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Abbreviations: ALT, alanine transaminase; ApoA5, apolipoprotein A5; AST, 

aspartate aminotransferase; DMSO, dimethyl sulfoxide; H&E, hematoxylin and eosin; 

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 

cholesterol; NAFLD, nonalcoholic fatty liver disease; ORO, Oil Red O  

 

ABSTRACT 

The antipsychotic drug olanzapine was reported to induce nonalcoholic fatty liver 

disease (NAFLD), whereas the underlying mechanism remains incompletely 

understood. This study investigated whether apolipoprotein A5 (apoA5) and sortilin, 

two interactive factors involved in NAFLD pathogenesis, are implicated in 

olanzapine-induced NAFLD. In the present study, at week 8, olanzapine treatment 

successfully induced hepatic steatosis in male C57 BL/6J mice, even when fed a 

normal chow diet, which was independent of animal body weight gain. Likewise, 

olanzapine effectively mediated hepatocyte steatosis in human HepG2 cells in vitro, 

characterized by substantially elevated intracellular lipid droplets. Increased plasma 

triglyceride concentration and decreased plasma apoA5 levels were observed in mice 

treated for 8 weeks with olanzapine. Surprisingly, olanzapine markedly enhanced 

hepatic apoA5 protein levels in mice, without a significant effect on rodent hepatic 

ApoA5 mRNA expression. Our in vitro study showed that olanzapine reduced apoA5 

protein levels in the medium and enhanced apoA5 protein expression in hepatocytes, 

whereas this drug exerted no effect on hepatocyte APOA5 mRNA expression. By 

transfecting APOA5 siRNA into HepG2 cells, it was demonstrated that APOA5 
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knockdown effectively reversed olanzapine-induced hepatocyte steatosis. In addition, 

olanzapine drastically increased sortilin mRNA and protein levels in vivo and in vitro. 

Interestingly, SORT1 knockdown reduced intracellular apoA5 protein expression and 

increased medium apoA5 protein levels in vitro, without affecting intracellular 

APOA5 mRNA expression. Furthermore, SORT1 knockdown greatly ameliorated 

hepatocyte steatosis in vitro. This study provides the first evidence that sortilin 

inhibits the hepatic apoA5 secretion that is attributable to olanzapine-induced NAFLD, 

which provides new insight into effective strategies against NAFLD for patients with 

schizophrenia administered olanzapine.  

 

Keywords: Olanzapine, Nonalcoholic fatty liver disease, Apolipoprotein A5, Sortilin, 

Triglyceride. 

  

1. Introduction 

Nonalcoholic fatty liver disease (NAFLD), a pathological state associated with the 

excessive accumulation of triglycerides in the liver without significant alcohol 

consumption [1], is the leading cause of chronic liver disease, with a global 

prevalence rate as high as 25.34% [2]. This encompasses a broad spectrum of 

conditions from simple steatosis to non-alcoholic steatohepatitis that can progress to 

cirrhosis and hepatocellular carcinoma [3, 4]. Although the pathogenesis of NAFLD is 

mostly attributed to overnutrition-associated obesity, this disease might partly be 

caused by side effects of pharmacological therapies. Specifically, long-term treatment 

with olanzapine, a representative second-generation antipsychotic drug widely used 
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for patients with schizophrenia, is strongly associated with obesity and metabolic 

syndrome [5–8], both of which are predisposing factors for NAFLD. Several studies 

have reported that olanzapine promotes the development of NAFLD in rodents [9, 10]. 

However, the mechanism underlying olanzapine-induced NAFLD has not been fully 

elucidated. 

Indeed, NAFLD and obesity are strongly associated with disorders of triglyceride 

homeostasis, both of which develop when the triglyceride production rate exceeds the 

catabolic rate in the liver and adipose tissue, respectively. Triglycerides represent the 

major storage and transport forms of fatty acids, and the liver is the central organ for 

fatty acid metabolism. Physiologically, the liver stores only small amounts of fatty 

acids, which are localized in lipid droplets within hepatocytes. In the setting of 

overnutrition, hepatic fatty acid metabolism is disturbed, which results in the 

excessive hepatic accumulation of triglycerides and eventually the development of 

NAFLD.  

Apolipoprotein A5 (apoA5), a liver-specific synthesized and secreted protein [11, 

12], is an essential regulator of triglyceride metabolism in vivo [11]. It has been well 

documented that apoA5 plays a crucial role in reducing plasma triglyceride levels [13, 

14]. Interestingly, APOA5 genetic polymorphisms are associated with 

olanzapine-mediated dyslipidemia [20, 21], suggesting that apoA5 might participate 

in this process. Of note, apoA5 is also involved in the pathogenesis of NAFLD. 

Increased hepatic APOA5 mRNA expression was found in obese-associated adult [22] 

and pediatric [23] NAFLD livers, whereas reduced hepatic APOA5 mRNA expression 

was detected after weight loss and NAFLD improvement [21]. Increased ApoA5 

mRNA expression has also been observed in rodent NAFLD livers [22]. Compared to 

those in wild-type and ApoA5-knockout mice, ApoA5 transgenic mice have higher 
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levels of hepatic triglycerides, which results in hepatic steatosis in rodents [24]. 

Furthermore, apoA5-induced intracellular lipid accumulation leads to a substantial 

increase in hepatic lipid droplets [24–27], a critical pathological hallmark of NAFLD. 

Therefore, these data support a role for apoA5 as a potential target for NAFLD. To 

date, however, it remains unknown whether apoA5 mediates olanzapine-induced 

NAFLD. 

Sortilin, encoded by the SORT1 gene on chromosome 1p13.3, is a multi-ligand 

transmembrane protein that traffics newly synthesized molecules from the trans-Golgi 

apparatus along secretory pathways to endosomes, lysosomes, or the cell surface. 

Previous studies have established an essential role for hepatic sortilin in lipoprotein 

transport and secretion in the liver [28, 29]. Recently, it has been shown that increased 

hepatic sortilin expression markedly enhances susceptibility to NAFLD [30–32]. 

Specifically, sortilin localizes to the plasma membrane in clathrin-coated pits where it 

can function as an internalization receptor for apoA5, after which apoA5 rapidly 

internalizes and co-localizes with sortilin in early endosomes, followed by sortilin 

trafficking through endosomes to the trans-Golgi apparatus [33]. These data strongly 

suggest that sortilin might be implicated in apoA5-mediated hepatic lipid 

accumulation; this and the role of sortilin in olanzapine-induced NAFLD was 

investigated in this study. 

 

2. Methods 

2.1. Animal studies 

2.1.1. Animals  
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All experimental procedures were carried out according to the recommendations of 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

(NIH Publications No.8023, revised 1978) and were approved by the Experimental 

Animal Ethics Committee of the Second Xiangya Hospital, Central South University. 

Male C57 BL/6J mice (6-weeks-old, n = 36, Hunan Stryker Jingda Animal Co., Ltd) 

were used in the experiments. After 1 week of environmental acclimatization, animals 

were maintained in an air-conditioned room at 22–24°C with a 12-h light/dark cycle 

with ad libitum access to water. Mice were fed with a normal chow diet (10% fat, 70% 

carbohydrates, and 20% protein; D12450B, Research Diets) throughout the study. 

2.1.2. Drug treatment 

Animal fatty liver was induced as previously described [34–36] with slight 

modifications. Briefly, mice were gavaged with olanzapine at a dose of 3 or 6 mg/kg 

body weight per day. Olanzapine (LY170053, MCE, USA) used for mice was 

prepared freshly prior to use and dissolved in 10% dimethyl sulfoxide (DMSO).  

The mouse administration plan was established as follows. First, C57 BL/6J mice 

(n = 36) were randomly assigned into three groups (n = 12/each group). One group 

was subjected to daily gavage of 10% DMSO as the control group, whereas the other 

two groups received daily gavage of olanzapine (3 or 6 mg/kg body weight). Second, 

each of the three groups was randomized into two subgroups, specifically the 4- and 

8-week subgroups (n = 6/each subgroup). 

The body weights of animals were evaluated weekly throughout the study. Animals 

were fasted for 6 h and then anesthetized with pentobarbital at week 4 or 8, 

respectively. Blood samples were collected to detect plasma lipid levels (triglycerides, 

high-density lipoprotein cholesterol [HDL-C], low-density lipoprotein cholesterol 
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[LDL-C], and total cholesterol) and to evaluate liver function according to the serum 

levels of alanine transaminase (ALT) and aspartate aminotransferase (AST). The liver 

samples were immediately dissected and frozen in liquid nitrogen and stored in a 

−80°C freezer until further analysis. 

2.2 Cell studies 

2.2.1. Cell culture 

The human hepatoma cell line (HepG2) was obtained from the American Type 

Culture Collection and cultured in standard medium comprising DMEM (Dulbecco’s 

modified Eagle’s medium), 10% FBS, and 1% penicillin-streptomycin in an 

atmosphere containing 5% CO2 at 37°C. All cell lines in our laboratory were passaged 

2–3 times per week and no more than 30 times after resuscitation. 

2.2.2. Drug treatment 

Olanzapine (LY170053, MCE, USA) was dissolved in pure DMSO (D2650, Sigma, 

USA) and then added to the medium for treatment for 24 h at the final concentrations 

of 25, 50, and 100 μmol/l. DMSO was adjusted to 0.1% in the culture medium. The 

group treated with 0.1% DMSO served as a blank control. 

2.3. Transient transfection 

APOA5 siRNA, SORT1 siRNA, and their nonspecific siRNAs were constructed by 

Bio-Gene (stB0005146, Bio-Gene, China). Transfection of siRNAs was performed 

with Lipofectamine 3000 (L3000015, Thermo Fisher Scientific, USA) or 

Lipofectamine RNAiMAX (Thermo Fisher Scientific). Briefly, 6 × 105 cells were 
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seeded in six-well plates with 1.5 ml culture medium without antibiotics. 

Simultaneously, siRNAs were mixed with Lipofectamine 3000 and incubated at room 

temperature for 15 min. The complexes were then transfected into HepG2 cells in an 

incubator at 37°C with 5% CO2 for 48 h. 

2.4. Oil red O staining 

Frozen liver sections were subjected to Oil Red O staining (ORO staining) to 

visualize lipid droplets. The tissues were cut into 6-μm slices and then stained for 

lipids according to the standard ORO staining protocol (ORO, Merck, Germany). The 

samples were rinsed with 60% isopropanol and stained with filtered ORO solution 

(0.5% in isopropanol followed by 60% dilution in distilled water) for 30 min. After 

washing twice with 60% isopropanol and distilled water, the slides were 

counterstained with hematoxylin. All images were acquired using a microscope. The 

area of positive staining for ORO was calculated as a percentage of the total section 

area, and the average lipid droplet size was calculated using the morphometry 

software Image J (version 1.8.0) [9]. 

ORO staining was also used to assess intracellular lipid droplets. Briefly, HepG2 

cells were washed twice with PBS (phosphate-buffered saline), fixed with 4% 

formaldehyde solution for 0.5 h at 37°C, and then washed three times with PBS. ORO 

staining solution was prepared as follows: the stock solution was made of 0.5 g of 

ORO powder (O0625, Sigma, USA) dissolved in 100 ml of 100% isopropanol, and 

then, it was diluted with water (6:4) and filtered. Staining was conducted for 30 min at 

37°C. Subsequently, the plates were destained in 60% isopropanol, and ORO staining 

was visualized using phase-contrast microscopy. For quantitative analyses of the ORO 
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content, 100% isopropanol was added to each well to extract the ORO combined with 

lipid droplets. The absorbance was measured at 520 nm and then analyzed using 

GraphPad Prism software [37]. 

2.5. Hematoxylin and eosin staining 

Hematoxylin and eosin (H&E) staining was performed to observe the distribution 

of accumulated lipids in liver tissue. The samples were fixed in 10% neutral formalin 

at 4°C overnight, dehydrated in ethanol, and then embedded in paraffin. Tissue 

sections (6-μm) were cut and mounted on glass slides for H&E staining per standard 

procedures [38]. 

2.6. Western blotting analysis 

Total protein samples were isolated from liver tissue or cells using RIPA lysis 

buffer (P0013B/D, Beyotime Biotechnology, China) containing 1% 0.5 mmol/l 

phenylmethanesulfonyl fluoride. After incubation and centrifugation, the supernatant 

was saved as a protein extract. A vacuum freezing dryer (SCIENTZ-10N, Ningbo 

Scientz Biotechnology Co., Ltd.) was used for the concentration and purification of 

proteins in cell culture medium. 

The protein levels were quantified using a micro BCA protein assay kit (CW0014S, 

CWBIO, China). The protein extracts were diluted with loading buffer and PBS and 

then degenerated. Equivalent amounts of protein samples were subjected to 

SDS/PAGE electrophoresis, and proteins were transferred onto a PVDF membrane. 

After the non-specific binding sites were blocked with 5% skim milk, the membranes 

were incubated in a blocking buffer containing the appropriate diluent of primary 

antibodies against apoA5 (#3335, Cell Signaling Technology, USA; sc-373950, Santa 
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Cruz, USA), tubulin (66031-1-lg, Proteintech, USA), and sortilin (ab16640, Abcam, 

England) at 4°C overnight. After that, the membranes were washed and incubated 

with the corresponding HRP-conjugated secondary anti-mouse and anti-rabbit 

antibodies (SA00001-2, Proteintech, USA; SA00001-1, Proteintech, USA) for 2 h and 

then diluted 1:5000 in 5% milk/-PBST. Finally, the protein bands were visualized 

using Pierce™ ECL western blotting Substrate (32209, Thermo Scientific, USA) and 

quantified using a Molecular Imager ChemiDoc™ XRS+ (Bio-Rad). Densitometry 

analysis was performed using Image J v1.8.0. 

2.7. Quantitative real-time PCR (qPCR) analysis  

For qPCR analysis, total mRNA was isolated from liver tissues or cells using an 

RNA extraction kit (K0731, Thermo Scientific, USA). The cDNA was synthesized 

from 2 μg of purified RNA using the Revert Aid First Strand cDNA Synthesis Kit 

(K1622, Thermo Scientific, USA). SYBR Green (K1622, Thermo Scientific, USA) 

was used to quantify PCR amplification products. The mRNA expression levels of the 

target genes were normalized relative to those of the endogenous gene GAPDH. The 

primer pairs (synthesized by Tsingke Biological Technology) used in this study are 

listed in Table 1. 

Table 1. Oligonucleotide sequences of primers targeting human and mouse genes 

Gene Source Category Sequences 

APOA5 Human Primers 

Forward: 5´-GCC AGC GAC TTC AGG CTT T-3´ 

Reverse: 5´-AGC TTG CTC AGA ACC TTG CC-3´ 

ApoA5 Mouse Primers Forward: 5´-TCC TCG CAG TGT TCG CAA G-3´ 
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Reverse: 5´-GAA GCT GCC TTT CAG GTT CTC-3´ 

 SORT1     Human    Primers 

Forward: 5´-GGG GAC ACA TGG AGC ATG G-3´ 

Reverse: 5´-GGA ATA GAC AAT GCC TCG ATC AT-3´ 

Sort1      Mouse    Primers 

Forward: 5´-TGG GGT TAT TCT CGT CCT GAC-3´ 

Reverse: 5´-CCG TCC GAA TGA AGG TGT TTA TTG-3´ 

GAPDH Human Primers 

Forward: 5´-TGT GGG CAT CAA TGG ATT TGG-3´ 

Reverse: 5´- ACA CCA TGT ATT CCG GGT CAA T-3´ 

Gapdh Mouse Primers 

Forward: 5´-TGG CCT TCC GTG TTC CTA C-3´ 

Reverse: 5´-GAG TTG CTG TTG AAG TCG CA-3 

 

2.8. Statistical analysis  

All data were analyzed using the appropriate statistical analysis methods, as 

specified in the figure legends, with GraphPad Prism software (version 8.0). 

Statistical differences in measures of the different groups were analyzed by Student’s 

two-tailed t-tests (two groups) and one-way analysis of variance followed by Tukey’s 

multiple-comparison post hoc test (more than two groups). Statistical significance was 

set at p < 0.05. All results are presented as the mean ± SEM. No data were excluded 

when conducting the final statistical analysis. Randomization and blinding were 

performed when grouping mice and collecting data. 

3. RESULTS 

3.1. Effect of olanzapine on body weight and liver weight in animals  
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We monitored the olanzapine-induced changes in body weight in mice from 

baseline to 14 weeks (Fig. 1A). Interestingly, there was no significant difference in 

body weight among the three groups during the study, suggesting that olanzapine 

treatment (3 and 6 mg/kg) exerted no pronounced effect on rodent body weight within 

a certain short period (≤ 8 weeks). However, olanzapine dose- and time-dependently 

increased liver weights in mice (Fig. 1B). Similarly, olanzapine remarkably increased 

the liver weight/body weight ratio in mice in a dose- and time-dependent manner (Fig. 

1C). Taken together, these data show that olanzapine-induced liver weight gain in 

mice is independent of body weight gain.   

 

 

Figure 1. Effect of olanzapine on body weight and liver weight in mice (n = 6/each 

group). (A) Body weight. (B) Liver weight. (C) Liver weight/body weight (LW/BW) ratio. 

OLZ, olanzapine. Results are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, 

versus the control group. One-way ANOVA plus Tukey’s test was performed for the data 

analysis. 
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3.2. Olanzapine increases plasma triglycerides and hepatic steatosis in 

mice and hepatocyte triglycerides in vitro 

Plasma lipid levels in mice were detected at weeks 4 and 8 (Table 2). There was no 

significant difference in the plasma levels of all lipids at week 4, indicating that 

4-week olanzapine treatment cannot lead to dyslipidemia in these animals. In contrast, 

higher plasma triglyceride levels were observed in the two olanzapine groups than in 

the control group at week 8, whereas higher plasma triglyceride levels were found in 

the 6 mg/kg olanzapine group (1.05 ± 0.18 mM) than in the 3 mg/kg olanzapine group 

(0.69 ± 0.16 mM, p < 0.05) at week 8, suggesting that olanzapine dose-dependently 

increased plasma triglyceride levels in mice at week 8. However, no significant 

difference was observed in the other three lipids (HDL-C, LDL-C, and total 

cholesterol) among the three groups at week 8. Thus, these data show that 8-week 

olanzapine treatment has a more detrimental effect on the metabolism of circulating 

triglycerides than other lipids in these mice.  

Liver function markers (ALT and AST) in mice were next determined (Table 2). 

Similar to the aforementioned results of lipids, no significant difference was detected 

in serum aminotransferase levels among the three groups at week 4, which suggests 

that 4-week olanzapine treatment does not impair liver function in these mice. At 

week 8, however, we observed a markedly detrimental effect of olanzapine on rodent 

liver function in a dose-dependent manner. To investigate the effect of olanzapine on 

hepatic steatosis, we further detected hepatic triglyceride content by H&E (Fig. 2A) 

and ORO staining (Fig. 2B). Our data showed that olanzapine administration resulted 

in marked rodent hepatic steatosis in a dose-dependent manner. Likewise, our in vitro 
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study using ORO staining demonstrated that olanzapine dose-dependently increased 

intracellular triglyceride contents in hepatocytes (Fig. 2C). Together, these findings 

reveal that olanzapine treatment promotes the development of NAFLD. 

 

Table 2. 

Plasma lipid levels and liver enzymes of mice 

Group NEFA 

(mmol/l) 

Triglycerid

es (mmol/l) 

Total 

cholesterol 

(mmol/l) 

HDL-C 

(mmol/l) 

LDL-C 

(mmol/l) 

ALT  

(U/l) 

AST  

(U/l) 

AST/ALT 

4W         

Control 0.73 ± 0.18 0.38 ± 0.09 1.69 ± 0.18 1.41 ± 0.13 0.30 ± 0.05 26.43 ± 3.66 90.48 ± 8.88 3.47 ± 0.47 

3 mg/kg 

olanzapine 

0.82 ± 0.19 0.32 ± 0.04 1.71 ± 0.28 1.42 ± 0.21 0.30 ± 0.07 25.71 ± 5.57 105.60 ± 11.54 4.23 ± 0.77 

6 mg/kg 

olanzapine 

0.85 ± 0.27 0.31 ± 0.09 2.00 ± 0.16 1.71 ± 0.16 0.33 ± 0.05 28.43 ± 3.43 131.22 ± 47.73 4.59 ± 1.46 

8W         

Control 0.67 ± 0.16 0.39 ± 0.13 1.60 ± 0.20 1.45 ± 0.16 0.36 ± 0.05 27.30 ± 3.11 89.77 ± 6.50 3.35 ± 0.54 

3 mg/kg 

olanzapine 

0.79 ± 0.11 0.69 ± 0.16* 1.61 ± 0.21 1.44 ± 0.19 0.28 ± 0.06 61.83 ± 14.87* 114.89 ± 12.46* 1.93 ± 

0.37** 

6 mg/kg 

olanzapine 

0.88 ± 0.19 1.05 ± 

0.18** 

2.17 ± 

0.27** 

1.67 ± 0.13 0.33 ± 0.03 106.05 ± 27.55** 164.45 ± 

23.38** 

1.63 ± 

0.38** 

*p < 0.05, **p < 0.01 vs. control 

NEFA: nonesterified fatty acids; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol;  
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ALT: alanine aminotransferase; AST: aspartate aminotransferase 

 

 

 

Figure 2. Effect of olanzapine on plasma lipid levels and hepatic/hepatocyte steatosis. (A) 

H&E and Oil Red O (ORO) staining of mouse liver tissue. (B) Number and size of hepatic 

lipid drops in mice by ORO staining. (C) ORO staining and absorbance in HepG2 cells. OLZ, 

olanzapine. Results are shown as the mean ± SEM. *** p < 0.001 versus control group. 

One-way ANOVA plus Tukey’s test was performed for the data analysis. 

 

3.3. Olanzapine inhibits hepatic apoA5 secretion and exacerbates 

hepatic steatosis  

To investigate the role of apoA5 in olanzapine-induced NAFLD, we detected 

plasma and hepatic apoA5 levels in mice. Our ELISA tests showed that olanzapine 

treatment markedly reduced plasma apoA5 levels (Fig. 3A). Given that apoA5 is 
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synthesized in a liver-specific manner and subsequently secreted into circulation 

[11,12], we further determined hepatic apoA5 protein and mRNA levels by western 

blotting and qPCR analyses, respectively. Surprisingly, olanzapine dose- and 

time-dependently increased hepatic apoA5 protein levels in mice (Fig. 3B), whereas 

no significant difference was observed in hepatic ApoA5 mRNA expression among 

the three groups (Fig. 3B). Consistent findings were obt ained in vitro. Olanzapine 

drastically reduced apoA5 protein levels in the medium (Fig. 3C), whereas it 

substantially enhanced apoA5 protein levels in hepatocytes (Fig. 3D). However, 

olanzapine treatment did not influence APOA5 mRNA expression in hepatocytes (Fig. 

3D).  

To further verify the involvement of apoA5 in olanzapine-induced NAFLD, we 

suppressed its expression via the transfection of APOA5 siRNA into HepG2 cells 

pre-treated with 100 µM olanzapine. Our ORO staining results indicated that APOA5 

knockdown effectively reversed olanzapine-induced lipid accumulation (Fig. 3E). 

Considering apoA5 as a liver-specific factor secreted into circulation, these in vivo 

and in vitro data indicate that the olanzapine-induced reduction in circulating apoA5 

should result from impaired secretion instead of the impaired production of hepatic 

apoA5. As a result, the olanzapine-mediated inhibition of apoA5 secretion would 

facilitate hepatic apoA5 retention and then result in liver triglyceride accumulation, 

resulting in hepatic steatosis. 
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Figure 3. Olanzapine inhibits hepatic apoA5 secretion and exacerbates hepatic steatosis. 

(A) Plasma apoA5 levels in mice, measured by ELISA. (B) Hepatic apoA5 expression in the 

livers of mice based on western blotting and qPCR. (C) Western blotting of apoA5 levels in 

medium:120 μg protein was loaded per lane and loading was confirmed by Ponceau-staining. 

(D) Cellular apoA5 expression in HepG2 cells in vitro based on western blotting and qPCR. 

(E) Cellular apoA5 expression in HepG2 cells transfected with APOA5 siRNA. (F) Oil Red O 

(ORO) staining of HepG2 cells transfected with APOA5 siRNA. OLZ, olanzapine. Results are 

shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, versus the control group. # p 

< 0.05 versus the 6 mg/kg group or 100 µM group. Student’s two-tailed t-test and one-way 

ANOVA plus Tukey’s test were performed for data analysis. 
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3.4. Sortilin is responsible for inhibition of hepatic apoA5 secretion and 

olanzapine-mediated hepatic steatosis 

Given the established role of sortilin in lipoprotein transport/secretion [28] and 

NAFLD pathogenesis [30–32], as well as the confirmed binding of sortilin to apoA5 

in vitro [33], it is possible that sortilin is implicated in the olanzapine-mediated 

inhibition of apoA5 secretion. In this study, we found that olanzapine 

dose-dependently increased the mRNA and protein levels of hepatic sortilin in mice 

(Fig. 4A). Likewise, olanzapine significantly upregulated the mRNA and protein 

expression of hepatocyte sortilin in vitro (Fig. 4B). 

Further, we knocked down SORT1 by transfecting specific siRNA into HepG2 cells 

pre-treated with 100 μM olanzapine (Fig. 4C). Interestingly, SORT1 knockdown 

remarkably reduced apoA5 protein levels in cells without affecting APOA5 mRNA 

(Fig. 4D). In contrast, SORT1 siRNA increased apoA5 protein levels in the medium 

(Fig. 4E). In addition, ORO staining analysis showed that SORT1 knockdown 

effectively attenuated hepatocyte steatosis, characterized by substantially reduced 

intracellular lipid droplets in these liver cells in vitro (Fig. 4F). Thus, our findings 

show that SORT1 knockdown facilitates the secretion of hepatocyte apoA5, leading to 

the marked alleviation of hepatic steatosis.  
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Figure 4. Sortilin participates in the inhibition of apoA5 secretion and 

olanzapine-mediated hepatic steatosis. (A) Hepatic sortilin expression in mice based on 

western blotting and qPCR. (B) Sortilin expression in HepG2 cells based on western blotting 

and qPCR. (C) Sortilin expression in HepG2 cells transfected with SORT1 siRNA. (D) apoA5 

expression in HepG2 cells transfected with SORT1 siRNA. (E) Western blotting of apoA5 

levels in medium:120 μg protein was loaded per lane and loading was confirmed by 

Ponceau-staining. (F) Oil Red O (ORO) staining of HepG2 cells transfected with SORT1 

siRNA. OLZ, olanzapine. Results are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p 
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< 0.001 versus the control group. Student’s two-tailed t-tests and one-way ANOVA plus 

Tukey’s test were performed for data analysis. 

4. Discussion 

Olanzapine is widely used in clinical practice for patients with schizophrenia 

because it has fewer extrapyramidal side effects and better therapeutic efficiency [39]. 

However, the long-term use of olanzapine leads to metabolic syndrome (including 

obesity, diabetes, and hyperlipidemia), which is associated with an increased risk of 

NAFLD [39]. The role of olanzapine in the pathogenesis of NAFLD has been 

established in several animal studies [12,18]. Likewise, our study also confirmed that 

olanzapine treatment leads to NAFLD development, consistent with previous findings 

[12,18]. 

To investigate the mechanism underlying olanzapine-induced NAFLD, apoA5 was 

considered a candidate factor in this study, which is based on the fact that it is a key 

regulator of triglyceride metabolism. As stated, disturbances in triglyceride 

metabolism are the cornerstone of NAFLD pathogenesis. A substantial body of 

evidence suggests that apoA5 is a negative regulator of circulating triglyceride levels 

[11, 41, 42]. Several genetic studies have identified APOA5 gene polymorphisms as a 

contributing factor to olanzapine-associated dyslipidemia [20, 21]. Additionally, we 

previously demonstrated that metformin, a drug used for olanzapine-induced 

metabolic syndrome [43], ameliorates obesity-associated hypertriglyceridemia in mice 

via the apoA5 pathway [44]. Similarly, this study also found that olanzapine treatment 

decreased plasma apoA5 levels in mice, with an elevation in plasma triglyceride 

levels, suggesting that apoA5 is implicated in olanzapine-related 

hypertriglyceridemia.  
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However, apoA5 also has a well-documented role in the pathogenesis of NAFLD. 

Interestingly, its role seems paradoxical in extra- and intrahepatic triglyceride 

metabolism; that is, apoA5 reduces plasma triglyceride levels and increases hepatic 

triglyceride contents [42]. In the liver, apoA5 facilitates the biosynthesis of hepatic 

lipid droplets that promote the development of NAFLD [23, 24, 27]. In this study, 

olanzapine remarkably increased hepatic apoA5 protein levels and concomitantly 

resulted in deteriorated liver function and exacerbated hepatic steatosis in mice. 

Consistently, olanzapine markedly enhanced apoA5 protein levels in hepatocytes in 

vitro, resulting in hepatocyte steatosis, characterized by a substantial elevation of 

intracellular lipid droplets. In contrast, APOA5 knockdown effectively ameliorated 

olanzapine-mediated hepatocyte steatosis in vitro. Therefore, our data are the first to 

establish the role of apoA5 in olanzapine-induced NAFLD.  

Considering apoA5 as a liver-specific factor [11, 12], it was initially speculated that 

decreased hepatic production is attributable to reduced circulating apoA5 levels in 

these mice. Unexpectedly, we found that olanzapine led to an elevation (not reduction) 

in apoA5 protein levels in mouse livers and in vitro hepatocytes, whereas this drug 

had no effect on hepatic APOA5 mRNA levels in vivo and in vitro. This suggests that 

reduced circulating apoA5 levels in mice most likely result from posttranslational 

disturbances in hepatic apoA5 protein turnover. Given that the final plasma 

concentration of apoA5 depends on both the production and secretion of hepatic 

apoA5, we hypothesize that impaired apoA5 secretion, rather than impeded apoA5 

production (because olanzapine had no observed effect on APOA5 mRNA expression 

in our in vivo and in vitro studies), is responsible for olanzapine-induced NAFLD. 

According to this, olanzapine inhibits hepatic apoA5 secretion resulting in the 

retention of this protein in hepatocytes, which ultimately leads to the development of 
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NAFLD.  

Of note, our data are partly inconsistent with previous findings indicating that 

olanzapine-induced dyslipidemia is strongly associated with obesity, resulting from 

changes in diet (high-fat diet) and lifestyle (less exercise) in patients with 

schizophrenia [45]. Indeed, the body weight gain of mice in our study did not reach 

statistical significance, possibly due to the short duration of the study (≤ 8 weeks), 

which is consistent with results of previous data [46]. Nevertheless, we demonstrated 

that olanzapine treatment successfully led to hepatic steatosis before body weight 

gains in rodents. Thus, our findings indicate an alternative metabolic mechanism 

underlying olanzapine-induced NAFLD; that is, olanzapine, independent of obesity 

due to overnutrition, directly leads to NAFLD by inhibiting hepatic apoA5 secretion. 

The role of sortilin in NAFLD has been confirmed by previous studies, where high 

SORT1 expression was found to promote NAFLD pathogenesis [30], but Sort1 

knockout attenuates hepatic steatosis in mice [31, 32]. Recent data showed that 

sortilin attenuates the secretion of hepatic apolipoprotein B [47], another 

liver-synthesized and liver-secreted protein, occurring primarily at the 

posttranslational level [48]. Remarkably, sortilin has been reported to bind apoA5, 

which is involved in the receptor-mediated endocytosis of apoA5 in human 

embryonic kidney cells in vitro [33], suggesting the possible interaction between 

apoA5 and sortilin in liver cells. Therefore, the contribution of sortilin to the 

olanzapine-induced inhibition of apoA5 secretion was further investigated. In this 

study, we observed that olanzapine enhanced sortilin expression in vivo and in vitro, 

which was associated with increased hepatic apoA5 levels and then exacerbated 

hepatic steatosis. Conversely, SORT1 knockdown abolished the effect of olanzapine 

on apoA5 upregulation and lipid deposition in hepatocytes in vitro. Interestingly, 
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SORT1 knockdown resulted in an intra-hepatocyte reduction and an extra-hepatocyte 

(medium) elevation in apoA5 protein levels, without the observed effect of SORT1 

knockdown on intra-hepatocyte APOA5 mRNA expression, which suggests that 

sortilin has an inhibitory effect on hepatocyte apoA5 secretion, rather than hepatocyte 

apoA5 production. Therefore, our study implied a role for sortilin-mediated inhibition 

of hepatocyte apoA5 secretion in the pathogenesis of olanzapine-induced NAFLD. 

Here, we propose a novel mechanism underlying olanzapine-induced NAFLD (Fig. 

5). Physiologically, apoA5 is synthesized within the endoplasmic reticulum in 

hepatocytes, transported to the Golgi body, and efficiently secreted into the blood, 

thereby orchestrating triglyceride homeostasis and preventing hepatic steatosis. 

However, olanzapine treatment enhances hepatic sortilin expression, leading to the 

inefficient secretion and subsequent excessive retention of apoA5 in the liver. As a 

result, intracellular apoA5 drastically increases, and consequently, it stimulates the 

accumulation of hepatic triglycerides and facilitates the formation of cytosolic lipid 

droplets. Finally, the liver undergoes steatosis, which results in the development of 

NAFLD. 
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Figure 5. The mechanism underlying olanzapine-induced NAFLD. Physiologically, 

apoA5 is synthesized and efficiently secreted into the blood, thereby orchestrating extra- and 

intrahepatic triglyceride metabolism. However, olanzapine treatment pronouncedly enhances 

hepatic sortilin expression that leads to posttranslational disturbance of hepatic apoA5 protein 

turnover and inefficient secretion. On the one hand, retention of intracellular apoA5 targeted 

endoplasmic reticulum and facilitates the formation of cytosolic lipid. Finally, the liver 

undergo steatosis that confers the development of NAFLD. On the other hand, plasma apoA5 

levels in mice drastically decrease with an elevation of plasma triglyceride levels, resulting in 

olanzapine-related hypertriglyceridemia.  

 

5. Conclusion 

This study, for the first time, established the role of apoA5 in olanzapine-induced 

NAFLD. Our findings indicate that olanzapine enhances hepatic sortilin expression, 

thereby inhibiting hepatic apoA5 secretion, which promotes NAFLD pathogenesis. 
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This suggests that apoA5 might serve as a target for the development of therapeutics 

for NAFLD in patients with schizophrenia administered olanzapine.  
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