gene expression
was calculated by the 2−△△CT method and Gapdh was used as the
control.

2.10. Statistical analysis

Data are expressed as mean ± SEM. Statistical analyses were car-
ried out with the SPSS software (version 18.0., IBM, USA). Analyses of
significant differences between two groups were performed using two-
tailed Student’s t-test, A two-way repeated-measures ANOVA was used
for analyzing body weight curve, IGTT and ITT, and the indirect ca-
lorimetry data, with Bonferroni post hoc test. Significance was accepted
at p < 0.05.

3. Results

3.1. DMO decreases body weight and adiposity in obese mice

To simulate the metabolic disturbance observed in schizophrenia
patients, mice were subjected to high-fat diet (HFD, 45% fat) to induce
markers of obesity. At the end of 8th week, DMO was orally adminis-
tered to mice that have shown typical markers of metabolic dis-
turbance. The daily food intake was comparable between vehicle and
DMO-treated mice (Fig.2A, p > 0.05 by Student’s t-test). Also, no signs
of behavioral changes such as sedation were observed after the chronic
exposure to DMO (data not shown). Nevertheless, from the growth
curves after DMO treatment, we observed a clear trend of DMO to slow

down the body weight gain early since the 5th day of drug adminis-
tration, which culminated in a significant decrease in body weight at
the end of 4-week treatment (Fig.2B, p < 0.05 by two-way repeated-
measures ANOVA).

After sacrifice, DMO-treated mice had much smaller body shape and
adiposity by appearance (Fig.2C). In line with this, markedly reduced
fat mass were found in all the white adipose tissue (WAT), including
those in the inguinal (p < 0.01 by Student’s t-test), epididymal
(p < 0.01 by Student’s t-test) and perirenal (p < 0.001 by Student’s t-
test) sites (Fig.2D). No significant change of brown adipose tissue (BAT)
mass was found (Fig.2D, p > 0.05 by Student’s t-test). In addition,
compared to vehicle-treated counterparts, there is no obvious change of
serum TG or TC of the DMO-treated mice (Fig.2E), although a sig-
nificant decrease of NEFA could be observed after DMO treatment
(Fig.2E, p < 0.01 by Student’s t-test). Collectively, these findings
provide preliminary evidence that DMO has the potential to counteract
weight gain and adipose expansion in obesity.

3.2. DMO improves insulin sensitivity in obese mice

There are numerous reports that OLA may impair the metabolic
actions of insulin (Irwin and Gault, 2013; Lord et al., 2017), but whe-
ther its metabolites are involved in this process is unknown. A typical
metabolic change in obese mice is insulin resistance, which provides a
clue for us to dissect the impact of DMO on this parameter. To this end,
the obese mice were subjected to the intraperitoneal glucose tolerance
test (IGTT) and insulin tolerance test (ITT), respectively. In comparison
to vehicle-treated mice, DMO treatment showed no effect on the dy-
namics of blood glucose in the IGTT (Fig.3A; p > 0.05 by two-way
repeated-measures ANOVA). Nevertheless, in the ITT, we observed a
quick drop of the blood glucose after insulin injection (15min) and
much slower increase to baseline level in DMO-treated mice (Fig.3B,
p < 0.05 by two-way repeated-measures ANOVA). Further determi-
nation of serum insulin and blood glucose showed that DMO-treated
mice actually had low circulating insulin (Fig.3C, p < 0.05 by Stu-
dent’s t-test) and a much lower value of HOMA2-IR (Fig.3D, p < 0.05
by Student’s t-test). Of interest, the serum level of adiponectin and
leptin were comparable between vehicle and DMO-treated mice
(Fig.3D, E, all p > 0.05 by Student’s t-test). Taken together, these
findings suggest that DMO could exert a mild alleviating effect on HFD-
induced insulin resistance in mice.

3.3. DMO does not alleviate HFD-induced liver steatosis

As a typical change induced by HFD, the dysregulation of hepatic
lipid metabolism contributes to impaired insulin response, liver stea-
tosis and tissue injury (Petersen and Shulman, 2018). We therefore
examined the potential impact of DMO on liver dysfunction of obese
mice. No significant difference in liver weight was noted between DMO
and vehicle-treated mice (Fig.4A, p > 0.05 by Student’s t-test). Histo-
logical examination of the liver showed a massive injury of hepatocytes
with markers of necrosis and inflammation, consistent of the detri-
mental effects of HFD on the liver. The liver from DMO-treated mice
showed no histological improvement compared to the liver of vehicle-
treatment counterparts (Fig. 4B). In further analysis with ORO staining,
we found no obvious difference in the degree of lipid accumulation in
the liver between the two groups of mice (Fig. 4C). In line with histo-
logical changes, neither hepatic TC nor TG was significantly different
(Fig.4D, p > 0.05 by Student’s t-test). These data indicate that DMO
fails to improve hepatic injury and steatosis in the context of obesity.

3.4. DMO improves systemic energy metabolism of obese mice

Metabolic markers of obesity such as adipose accumulation and
insulin resistance develop when the rate of energy input exceeds the
rate of expenditure in a chronic manner. Previous reports on OLA-
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induced weight gain and hyperphagia are controversial (Horska et al.,
2016, 2017; Lord et al., 2017). In our study, we did not observe any
effect on food intake of obese mice after DMO treatment for 4 weeks
(Fig.2A). Despite this, DMO-treated mice had much higher rectal

temperature determined at their ambient environment, indicative of
increased heat production after DMO treatment (Fig.5A, p < 0.05 by
Student’s t-test). To gain more insights, we examined the metabolic
phenotype of mice individually housed in metabolic cages for 24 h.

Fig. 2. Effect of DMO on body weight gain and adiposity in mice with high-fat diet. (A) Daily food intake of mice during the treatment with vehicle (HFD group) or
DMO (HFD+DMO, 2mg/kg, i.g.). (B) Body weight changes of mice during the 4 week treatment with vehicle or DMO. (C) Representative images of mice at
sacrifice. (D) Weights of white adipose tissue (iWAT, pWAT, eWAT) and interscapular brown adipose tissue (BAT). (E) Serum level of total cholesterol (TC),
triglyceride (TG) and non-esterified fatty acids (NEFA). Data are expressed as mean ± SEM, n= 5-7. Statistical analysis was performed using student’s t-test (A, D, E)
or two-way repeated-measures ANOVA (B); *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 3. Effects of OLA on glucose metabolism and insulin sensitivity in obese mice. (A) Blood glucose dynamics during the intraperitoneal glucose tolerance test
(IGTT) after 4 h fasting and the area under the curve (AUC). (B) Blood glucose changes during the insulin tolerance test (ITT) and the AUC value. The data are
expressed as percent of the baseline value. (C) Serum level of insulin in mice treated with DMO or vehicle for 4 weeks. (D) Homeostasis model assessment (version 2,
HOMA2-IR) values based on fasting blood glucose concentration and serum insulin level. (E) Serum level of adiponectin. (F) Serum level of leptin. Values are
expressed as mean ± SEM, n=5–6. Statistical analysis was performed using student’s t-test; for the blood glucose changes in (A,B), two-way repeated-measures
ANOVA was used; *p < 0.05.
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DMO-treated mice exhibited significantly lower rates of oxygen con-
sumption (VO2; Fig.5B, p < 0.001 by two-way repeated-measures
ANOVA) than the vehicle-treated counterparts during both light and
dark cycles, while the rate of carbon dioxide production (VCO2; Fig.5B,
p > 0.05 by two-way repeated-measures ANOVA) did not differ be-
tween the two groups. In consistence, the respiratory exchange rate
(RER), as indicated by VCO2/VO2, was much higher in DMO-treated
mice during all the light and dark phases, indicating an increased rate
of energy metabolism after chronic DMO treatment (Fig.5C,
p < 0.0001 by two-way repeated-measures ANOVA). Since the BAT is
known as a major adipose tissue for energy expenditure, we further
examined the change of BAT to understand the effect on energy me-
tabolism. Of interest, histological examination revealed a marked dif-
ference in adipocyte morphology. It is evident that the BAT from DMO-
treated mice has more abundant numbers of adipocytes, suggesting
more functional capability for energy expenditure (Fig.5D). Taken to-
gether, these data suggest that energy metabolism of obese mice is in-
creased after DMO treatment, which seems to play a role in the loss of
body weight and fat mass.

3.5. DMO alleviates adipose dysfunction in mice

Dysfunctional adipose tissue is another hallmark of obesity and
closely involved in insulin resistance and chronic inflammation (Friesen
and Cowan, 2019). To gain more insights into the decreased adiposity
after DMO treatment, we further examined the representative fat pads
at histological and molecular levels. The representative WAT of HFD-
induced obese mice, including the epidydimal WAT (eWAT), inguinal
WAT (iWAT) and perirenal WAT (pWAT), showed visibly enlarged
adipocytes (Fig.6A), a typical marker of obesity. In contrast, much
smaller adipocytes were readily found in the adipose tissue from DMO-
treated mice (Fig.6A, B), especially those in the iWAT (p < 0.0001 by
Student’s t-test) and pWAT (p < 0.0001 by Student’s t-test). Mean-
while, the appearance of small-diameter adipocytes interspersing in
larger adipocytes is a typical morphology change that could be ob-
served after DMO treatment, indicating increased potential for energy
expenditure (Crane et al., 2015). In support of this functional potential,
a significant increase of uncoupling protein 1 (UCP-1), a specialized
mediator in energy use, was increased at the iWAT (p < 0.05 by Stu-
dent’s t-test) and pWAT (p > 0.05 by Student’s t-test) after DMO
treatment (Fig.6C). UCP-1 was undetectable in the eWAT.

Chronic inflammation in the adipose tissue is known to impede its

function in maintaining energy balance. Of interest, quantitative PCR
analysis of inflammatory mediators (Il1β, Tnfα, e and macrophage
marker (Cd68) showed that DMO treatment had no appreciable effect
on the mRNA expression of pro-inflammatory cytokines or macrophage
markers in the iWAT or eWAT (Fig.6D). Among the inflammatory
mediators, IL-1β is typically implicated in adipose dysfunction as a
result of overt NLRP3 inflammasome activation (Swanson et al., 2019).
We found that the mature form of IL-1β, which has a molecular weight
of ˜17 kd, was markedly suppressed by DMO treatment in the iWAT
(Fig.6E, p < 0.05 by Student’s t-test). This finding indicates that DMO
may suppress the production of active IL-1β in the WAT to improve its
function in energy metabolism.

4. Discussion

Despite some knowledge on its neurobiological activity (David O
Calligaro, 1997), direct effects of DMO on energy metabolism and
neuroendocrine regulation are elusive. This knowledge gap may par-
tially explain the fact that most studies exploring the metabolic effects
of OLA are restricted to OLA itself. Such a commonly accepted view
may underestimate the role of its metabolites, as suggested by our
present findings. Our study here provides additional evidence on the
metabolic and endocrinal impacts of DMO in a clinically relevant
context. The regulatory effects of DMO on insulin resistance and energy
expenditure, as well as the differential effects on liver and adipose
tissue dysfunction, suggest the need to consider the contribution of
DMO in understanding the metabolic responses to OLA therapy.

Metabolic adverse effect is a critical concern in the clinical use of
AAPs such as OLA. To date, the biological determinants of this side
effect remain incompletely understood, although several studies in
animals have shown potential therapeutic strategies to counteract this
problem (Lian et al., 2014; He et al., 2019). Our finding of the ameli-
oration of metabolic disturbance by DMO is novel given that this is one
of the major metabolites of OLA, which undergoes extensive metabo-
lism after administration (Kassahun et al., 1997; Mattiuz et al., 1997).
This raises a possibility that increasing DMO production from OLA may
become a dual-targeting strategy to tackle the adverse metabolic effects
with OLA therapy. Moreover, the beneficial effects of DMO on adipose
inflammation and energy expenditure in obese mice suggest that the
chemical scaffold of DMO may provide a novel template for the dis-
covery of anti-obesity drugs. To this end, there is certainly much need
to better understand the biological effects of DMO as well as the

Fig. 4. Effect of OLA on liver steatosis and in-
jury. (A) Liver weights of mice at the end of 12
weeks of HFD feeding. (B) Representative
images of hematoxylin-eosin (H&E) staining of
liver after 4 week treatment with DMO, scale
bar: 50 μm. (C) Representative images of Oil
Red O (ORO) staining of liver, scale bars:
50 μm. (D) Hepatic level of total cholesterol
(TC) and total triglyceride (TG). Data are ex-
pressed as mean ± SEM, n= 5-7. Statistical
analysis was performed using student’s t-test
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).
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molecular mechanisms.
The antipsychotic effects of OLA are mechanistically linked to the

antagonism of serotonin receptor (Htr), typically the Htr 2A/C and
dopamine receptor D2 (Lukasiewicz et al., 2016). Central Htr 2A/C
antagonism is proposed as a major mechanism to OLA-induced hyper-
phagia and weight gain (Lord et al., 2017). The contribution of per-
ipheral modulation of Htr, however, remains largely unexplored. This is
an essential consideration, given that peripheral inhibition of serotonin
signaling has been shown to promote energy expenditure, partially via
WAT browning and thermogenesis (Crane et al., 2015). These findings
suggest that the metabolic outcome of AAPs could be better understood
from Htr modulation in the brain and periphery and maybe determined
by which target is preferably engaged (Horska et al., 2017). Of interest,
DMO is reported to have antagonist effect on Htr such as Htr 2A in vitro,
albeit with lower efficacy than OLA (David O Calligaro, 1997). How-
ever, its relatively higher polarity may shield it from an extensive en-
gagement with central Htr. In this light, the opposite effect of central

and peripheral serotonin system on energy metabolism might provide a
novel perspective to understand the effect of DMO in counteracting
obesity, as well as its difference to OLA in terms of metabolic regula-
tion. Future studies are warranted to investigate, for example, whether
the effects of DMO on adipose and hepatic pathology could be ex-
plained by the modulation of tissue-specific serotonin actions. Indeed,
serotonin signals on the gut-liver axis and adipose tissue has been
linked with liver steatosis and lipogenesis and thermogenesis in adipose
tissue, respectively (Oh et al., 2015; Choi et al., 2018). Also, it would be
of interest to test the metabolic action of other metabolites of OLA such
as 2-hydroxymethyl-OLA, which was found at a higher concentration in
female than male patients (Theisen et al., 2006).

Our findings that DMO could improve insulin resistance in the
context of obesity has implications for clinical observations of variable
metabolic outcome after OLA exposure. Firstly, previously studies have
shown that factors such as gender and smoking habits are closely re-
lated to both the metabolic outcome and pharmacokinetic variability of

Fig. 5. Effect of OLA on energy expenditure in mice. (A) Rectal temperature of mice after 4 weeks of DMO treatment. The mice were housed at 25℃. (B) Oxygen
consumption rate (VO2) and carbon dioxide release rate (VCO2) of mice over a 12 h light cycle and dark cycle. Mice were acclimated to metabolic cages for 24 h and
data were collected for the next 24 h. (C) The respiratory exchange rate (RER) of mice, expressed as VCO2/VO2, over the light and dark cycle. (D) Representative H&
E staining images of the BAT, scale bar: 50 μm. Data are expressed as mean ± SEM, n=5-7. Statistical analysis was performed using student’s t-test; the VO2 and
VCO2 data and VCO2/VO2 in (B, C) were analyzed by two-way repeated-measures ANOVA; *p < 0.05, ***p < 0.001, ****p < 0.0001. n.s., no significant dif-
ference.
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OLA (Henderson et al., 2015; Polasek et al., 2018). Based on the results
of our work, such a link maybe explained by the variable generation of
DMO from OLA. Secondly, the concentration ratio between OLA and
DMO was identified as positive predictor of adverse metabolic outcome
in the clinic when it exceeded 6.3 (Lu et al., 2016). Given the direct
metabolic impacts of DMO uncovered in our study, this may be ex-
plained from the perspective fact that DMO serves as an active meta-
bolite of OLA that counteracts some of the metabolic adverse effects
elicited by OLA. Therefore, therapeutic monitoring of OLA/DMO ratio
in patients may serve as a rational predictor of the metabolic responses

to OLA therapy, and it would be highly valuable to define a certain
range which may help maximize the clinical efficacy and minimize the
metabolic side effects.

The past decade has seen a great interest in understanding the
metabolic response of AAPs in animal studies (Boyda et al., 2010). It is
notable that female rats are preferably used in studies aiming to re-
produce the metabolic side effects of OLA such as weight gain and
metabolic disturbance. Indeed, the administration of OLA to male rats
have been reported with inconsistent and largely negative findings
(Boyda et al., 2010; van der Zwaal et al., 2014). Given the ameliorating

Fig. 6. Effect of OLA on adipose dysfunction in mice. (A) Representative H&E staining images of iWAT, pWAT and eWAT of mice. scale bar: 50 μm. (B) Average
adipocyte sizes in the iWAT, pWAT and eWAT of mice were measured from H&E images using ImageJ software. (C) Representative Western blots of UCP-1 in the
pWAT and eWAT of mice. The band with a molecular weight of ˜35kd corresponds to UCP-1, which was undetectable in the eWAT. The relative expression of UCP-1
was normalized to that of β-actin (lower panel). (D) Relative gene expression of inflammatory mediators interleukin-1β (Il1β), tumor necrosis factor-α (Tnfα),
monocyte chemoattractant protein-1 (Mcp1) and macrophage markers (cluster of differentiation 68, Cd68) in the iWAT (left panel) and eWAT (right panel). n.s., no
significant difference. (E)Western blotting analysis of IL-1β precursor (˜35 kD) and active form (˜17 kD) in the iWAT, pWAT and eWAT of mice. The band with a
molecular weight of 17kd corresponds to the mature form of IL-1β. The relative expression was normalized to that of β-actin. Data are expressed as mean ± SEM,
n= 4-5. Statistical analysis was performed using student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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effects of DMO on weight gain, insulin resistance and adipose in-
flammation in obesity, as found in our present study, it would be rea-
sonable to explore the gender-dependent metabolism of OLA to DMO in
future studies. In fact, it has been reported that there is a high pro-
pensity of OLA metabolism to DMO in mice (Mattiuz et al., 1997). It is
of interest to refer to our previous study in male mice that OLA ad-
ministration to obese mice unexpectedly counteracted some parameters
of metabolic disturbance, an effect that was not found in previous
studies performed under normal conditions (Zhang et al., 2018) Col-
lectively, these findings point to the need to verify and better under-
stand the metabolic benefits of DMO in clinical settings.

To further strengthen the validity and clinical relevance of our
study, several points are worthy of consideration in future studies.
Firstly, housing temperature is an important consideration when mea-
suring indices of non-shivering thermogenesis in mice, which have
different thermal-neutral conditions (> 29 ℃) with humans. It was
proposed that experiments with animals kept and examined at ther-
moneutrality are likely to yield findings for improving human meta-
bolic disorder (Cannon and Nedergaard, 2011). Since in the present
study the housing temperature is below this zone, further studies are
needed to address the impact of DMO under thermal-neutral conditions.
Secondly, only one dosage of DMO was examined in our present study.
For a comprehensive understanding of the metabolic effects of DMO
and assessment of clinical relevance, it is desirable to set additional
dosage groups and observe the relationship between plasma con-
centrations of DMO and metabolic outcome. Lastly, the number of
subjects per group in our study is relatively low, which may partially
explain the absence of statistical significant differences in some para-
meters despite visible trends. Future studies are suggested to expand the
number of mice to better understand the metabolic effects of DMO.

In summary, we found that, in the context of HFD-induced obesity,
DMO could alleviate some parameters of metabolic disturbance, such as
insulin resistance, adipose inflammation and decreased thermogenesis.
To the best of our knowledge, this is the first time to investigate the
pharmacology of DMO in conditions of metabolic disturbance in mice.
Future assessment of the clinical relevance of these findings may pro-
vide useful insights to the metabolic changes induced by OLA and re-
levant AAPs. We believe that studies focusing on metabolic effects of
OLA metabolites could give new impetus to optimize the clinical
practice with these widely used antipsychotics.
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