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Abstract

Olanzapine and clozapine, two of the most efficacious second-generation antipsychotic
drugs (SGAs), are known to cause serious metabolic side effects. Despite their clinical
utility, the epigenetic basis of these metabolic side-effects remains poorly understood. This
exploratory study investigated whether histone methylation is associated with metabolic
disorders following chronic SGA treatment. Rats were treated with olanzapine or clozapine
for 9 weeks and then sacrificed 2 h after the final treatment. After evaluating the metabolic
parameters, Chromatin immunoprecipitation (ChIP)-deep sequencing was conducted on
liver tissue pooled from twelve samples per group to quantify histone H3K4me2 methy-
lation and transcriptional changes. Gene ontology term enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis were used to explore shared func-
tional pathways of genes with differential histone methylation. Key findings revealed that
both olanzapine and clozapine induced widespread changes in hepatic histone methylation,
particularly hypermethylation at H3K4me2 across genes involved in lipid and glucose
metabolism, insulin signalling, and adipogenesis. Olanzapine- and clozapine-treated rats
displayed increased H3K4me?2 levels at numerous gene loci and at distinct genomic regions.
These findings suggest the importance of monitoring metabolic parameters in psychiatric
patients and potential novel strategies to mitigate SGA-induced metabolic side effects.
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1. Introduction

Second-generation antipsychotics drugs (SGAs) are used as first-line treatment for psy-
chotic disorders including schizophrenia, bipolar disorder, and other mental disorders [1-3].
Olanzapine is one of the most frequently prescribed SGAs, with enhanced tolerability and
efficacy compared to first-generation antipsychotics and other SGAs (such as quetiapine
and ziprasidone) [4,5]. Clozapine is the only antipsychotic drug with proven efficacy for
treatment-resistant schizophrenia therapy [6,7]. However, olanzapine and clozapine are two
SGAs with the most severe metabolic side effects, including obesity, dyslipidaemia, hyper-
triglyceridemia, glucose dysregulation, insulin resistance, and type 2 diabetes mellitus [8].
These side effects not only pose serious risks for cardiovascular disease and premature
death but also contribute to poor medication adherence, a major challenge in the treatment
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of psychotic disorders, since discontinuing antipsychotic therapy markedly increases the
likelihood of relapse [8,9]. Therefore, a deeper understanding of the molecular pathways
underlying SGA-induced metabolic side effects is essential for improving the safety and
effectiveness of psychiatric treatments. Uncovering these pathways could provide poten-
tials for the development of targeted interventions to mitigate adverse outcomes while
preserving therapeutic benefits.

Epigenetic regulation, such as histone modification, plays an important role in the pro-
gression of metabolic disorders [10]. Modifications at the special site of lysine (K) residues
on the histone N-terminal tail influence the Chromatin structure and gene expression; for
example, the methylation of K4 on histone 3 (H3K4me) is widely recognised as a marker
of active transcription [11], while H3K4me-mediated epigenetic regulation is linked to
metabolic status [12]. Compared to healthy individuals, those with type 2 diabetes mellitus
demonstrate altered patterns in histone methylation [13]. Evidence from both animal and
human studies indicates that SGAs can disrupt epigenetic homeostasis and elicit phar-
macoepigenomic effects, thereby offering promising insights into their potential role in
modulating the host epigenome [14,15]. Recently, olanzapine has been found to cause
lipid metabolic dysfunctions through enhancing H3H4me2 and reducing H3K9me histone
modification on hepatic PPARYy and related lipogenesis and adipogenesis pathways [16]. It
is therefore important to investigate whether these epigenetic alterations are also associated
with increased hepatic SREBP (sterol regulatory element-binding protein) signalling [17,18],
another key regulator of lipid biosynthesis, which may further exacerbate insulin resistance.
Supporting this, elevated HOMA-IR (homeostatic model assessment of insulin resistance)
levels observed in SGA-treated animal models suggest a systemic manifestation of insulin
resistance [19], potentially linked to these epigenetic changes. However, the histone modu-
lation underlying SGA-induced metabolic abnormality remains poorly understood [14].
While both olanzapine and clozapine led to substantial body weight gain in humans, it
is intriguing that clozapine, unlike olanzapine, does not elicit significant weight gain in
rodent models, despite its induction of other metabolic abnormalities [17,20]. It is important
to investigate whether chronic treatment of olanzapine and clozapine leads to differential
effects on histone H3K4me2 modification associated with metabolic side effects in rats with
or without significant weight gain, since some metabolic disturbances may partially result
from SGA-induced weight gain [21,22]. Given the liver’s central role in the metabolism of
carbohydrates, fats, and protein, and its importance in regulating whole-body metabolic
homeostasis [23], this study focused on hepatic pathways related to metabolisms and
metabolic dysfunction. These pathways were examined using bioinformatics analyses
and Chromatin immunoprecipitation coupled with next-generation sequencing (ChIP-seq).
It aimed to provide a novel side-by-side epigenomic comparison of histone H3K4me2
modifications induced by the two most prescribed SGAs in psychiatric practice.

2. Materials and Methods
2.1. Animal, Drug Administration and Sample Collection

Thirty-six female Sprague Dawley rats (200 g-220 g) were obtained from the Animal
Resource Centre (Perth, WA, Australia). Following a one-week acclimatisation period, the
animals were randomly assigned to three groups (n = 12 per group): olanzapine (3 mg/kg,
twice daily, orally, Zyprexa, Eli Lilly, Indianapolis, IN, USA), clozapine (20 mg/kg, twice
daily, orally, Clozaril, Novartis, Turkey), and vehicle control (cookie dough pellet without
active drugs). Antipsychotic drugs were incorporated into 300 mg cookie dough pellets
composed of 30% cornflour, 30.9% sucrose, 15.5% casein, 8.4% minerals, 6.4% fibre, 6.3%
gelatine, and 1.6% vitamins, mixed with an appropriate amount of water. Each rat received
oral treatment twice daily (08:00 and 20:00) for a duration of nine weeks. Consumption
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of the medicated pellets was monitored to ensure complete ingestion. Due to aversion
to clozapine-containing pellets after three days of treatment, clozapine was subsequently
administered using a 1 mL syringe via the mouth. To maintain consistency in pellet intake
across groups, clozapine-treated rats were also provided with an equivalent non-medicated
cookie dough pellet [17]. All animals were housed individually in a temperature-controlled
room (22 °C) with a 12 h light/dark cycle (lights on from 07:00 to 19:00) with ad libitum
access to water and standard laboratory chow diet (3.9 kcal/g, 10% fat, 16% protein and
74% carbohydrate). Body weight, food intake, and water consumption were recorded
weekly. Rats were fasted overnight before sacrifice. Two hours after final treatment, all
animals were euthanized via carbon dioxide asphyxiation. Liver tissues were immediately
harvested, snap-frozen in liquid nitrogen, and stored at —80 °C subsequent analysis. The
metabolic parameters of rats with 9-week olanzapine and clozapine treatment in this study
have been previously reported [17]. Briefly, both antipsychotics elevated fasting lipid levels;
however, only olanzapine significantly increased body weight. Olanzapine-treated rats
exhibited higher fasting insulin levels and HOMA-IR scores, along with mildly impaired
glucose tolerance. In contrast, clozapine treatment reduced fasting plasma insulin levels
but also impaired glucose tolerance. Consistent with these disturbances in glucose and
lipid metabolism, both olanzapine and clozapine upregulated hepatic SREBP signalling and
transcriptional expressions of their downstream target genes. Additionally, clozapine en-
hanced carbohydrate response element binding protein (ChREBP) signalling, independent
of weight gain [17].

2.2. Chromatin Immunoprecipitation Coupled with Next-Generation Sequencing (ChIP-Seq)

Chromatin immunoprecipitation for H3K4me2 was performed using the EpiQuik™
Tissue Methyl-Histone H3-K4 ChIP Kit (#P-2009, Epigentek, Farmingdale, NY, USA) and
EpiQuik™ Tissue ChIP Kit (#P-2003; Epigentek, Farmingdale, NY, USA), following the
manufacturer’s instructions. Briefly, 40 mg of fine minced liver tissue, pooled from twelve
samples per group, was cross-linked using 1 mL 1% formaldehyde at room temperature
for 20 min, followed by homogenisation. Chromatin DNA was then sheared to an average
fragment length of 200-1000 bp using a Branson 450 Digital Sonifier (Branson, MO, USA)
at 20% amplitude, delivering seven pulses of 18 s each. The sheared DNA was diluted with
equal-volume ChIP dilution buffer and transferred to strip wells pre-incubated with either
ChIP-grade anti-dimethyl-H3-K4 or anti-normal mouse IgG (negative control) for 60 min
at room temperature. Cross-linked DNA was released by 40 pL release buffer containing
1 uL Proteinase K, and reversal of cross-linking was carried out with 40 uL reverse buffer
in a 65 °C dry bath for 90 min. DNA was purified using spin columns, yielding 20 pL
ChIP DNA. Purified ChIP DNA for all groups was sent to the laboratory in Novogene Co.
(Hong Kong) for the DNA paired-end library construction and high-throughput sequencing
using an Illumina Hiseq2500 50SE platform. To ensure data reliability, quality control was
performed at each stage of the process, including sample assessment, library preparation,
and sequencing.

2.3. Bioinformation Analysis

Raw sequencing reads were subjected to quality control using a three-step filtering
process: (1) removal of reads containing adapter sequences; (2) removal of reads with more
than 10% undetermined bases (N); and (3) removal of reads in which over 50% of bases
had a quality score (Q < 5). Clean reads were aligned to the rattus_norvegicus reference
genome Rnor_6.0 “http:/ /asia.ensembl.org/Rattus_norvegicus/Info/Index” (accessed on
4 September 2024) using the Burrows-Wheeler Aligner (v0.7.19) software [24].
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To assess the effect of chronic SGA treatment on histone modification in genes associ-
ated with metabolic side effect, only unique mapped reads without mismatch were retained
for peak identification using a validated peak-calling model. Significant differential peaks
in the olanzapine and clozapine groups were identified by comparison with controls using
the bdgdiff subcommand in MACS2 (Log-Likelihood Ratio, LLR > 3), followed by KEGG
pathway enrichment analysis with Bonferroni correction (p < 0.05) [25-27]. Histone methy-
lation profiles at gene loci were visualised using Integrative Genomics Viewer (IGV2.5.0).
All significantly enriched KEGG pathways related to lipid metabolism, glucose metabolism,
and metabolic disorders were reported separately for each drug.

3. Results

3.1. H3K4me2 Contributes to Altered Hepatic Gene Expression Following Chronic Olanzapine and
Clozapine Treatment

Deep analysis of the ChIP-Seq data found a higher percentage of genome with
H3K4me2 enrichment peaking in both clozapine- and olanzapine-treated rats (Figure 1A).
Furthermore, SGAs increased H3K4me2 enrichment at gene promoters on the transcription
start site (TSS) and —1000 Kb, especially in olanzapine treatment (Figure 1B). To gain an
initial understanding of the putative functions of genes associated with histone H3 lysine 4
methylation, we identified a total 10,145 genes with significant H3K4me2 enrichment in the
clozapine and 6341 genes in the olanzapine groups. KEGG analysis showed that there were
218 pathways in the clozapine group and 214 pathways in the olanzapine group among
these H3K4me?2 enrichment genes, while 179 of them were activated by both olanzapine
and clozapine (Figure 1C). Many of them participated in a diverse set of processes that
contribute to metabolisms, including lipid metabolism, glucose metabolism, and signal
pathways related insulin resistance and other metabolic disorders.
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Figure 1. Deep analysis of the cleaned H3K4me2 ChIP-Seq data and KEGG pathways intersection
between olanzapine and clozapine. (A) Depth distribution of genome sequencing. (B) Depth
distribution of genes and their up and down stream. Rnor_6.0 was selected as the rattus_norvegicus
reference genome. The H3K4me2 modification level was calculated by the number of reads per
kilobase in the mapped genomic region. (C) KEGG pathways intersection between olanzapine and
clozapine. Blue, alone on clozapine; orange, alone on olanzapine; red, interaction between two drugs.
Abbreviation: TSS, transcription start site; TES, transcription end site.

3.2. Olanzapine and Clozapine Differentially Modulate H3K4me2 Enrichment Across
Lipid-Metabolism-Related Pathways

In the lipid metabolism pathways (Figure 2A), there was a significant increase in
H3K4me2 binding on the genes related to “Fatty acid degradation”, “Glycerophospholipid
metabolism”, “Glycerolipid metabolism”, and “Biosynthesis of unsaturated fatty acids” in
both the olanzapine and clozapine groups; however, olanzapine showed a deeper effect on
H3K4me2, binding the genes involved in these pathways. For example, the enrichment
score for “Fatty acid degradation” was 5.22 in olanzapine, while it was 2.1 in clozapine.
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Moreover, among the 47 participating genes in this pathway, there were 24 genes peaking
with H3K4me?2 in olanzapine but 17 in clozapine. Intriguingly, this showed that olanzapine
promoted more H3K4me?2 enrichment in “Steroid biosynthesis”, “Fatty acid elongation”,
“Fatty acid biosynthesis”, and “Arachidonic acid metabolism”, while clozapine had a

greater H3K4me?2 effect on the “Regulation of lipolysis in adipocytes”, “alpha-Linolenic
acid metabolism”, and “Linoleic acid metabolism” (Figure 2A).
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Figure 2. Differential effects of olanzapine and clozapine on H3K4me2-modulated KEGG pathways
significantly associated with (A) lipid metabolism, (B) glucose metabolism, and (C) metabolic disor-
ders. The enrichment score is expressed as —logig (p value), where a higher score indicates greater
statistical significance of the pathway.
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3.3. Modulation of Glucose Metabolism Pathways by Antipsychotic-Associated
H3K4me2 Methylation

Both olanzapine and clozapine significantly increased H3K4me2 binding on the genes
participating in glucose-metabolism-related pathways (Figure 2B), including the “Es-
trogen signaling pathway”, “Insulin signaling pathway”, “GnRH signaling pathway”,
“Glucagon signaling pathway”, “ Adipocytokine signaling pathway”, and “Insulin secre-
tion”. However, only olanzapine significantly promoted H3K4me2 at gene promoters on
the genes of pathways related to “Maturity onset diabetes of the young” and “Glycoly-

sis/Gluconeogenesis” (Figure 2B).

3.4. Differential Modulation of H3K4me2 Enrichment by Olanzapine and Clozapine Affects
Metabolic-Disorder-Associated Signalling Pathways

As shown in Figure 2C, all of 12 metabolic-disorder-associated signalling pathways
showed significantly high H3K4me?2 enrichment in both olanzapine and clozapine rats.
Among these pathways, clozapine showed greater contribution not only on the number of
genes, but also on the enrichment degree of H3K4me2 on the “PI3K-Akt signaling path-
way”, “Rapl signaling pathway”, “Ras signaling pathway”, “Phospholipase D signaling
pathway”, “Wnt signaling pathway”, and “AMPK signaling pathway”, while olanzap-
ine showed a higher enrichment score and number of participating genes on the “PPAR

signaling pathway”.

3.5. Chronic Olanzapine and Clozapine Treatment Induce Distinct Alterations in Hepatic Insulin
Resistance Pathways

When comparing the genes related to the insulin resistance pathway in the liver, we
observed that all membrane receptors or transmembrane carrier proteins in the liver in-
volved in the insulin resistance pathway showed significantly higher H3K4me2 enrichment
peaking in olanzapine, including tumour necrosis factor receptor (Tnfr), insulin receptor
(Insr), glucose transporter 2 (Glut2), and fatty acid transport protein 5 (Fatp5) (Figure 3A).
However, only a higher H3K4me?2 enrichment at gene promoters on Insr was observed in
clozapine (Figure 3B).

3.6. Differential Effects of Olanzapine and Clozapine on Hepatic H3K4me2 Histone
Modifications—ChIP-Seq Profiles

Profiles of the H3K4me2 ChIP-Seq on key genes of insulin resistance pathways in the
liver were further examined (Figure 4). The results showed greater H3K4me?2 peaking
on the whole gene locus of these genes in olanzapine-treated rats but less in clozapine
(Figure 4), especially in the glucose transporter 2 (Slc2a2), tumour necrosis factor receptor
1 (Tnfrsfla), and long-chain fatty acid transport protein 5 (Slc27a5) (Figure 4B-D). These
results indicated that olanzapine contributed more to histone H3 lysine 4 methylation,
a histone active for gene transcription, peaking on the genes of the insulin resistance
pathway in the liver, consistent with the more serious insulin resistance observed in the
olanzapine group.
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Figure 3. Insulin resistance pathways in the liver cells of rats treated with (A) olanzapine and
(B) clozapine. Blue dotted box, membrane receptors or transmembrane carrier proteins; red filled
box, higher H3K4me?2 binding on than control; green filled box, lower H3K4me2 binding on than
the control.
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Figure 4. Examples in snapshots of H3K4me2 binding on genes locus of the membrane receptors or
transmembrane carrier proteins related to insulin resistance pathways in the liver cell in response to
olanzapine and clozapine treatment. (A) Insulin receptor (Insr), (B) glucose transporter 2 (Slc2a2),
(C) tumour necrosis factor receptor 1 (Tnfrsfla), and (D) long-chain fatty acid transport protein 5
(Slc27a5). Black arrows, the directions of gene transcription.

4. Discussion

To our knowledge, this study was the first to present a novel epigenomic breadth
of data linking SGA-induced metabolic side effects to histone H3K4me2 modifications,
through a direct comparison between olanzapine and clozapine, the two most widely
prescribed SGAs in psychiatric practice. It was interesting that a greater percentage of
genomes had a higher H3K4me2, peaking in both olanzapine and clozapine treatment
groups. Furthermore, in terms of the H3K4me2 enrichment genes examined by KEGG
analysis, there was 214 and 218 pathways in olanzapine and clozapine, while 179 of them
were activated by both olanzapine and clozapine. Most of them participated in biological
processes-related metabolic disorders, such as lipid metabolism, glucose metabolism, and
metabolic-disorder-related signalling pathways. H3K4 methylation is associated with
various biological functions through promoting gene transcription [12]. In this study, KEGG
analysis shows that 11 pathways are involved in significant H3K4me2 enrichment in signal
pathways related to lipid metabolism. For instance, “Biosynthesis of unsaturated fatty
acid”, “Glycerolipid metabolism”, “Glycerophospholipid metabolism”, and “Fatty acid
degradation” are associated with the significant H3K4me2 enrichment in signal pathways
related to lipid metabolism in both the olanzapine and clozapine groups. Previous studies
have shown that most of these KEGG pathways, such as the glycerolipid metabolism,
fatty acid degradation, biosynthesis of unsaturated fatty acids, and glycerophospholipid
metabolism, are involved in the development of metabolic disorders [28-31]. It has been
reported that the accumulation of mono-unsaturated fatty acids is necessary for the lifespan
extension of H3K4me3 methyltransferase-deficient worms [32]. This study also revealed
that olanzapine promoted more H3K4me2 enrichment in “Steroid biosynthesis”, “Fatty acid
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elongation”, “Fatty acid biosynthesis”, and “Arachidonic acid metabolism”, while clozapine
had more H3K4me?2 effect on “Regulation of lipolysis in adipocytes”, “alpha-Linolenic acid
metabolism”, and “Linoleic acid metabolism”. This difference might be attributed to the
various gene expression patterns in a cell by altering between transcriptional activation
and repression, which are frequently governed by the histone modulation, including
methylation and acetylation.

This study shows that 12 signal transduction processes are associated with significant
H3K4me2 enrichment in pathways linked to metabolic regulation in both olanzapine- and
clozapine-treated rats. This study showed the greater enrichment degree of H3K4me2
and gene amount by clozapine treatment in most of the pathways, such as the “PI3K-Akt
signaling pathway”, “Rapl signaling pathway”, “Ras signaling pathway”, “Phospholi-
pase D signaling pathway”, “Wnt signaling pathway”, and “AMPK signaling pathway”.
Consistent with these findings, a previous study reported that clozapine activated the
AMPK-ACC-CPT1 pathway in the rat prefrontal cortex, demonstrating its effect on the
AMPK-related lipid regulatory system in the brain [33]. Additionally, Zeng and colleagues
reported that clozapine protects PC12 cells from corticosterone-induced cell death by mod-
ulating activity of the PI3K/Akt/FoxO3a pathway [34]. This result suggests that both
olanzapine and clozapine engage multiple signal transduction pathways implicated in
metabolic disorders.

This study also uncovered some divergent patterns of H3K4me2 enrichment between
the two drugs. For example, olanzapine increased enrichment at genes involved in fatty
acid elongation and biosynthesis and PPAR signalling, while clozapine more strongly
affected pathways related to lipolysis and essential fatty acid metabolism. Additionally,
clozapine-treated samples exhibited greater H3K4me2 enrichment in several signalling
pathways, including PI3K-Akt, Rap1, Ras, Wnt, and AMPK. These findings are consistent
with previous reports showing that olanzapine epigenetically activates hepatic lipogenic
transcription programmes via increased H3K4me2 binding at Pparg, Srebp-1, thereby
promoting adipogenesis and lipid accumulation in the liver. In contrast, clozapine has
been shown to impair Akt kinase activation and inhibits AMPK signalling, which may
contribute to glucose dysregulation and hepatic steatosis, often without significant weight
gain [16,35]. These divergent effects are particularly notable given that both drugs are
associated with dyslipidaemia, yet only olanzapine consistently induces obesity in rodent
models [17,20]. One possible explanation is that olanzapine’s effects on hepatic lipogenic
transcription are more pronounced and directly linked to weight gain, whereas clozapine’s
impact may primarily disrupt glucose and lipid metabolism through altered signalling
pathways, leading to steatosis without necessarily promoting obesity.

In terms of the glucose metabolism, this study revealed that both olanzapine and
clozapine significantly increased H3K4me?2 binding on the signalling pathways of oestrogen,
insulin, GnRH, glucagon, and adipocytokine. A precious study has shown that oestrogen
and insulin are critical regulators of energy balance and glucose homeostasis [36—40].
Specifically, oestrogen receptor-o (ERx) interacts with and enhances the activity of the
mixed lineage leukaemia gene (MLL2), a histone methyltransferase (HMT) that specifically
methylates H3K4, thereby promoting epigenetic activation of gene expression [41,42].
Vanderkruk and colleagues reported that reduced H3K4 methylation leads to diminished
insulin production, impaired glucose-responsiveness, and increases transcriptional entropy,
indicative of a loss of 3-cell maturity [43].

This study demonstrates that olanzapine and clozapine have different effects on H3K4
methylation of the insulin resistance pathway in the liver. For example, although both drugs
target the same number of genes, olanzapine shows increased H3K4me2 binding at Tnfr,
Insr, Glut2, and Fatp5, whereas clozapine exhibits elevated H3K4me?2 binding only at Insr.
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The differences between olanzapine and clozapine in their impact on the insulin resistance
pathway may reflect the diverse biological processes involved in antipsychotic-induced
diabetes. Notably, olanzapine appears to influence a broader set of H3K4me2 genes in the
insulin resistance. Alternatively, the broader effects of olanzapine on H3K4 methylation
within the insulin resistance pathway may be partly secondary effects of weight gain in
olanzapine-treated rats, whereas clozapine’s effects appear largely independent of weight.
It has been reported that weight gain induced by chronic olanzapine treatment could
further lead to insulin resistance, while clozapine more directly impairs insulin secretion
regardless of weight gain in rats [17,44]. These pharmacometabolic distinctions underscore
the need to disentangle primary drug effects from secondary metabolic consequences on
histone methylation in further studies.

It is worth acknowledging several limitations inherent to the exploratory nature of this
study, which may affect the robustness of the findings. Notably, sequencing was performed
on pooled samples without biological replicates; this would undermine the statistical power
in differential H3K4me?2 enrichment analysis. Furthermore, the absence of gene or protein
expression analyses, along with the lack of confirmatory ChIP-PCR validation [24], warrants
caution in interpreting the results. This is particularly relevant for novel observations, such
as clozapine-induced H3K4me2 enrichment in genes involved in linoleic/ a-linolenic acid
metabolism and olanzapine-associated changes in steroid biosynthesis, which require
targeted follow-up studies for validation.

Despite the limitation that this study did not measure the plasma drug levels or
dopamine D2 receptor occupancy, our previous pharmacokinetic study using the same
administration method demonstrated that an oral dose of 1 mg/kg olanzapine in rats
reached a peak plasma concentration of 276.5 ng/mL within 6 h, with an elimination
half-life of 3.5 h [45]. In humans, olanzapine’s pharmacokinetic profile is marked by
achieving a peak plasma concentration of 156.9 ng/mL around the same time following a
therapeutic oral dose [46]. Similarly, a 20 mg/kg oral dose of clozapine in rats yielded a
peak serum concentration of 926.6 ng/mL with a half-life of 2.89 h [47], whereas clinically
effective plasma levels in humans range from 250 to 550 ng/mL for the optimal treatment
of schizophrenia [48]. Kapur et al. reported that single doses of clozapine (5-15 mg/kg)
and olanzapine (1-2 mg/kg) in rodents produced dopamine D2 receptor occupancies
comparable to those seen in clinical settings, although the drugs” half-life in rodents are
4-6 times shorter than in humans [49]. Considering the shorter half-life of these drugs in
rats, both drugs were administered twice daily in this study. Therefore, the rat dosages used
in this study, clozapine (20 mg/kg, twice daily) and olanzapine (3 mg/kg, twice daily), are
therefore considered clinically relevant. However, drug or metabolite levels in plasma and
liver were not measured at the end of the 9-week treatment, limiting our ability to directly
correlate drug concentrations with H3K4me?2 changes. It is worth noting that this study was
conducted in heathy rats, free from disease-related confounds. Therefore, future studies
should validate these findings in animal models for schizophrenia, such as prenatal Poly
I:C animal models. The results are promising, showing modulation of histone H3K4me?2 in
signalling pathways related to metabolic disorders induced by antipsychotics; however,
further studies are needed to determine whether these epigenetic changes translate to
alterations in functional protein expression. Additionally, further mechanistic studies are
crucial to explore whether blocking histone H3K4me?2 can reverse the observed effects. Such
insights could have important clinical implications for preventing and treating metabolic
disorders caused by these antipsychotics and enhancing the overall therapeutic efficacy of
antipsychotic treatment.
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