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Abstract

Previous studies have revealed that membrane phospholipid composition controlled by 

lysophosphatidylcholine acyltransferase 3 (LPCAT3) is involved in the development of insulin 

resistance in type 2 diabetes. In this study, we aimed to investigate the therapeutic potential 

of targeting Lpcat3 in the treatment of insulin resistance in diabetic mouse models. Lpcat3 
expression was suppressed in the whole body by antisense oligonucleotides (ASO) injection or 

in the liver by adeno-associated virus (AAV)-encoded Cre in high-fat diet (HFD)-induced and 

genetic ob/ob type 2 diabetic mouse models. Glucose tolerance test (GTT), insulin tolerance test 

(ITT), fasting blood glucose and insulin levels were used to assess insulin sensitivity. Lipid levels 

in the liver and serum were measured. The expression of genes involved in de novo lipogenesis 

was analyzed by real-time RT-PCR. Metabolic rates were measured by indirect calorimetry using 

the Comprehensive Lab Animal Monitoring System (CLAMS). Our data demonstrate that acute 

knockout of hepatic Lpcat3 by AAV-Cre improves both hyperglycemia and hypertriglyceridemia 

in HFD-fed mice. Similarly, whole body ablation of Lpcat3 by ASO administration improves 

obesity and insulin resistance in both HFD-fed and ob/ob mice. These findings demonstrate that 

targeting LPCAT3 could be a novel therapy for insulin resistance.
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Deletion of Lpcat3 in the liver or whole-body suppression of Lpcat3 expression through antisense 

oligonucleotides (ASO) treatment improves obesity and insulin sensitivity in both high-fat diet-

induced and genetic ob/ob mouse models.
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Introduction

In 2021, diabetes is estimated to affect approximately 500 million people worldwide, 

with about 90% of them having type 2 diabetes (1), which has become one of the 

fastest growing health concerns of the century (2, 3). Insulin resistance is a major risk 

factor for type 2 diabetes comorbidities, including hypertriglyceridemia. This is mainly 

driven by the defective glucose production suppression combined with intact promotion of 

lipogenesis upon insulin signaling in the liver, also known as selective insulin resistance 

(4–6). This paradoxical effect dampens the therapeutic efficacy of insulin due to increased 

lipid production, necessitating further investigation into its pathology.

Phospholipids are major constituents of biological membranes, and their fatty acyl chains 

exhibit high levels of diversity in length and degree of saturation. These characteristics 

of phospholipids not only determine the biological properties of membranes, but also 

influence membrane-associated processes, thereby playing a crucial role in regulating 

pathophysiological conditions (7, 8). In mammalian cells, phospholipid composition is 
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primarily maintained through the Lands’ cycle, a remodeling process of de-acylation 

and re-acylation (9). Lysophosphatidylcholine acyltransferases 3(LPCAT3) is an enzyme 

highly expressed in the liver, intestine, and adipose tissues that preferentially incorporates 

polyunsaturated fatty acyl chain into the sn-2 site of lysophospholipids (10, 11). Recent 

studies have highlighted the crucial roles of membrane phospholipid composition in 

the regulation of metabolism. LPCAT3 has been shown to maintain lipid homeostasis 

by controlling the lipidation and secretion of very-low-density lipoprotein (VLDL) and 

chylomicron in the liver and intestine, respectively (12, 13). Lpcat3 deficiency blunts 

SREBP-1c activation and lipogenic gene expression in the liver (14). Interestingly, LPCAT3 

and phospholipid remodeling also play a role in regulating glucose metabolism and 

contributing to the development of insulin resistance in type 2 diabetes. It has been shown 

that Lpcat3 expression and the levels of polyunsaturated phospholipids are increased in the 

livers of high fat diet (HFD)-fed and ob/ob mice (14, 15), two well established models of 

insulin resistance. Furthermore, deletion of Lpcat3 in the liver significantly improves hepatic 

insulin resistance and systemic metabolism. Mechanistically, hepatic Lpcat3 deficiency 

enhances insulin signal transduction by promoting insulin receptor endocytosis and increases 

energy expenditure by inducing FGF21 secretion (15). In the muscle, LPCAT3 affects 

insulin sensitivity by modulating plasma membrane lipid organization and insulin receptor 

phosphorylation (16). These findings suggest that Lpcat3 could be a novel target to treat 

insulin resistance.

In this study, we tested the therapeutic potential of targeting Lpcat3 using ASO- and 

adeno-associated virus (AAV)-mediated suppression of Lpcat3 in diabetic mouse models. 

We showed that acute knockout of Lpcat3 in the liver using AAV improves hyperglycemia 

and hypertriglyceridemia in mice fed a high-fat diet. Treatment with ASO to ablate Lpcat3 
effectively mitigates obesity and insulin resistance in both HFD-fed and ob/ob mice. 

These findings suggest that targeting Lpcat3 and phospholipid remodeling could provide 

a promising therapeutic strategy for insulin resistance in type 2 diabetes.

Materials and Methods

Animals

All animal procedures were conducted in compliance with protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at University of Illinois at 

Urbana-Champaign (UIUC). Lpcat3fl/fl mice have been described before (12). ob/ob mice 

were acquired from the Jackson Laboratory. All mice were housed under pathogen-free 

conditions in a temperature-controlled room with a 12 h light/dark cycle. Mice were fed 

chow diet (LabDiet #5001) or high-fat diet (Research Diets #D12492). All experiments 

were performed with male mice unless otherwise stated. For RNA analysis, liver tissues 

were collected and snap frozen in liquid nitrogen and stored at −80°C. For food intake 

measurement, mice were housed individually in cages and food weight was measured daily. 

Mouse blood was collected by retro-orbital bleeding under anesthesia before sacrificing or 

by tail bleeding, and plasma was obtained by centrifugation. Plasma insulin levels were 

measured using Insulin ELISA kit (Crystal Chem).
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Glucose and insulin tolerance test

Mice were fasted for at least 5 h in the morning and intraperitoneally (i.p.) injected with 

glucose or insulin (Novolin N, Human). Glucose was given at 1 g/kg body weight (BW) 

diluted in PBS. Insulin was given at 0.5 U/kg BW for chow diet-fed mice and 1 U/kg BW 

for HFD-fed and ob/ob mice. Blood glucose levels were measured from tail bleeding using a 

glucometer (OneTouch Ultra2) at designated time points.

Indirect calorimetry and body composition measurements

Metabolic rates were measured by indirect calorimetry in open-circuit Oxymax chambers 

in the Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus Instruments). 

Mice were housed individually in the chamber, and O2 gas was calibrated before monitoring. 

The chamber was maintained at 23°C with 12-hour light/12-hour dark cycles, and food 

and water were available ad libitum. O2 consumption and CO2 production were measured 

directly as continuously accumulated data. Energy expenditure (EE) was calculated as 

(3.815+1.232*RER)*VO2 and linear regression analysis of covariance (ANCOVA) was used 

to determine mass-independent effect between F/F and LKO mice as reported before (17, 

18). Estimated EE was calculated by univariate generalized linear model (GLM) with body 

mass set to the average of both treatment groups. Body composition (whole-body fat and 

lean mass) was determined using Echo MRI Body Composition Analyzer.

Histology

Tissues were collected, fixed in 10% buffered formalin, embedded in paraffin, sectioned at 

4–10 μm and stained with hematoxylin and eosin at the University of Illinois Histology Lab.

Gene expression analysis

Total RNA was isolated from tissues with Trizol (Invitrogen), cDNA was synthesized, 

and gene expression was quantified by BioRad CFX384 Touch Real-Time PCR Detection 

System with SYBR Green (BioRad). For ASO injected mice, total RNA was isolated with 

Direct-zol RNA Kits (Zymo Research), and cDNA was synthesized using iScript™ cDNA 

Synthesis Kit (BioRad).

Protein analysis

For in vivo insulin signaling, insulin (Novolin N, Human) was injected to overnight fasted 

mice retro-orbitally. Then, the liver, muscle, and adipose tissues were harvested 10 min 

post insulin injection. phospho-AKT levels were assessed by Western blot analysis in tissue 

lysates as described (19). Briefly, tissues were homogenized and sonicated in RIPA buffer 

(50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 

0.1% SDS) supplemented with protease inhibitors (Roche Molecular Biochemicals) and 

phosphatase inhibitors (Sigma Aldrich). The homogenate was then cleared by centrifugation. 

After quantifying protein concentration using BCA kits (Thermo Fisher Scientific), 25 μg of 

proteins were mixed with sample buffer (BioRad), loaded to 4%−15% precast gel (BioRad) 

for electrophoresis and transferred to PVDF membranes (Amersham International, GE 

Healthcare). Membranes were then blocked with blocking buffer (5% BSA in 0.1% TBST) 

for 1 h at room temperature and then incubated with primary antibodies at 4°C overnight 
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diluted in blocking buffer. After washed with 0.1% TBST for 4 times, membranes were 

incubated with secondary antibodies diluted in blocking buffer for 1 h at room temperature. 

Membranes were developed using ECL western blotting substrate (Thermo Scientific) and 

were exposed to X-ray film (FUJI) in dark room.

Postprandial lipid absorption assay

Lipid absorption assay was performed as previously described (20). Briefly, mice were 

fasted for 4 h and gavaged with corn oil (10 μg/g body weight). Plasma was collected 

through tail vein at 0, 1, 2, 4 and 6 h and plasma lipids were measured with Wako 

triglyceride kit.

Lipid extraction and measurement

Liver tissues were snap-frozen in liquid nitrogen at the time of harvest. To extract lipids, 

liver tissues were cut, weighed and homogenized in water. After transferring the homogenate 

into glass tubes, lipids were extracted by adding 2 mL chloroform/methanol (2:1 v/v), mixed 

thoroughly by vortexing and centrifuged at 3,000 r.p.m. for 5 min at 4°C. Lipids in the 

lower layer were then carefully collected and air-dried overnight. The lipids were dissolved 

in ethanol and diluted in PBS for lipid measurements. Serum was directly used for lipid 

measurements. Serum and hepatic lipids were measured with the Wako L-Type TG M kit 

and the Wako HR series NEFA- HR(2) kit.

Phospholipid analyses

Mouse tissues were snap-frozen in liquid nitrogen. Tissues were homogenized on ice in 

phosphate buffered saline. Homogenates were subsequently subjected to a modified Bligh-

Dyer lipid extraction (21) in the presence of lipid class internal standards, including 1–0-

heptadecanoyl-sn-glycero-3-phosphocholine, 1,2-dieicosanoyl-sn-glycero-3-phosphocholine 

(22). Lipid extracts were diluted in methanol/chloroform (4/1, vol/vol), and molecular 

species were quantified using electrospray ionization mass spectrometry on a triple 

quadrupole instrument (Themo Fisher Quantum Ultra) employing shotgun lipidomic 

methodologies (23). Phosphatidylcholine (PC) molecular species were quantified as 

chlorinated adducts in the negative ion mode using neutral loss scanning for 50 amu 

(collision energy = 24 eV). Individual molecular species were quantified by comparing the 

ion intensities of the individual molecular species to that of the lipid class internal standard 

with additional corrections for type I and type II 13C isotope effects (23).

Antisense oligonucleotide (ASO) treatment

For acute ASO studies, C57BL/6 mice fed with HFD for 8 weeks or ob/ob mice at 

6–7 weeks of age were subcutaneously injected with either control or Lpcat3 ASO 

(GTACATAGTAGGCTTG) at 25 mg/kg twice per week for 4–5 weeks. Body weight was 

monitored weekly, and body composition was measured by Echo MRI analysis. GTT and 

ITT were performed on weeks 3 and 4. At the end of ASO treatment, tissues were resected 

and subjected to gene expression analysis.
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Adeno-associated virus (AAV) mediated liver specific Lpcat3 knockout

For liver-specific acute knockout of Lpcat3, Lpcat3 fl/fl mice fed with HFD for 8 weeks were 

retro-orbitally injected with 1×1011 GC/mouse either AAV8-TBG-iCre (VB1724, Vector 

Biolabs) or control virus AAV8-TBG-GFP (VB1743, Vector Biolabs) in 100 μL saline under 

anesthesia. Mice were then continued to be fed with HFD for 4 weeks to characterize 

metabolic features.

Statistical analysis

For all studies, results from quantitative experiments were expressed as means ± SEM. 

GraphPad Prism 9.0 (San Diego, CA) was used for all statistical analyses. Where 

appropriate, significance was calculated by Student’s t test, one- or two-way ANOVA with 

Tukey’s or Sidak’s multiple comparison test.

Results

Acute deletion of Lpcat3 in the liver ameliorates insulin resistance in HFD-fed mice

Our previous studies have demonstrated that Lpcat3 expression in the liver is induced by 

insulin and increased polyunsaturated PC levels contribute to the development of selective 

insulin resistance (15). To determine if targeting Lpcat3 expression in the liver could 

improve hyperglycemia and hypertriglyceridemia, we fed Lpcat3 floxed mice with HFD 

for 8 weeks and retro-orbitally injected mice with either an AAV8 expressing the codon 

improved Cre recombinase driven by liver-specific promoter TBG (AAV8-TBG-iCre) or a 

control AAV encoding eGFP (AAV8-TBG-eGFP). Both groups of mice exhibited similar 

body weight gain and body composition 4 weeks after the viral injection (Figure 1A–1C). 

Realtime RT-PCR confirmed liver specific knockout of Lpcat3 upon AAV injection (Figure 

1D). Intraperitoneal glucose tolerance test (IPGTT) showed that Cre-injected mice cleared 

glucose load more efficiently than eGFP-injected control mice (Figure 1E–1F). Insulin 

tolerance test (ITT) demonstrated that Cre-injected mice were slightly more insulin sensitive 

compared to controls (Figure 1G–1H). Furthermore, acute knockout of Lpcat3 significantly 

reduced fasting blood glucose levels (Figure 1I), while no differences in serum insulin levels 

and HOMA-IR were observed (Figure 1J–1K).

It has been shown that Lpcat3 deficiency suppresses lipogenesis and VLDL secretion in 

the liver (12, 14). Indeed, gene expression analysis showed that acute knockout of Lpcat3 
decreased the expression of SREBP-1c and its downstream lipogenic targets (Figure 2A). 

Serum triglyceride levels were markedly reduced with a concomitant increase in hepatic 

lipid accumulation upon Lpcat3 deletion (Figure 2B–2E). Histology analysis revealed less 

inflammation in WAT, especially in epididymal white adipose tissue (eWAT) of Cre injected 

mice (Figure 2F). Consistent with our previous report, acute knockout of Lpcat3 increased 

energy expenditure during dark cycle (Figure 2G–I), while food consumption, physical 

activity and respiratory exchange ratio (RER) were not affected (Figure 2J–2L).

Whole-body silencing of Lpcat3 improves HFD-induced obesity and insulin resistance

Next, we investigated the effect of global suppression of Lpcat3 on insulin sensitivity and 

lipid metabolism. We first subcutaneously injected chow diet-fed C57BL/6 mice with ASO 
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targeting Lpcat3 (Lpcat3-ASO) or control ASO (Con-ASO) twice per week for two weeks 

and measured the knockdown efficiency in different tissues. Realtime RT-PCR analysis 

showed marked inhibition of Lpcat3 expression in several metabolic organs, including liver, 

intestine, muscle and adipose tissues (Figure 3A). Next, we fed C57BL/6 mice with HFD 

for 8 weeks and subcutaneously injected ASOs for another 5 weeks. Lpcat3 suppression 

resulted in a gradual decrease in body weight (Figure 3B). Next, we evaluated insulin 

sensitivity through glucose and insulin tolerance tests before any significant differences 

in their body weights emerged. Similar to chronic or acute liver-specific Lpcat3 knockout 

(LKO), global suppression of Lpcat3 expression significantly improved glucose intolerance 

and insulin resistance (Figure 3C–3H), and dramatically lowered fasting blood glucose 

levels, serum insulin levels and HOMA-IR (Figure 3I–3K). The final body weight showed 

a ~15% decrease in mice injected with Lpcat3-ASO, primarily in adipose tissues (Figure 

3L–3N). We previously have shown that Lpcat3 deficiency in the intestine suppresses food 

intake on HFD (13). However, at 5-week post ASO injection, we did not observe any 

significant difference in food intake between Lpcat3- and Con-ASO injected mice (Figure 

3O), likely because the mice have adapted to HFD over time.

In contrast to LKO mice, which displayed reduced serum lipid levels accompanied by 

hepatic lipid accumulation (Figure 2B–2E), we found no differences in serum or hepatic 

triglyceride and NEFA levels were observed between Con-ASO and Lpcat3-ASO treated 

mice (Figure 4A–4D), despite a marked reduction in the expression of SREBP-1c and 

lipogenic genes (Figure 4E). Our previous studies have demonstrated that loss of Lpcat3 in 

the intestine impairs lipid absorption (13). Indeed, mice treated with Lpcat3-ASO showed 

a trend toward reduced lipid output when subjected to oil gavage (Figure 4F), which may 

explain the absence of lipid accumulation in the liver. Histological analysis showed no overt 

difference in the liver and adipose tissues between control and Lpcat3 ASO injected mice 

(Figure 4G). Metabolic rate analysis did not show any difference in energy expenditure or 

physical activity (Figure 4H–4K). However, Lpcat3-ASO injected mice exhibited a decrease 

in RER (Figure 4L), suggesting a higher utilization of fat as the body’s primary fuel source. 

This shift in fuel utilization may contribute to the reduced adipose tissue weight and the 

absence of overt hepatic lipid accumulation in these mice.

ASO-mediated knockdown of Lpcat3 increases membrane saturation and enhances insulin 
signaling

Our previous studies have revealed that Lpcat3 deficiency in the liver improves insulin 

sensitivity through both cell-autonomous mechanisms involving increased membrane 

saturation and improved insulin signal transduction, and cell-nonautonomous mechanisms, 

driven by enhanced FGF21 secretion (15). Gene expression analysis showed a marked 

reduction in Lpcat3 expression in metabolic organs, including liver, muscle, adipose tissues, 

following ASO treatment in HFD fed mice (Figure 5A). Phospholipid analysis revealed 

substantial alterations in PC composition in the liver, similar to the changes observed in 

LKO livers, characterized by a decrease in arachidonoyl-containing PCs and an increase in 

saturated and monosaturated PCs (Figure 5B). In contrast, the PC composition in muscle 

and adipose tissues was less affected (Figure 5C–E), showing only slight increases in 

monosaturated PCs and modest decreases in arachidonoyl-containing PCs. In line with our 
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findings in LKO mice, we observed a ~3-fold increase in serum FGF21 levels in mice 

treated with Lpcat3-ASO (Figure 5F). Western blot analysis showed a slight elevation in 

pAKT levels in the liver and BAT of mice treated with Lpcat3-ASO compared to those 

treated with Con-ASO (Figure 6A–D), indicating enhanced insulin signaling.

Global suppression of Lpcat3 ameliorates obesity and insulin resistance in ob/ob mice

Next, we examined how global knockdown of Lpcat3 affects metabolism in a genetically 

obese mouse model. Starting at 6 weeks old, ob/ob mice were subcutaneously injected with 

control or Lpcat3 targeting ASO twice per week for 5 weeks. Similar to HFD-fed mice, 

Lpcat3-ASO treatment reduced body weight gain in ob/ob mice with a significant decrease 

in adipose tissue weight (Figure 7A–7D). Mice injected with Con- and Lpcat3-ASO had 

comparable food consumption (Figure 7E), indicating that the body weight difference was 

not caused by a difference in energy intake. GTT and ITT analysis in mice with comparable 

body weight showed significant improvement in glucose tolerance and insulin sensitivity in 

Lpcat3-ASO injected mice (Figure 7F–7K). Moreover, Lpcat3-ASO injected mice had lower 

fasting blood glucose, serum insulin levels and HOMA-IR than Con-ASO injected mice 

(Figure 7L–7N).

Whole-body suppression of Lpcat3 expression had no effect on serum triglyceride and 

NEFA levels or hepatic NEFA levels, but significantly decreased hepatic triglyceride levels 

(Figure 8A–8D), which was likely a result of decreased expression of lipogenic genes in 

the liver (Figure 8E). Histology analysis also showed less lipid accumulation in the liver, 

while no difference in the histology of adipose tissues was observed (Figure 8F). CLAMS 

analysis revealed a slight increase in energy expenditure in Lpcat3-ASO injected ob/ob 
mice during light cycle (Figure 8G–8I), while physical activity was not different between 

groups (Figure 8J). Interestingly, there was a significant reduction in RER in Lpcat3-ASO 

injected mice (Figure 8K), suggesting that fat was utilized more as an energy source. 

Furthermore, the expression of lipases was significantly enhanced in the adipose tissues of 

Lpcat3-ASO injected mice (Figure 8L). Thus, reduced RER and increased lipase expression 

may contribute to smaller fat depots in Lpcat3-ASO injected mice.

Discussion

Phospholipid composition in biological membranes has been increasingly recognized to 

have significant impact on normal physiological processes and pathological conditions. In 

previous studies, we have demonstrated that LPCAT3 and phospholipid remodeling are 

involved in the regulation of VLDL secretion (12), SREBP-1c-mediated lipogenesis in the 

liver (14), and chylomicron metabolism in the intestine in normal physiology (13). Our 

recent investigations have further revealed the involvement of LPCAT3 in the development 

of disease conditions (15, 19), including selective insulin resistance in type 2 diabetes. 

Specifically, we have found that hyperinsulinemia increases hepatic Lpcat3 expression and 

polyunsaturated PC levels, and that chronic Lpcat3 deficiency in the liver improves insulin 

sensitivity in both HFD-fed and genetic ob/ob mouse models. In this study we show that 

acute targeting of Lpcat3 in the liver through AAV-Cre mediated knockout or whole body 

Lpcat3 knockdown via ASO injection improve insulin resistance in both HFD-fed and ob/ob 
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mice. These studies provide a proof of concept that manipulating LPCAT3 expression and 

membrane phospholipid composition could be a potential therapeutic strategy for treating 

insulin resistance in type 2 diabetes.

The pathogenesis of insulin resistance involves multiple metabolic organs, including liver, 

muscle and adipose tissues (24–27). Insulin signaling regulates glucose homeostasis by 

suppressing glucose production in the liver and enhancing glucose uptake in the muscle 

and adipose tissues. Interestingly, we and others have demonstrated that LPCAT3 and 

phospholipid composition modulate insulin signaling and glucose metabolism in both the 

liver and muscle (15, 16). Loss of Lpcat3 in the liver improves insulin sensitivity through 

both cell autonomous and nonautonomous effects. Increasing membrane phospholipid 

saturation facilitates insulin receptor internalization and downstream signal transduction, 

and increases FGF21 secretion and glucose uptake in brown adipose tissues (15). Similarly, 

Lpcat3 deficiency in the muscle enhances insulin sensitivity by increasing membrane lipid 

clustering and potentiating insulin action (16). Although it is unclear whether phospholipid 

remodeling affects insulin signaling and glucose uptake in adipose tissue, we believe that the 

improved insulin sensitivity in ASO treated mice could be attributed, at least partially, to the 

effects of Lpcat3 suppression in both the liver and muscle.

It is well established that hyperinsulinemia activates SREBP-1c, leading to enhanced 

lipogenesis, but fails to suppress glucose production in the livers of type 2 diabetic patients, 

a phenomenon referred to as selective insulin resistance (4, 28). Our studies have shown 

that LPCAT3 and membrane unsaturation mediate both lipid promoting and anti-glucose 

producing effects of insulin. Thus, we anticipate that inhibiting Lpcat3 could improve 

both hyperglycemia and hypertriglyceridemia in HFD-induced or genetic ob/ob insulin 

resistant models. Indeed, acute knockout of Lpcat3 by AAV-Cre injection lowered both 

blood glucose and triglyceride levels. Similarly, ASO treatment in HFD-fed and ob/ob mice 

also resulted in decreased blood glucose levels. We also observed a marked reduction in 

hepatic triglyceride levels in ob/ob mice. Surprisingly, serum triglyceride levels were not 

affected after ASO treatment, despite the significant suppression of SREBP-1c expression 

and its downstream targets involved in lipid de novo synthesis in ASO treated livers. We 

reason that altered lipid metabolism resulting from Lpcat3 knockdown in other organs, 

such as adipose tissue and intestine, may have obscured the effect of Lpcat3 suppression 

on hepatic lipid metabolism. Indeed, thanks to the reduced lipid absorption caused by 

the suppression of Lpcat3 in the intestine, HFD-fed mice treated with ASO showed no 

discernible difference in hepatic triglyceride levels compared to controls. This observation 

implies that ASO-mediated whole body Lpcat3 knockdown mitigated the development of 

steatosis in mice with hepatic specific Lpcat3 knockout, enhancing the potential of ASO 

treatment as a therapeutic approach for diet-induced insulin resistance.

It is interesting to note that treatment with ASO significantly reduced body weight gain, 

particularly body fat mass, in both HFD-fed and ob/ob mice. Although our previous 

studies have shown that knockout of Lpcat3 in the liver increases energy expenditure 

though FGF21 induction (15), there was no difference in energy expenditure between 

Lpcat3-ASO and control-ASO treated mice. Previous research has demonstrated that Lpcat3 
deficiency impairs lipid absorption in the intestine (13), which likely contributes to less 
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body weight gain on HFD. In ob/ob mice, we found that knockdown of Lpcat3 increased 

the expression of lipolytic enzymes in adipose tissues and reduced RER, suggesting that 

Lpcat3-ASO injected mice predominantly utilize fat as energy source. However, it remains 

to be determined how changes in membrane phospholipid composition affects energy, lipid 

and glucose metabolism in adipose tissues.

In summary, our data demonstrate that targeting Lpcat3 expression improves obesity and 

insulin resistance in both HFD-fed and genetic ob/ob models, which could be a novel 

therapeutic approach to treat obesity and insulin resistance.

Limitation of the study

In our study, we assessed the therapeutic potential of acute Lpcat3 depletion against 

insulin resistance in several mouse models. Although both liver-specific and whole-

body knockdown of Lpcat3 improved insulin sensitivity, the transition to future clinical 

applications requires further investigation, given the difference between mouse models and 

human patients. Furthermore, the physiological function of LPCAT3 remains unclear in 

other organs such as brain and pancreas. Therefore, potential side effects associated with 

whole-body Lpcat3 inhibition, although not evident in our study, necessitate comprehensive 

characterization and scrutiny.
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Figure 1. Acute deletion of Lpcat3 in the liver improves insulin sensitivity in HFD-fed mice.
A. Growth curve of Lpcat3fl/fl mice fed HFD for 8 weeks followed by retro-orbital injection 

with AAV8-TBG-eGFP or AAV8-TBG-iCre (n=6–7/group).

B-C. Body weight and body composition in AAV injected HFD fed mice.

D. Lpcat3 mRNA levels in the liver and adipose tissues in AAV injected HFD fed mice.

E-H. GTT, ITT and area under the curve (AUC) analysis in HFD-fed Lpcat3fl/fl mice 

injected with AAV8-TBG-eGFP or AAV8-TBG-iCre (n=6–7/group).

I-K. Fasting blood glucose (I), serum insulin levels (J) and HOMA-IR (K) of HFD-fed 

Lpcat3fl/fl mice injected with AAV8-TBG-eGFP or AAV8-TBG-iCre (n=6–7/group).

Data are represented as means ± SEM. Statistical analysis was performed with two-way 

ANOVA (C, E and G) and Student’s t test (B, D, F, H-K). *P < 0.05, **P < 0.01, ****P < 

0.0001.
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Figure 2. Acute deletion of Lpcat3 in the liver improves hypertriglyceridemia in HFD-fed mice.
A. Expression of selected genes in the livers of HFD-fed Lpcat3fl/fl mice injected with 

AAV8-TBG-eGFP or AAV8-TBG-iCre (n=6–7/group).

B-E. Serum triglyceride (B) and NEFA (C) levels and liver triglyceride (D) and NEFA (E) 

levels of HFD-fed Lpcat3fl/fl mice injected with AAV8-TBG-eGFP or AAV8-TBG-iCre.

F. Representative histology of liver, epididymal white adipose tissue (eWAT), subcutaneous 

white adipose tissue (sWAT) from HFD-fed Lpcat3fl/fl mice injected with AAV8-TBG-eGFP 

or AAV8-TBG-iCre. Scale bar: 100 μm.

G-H. Energy expenditure (EE) analyzed by regression analysis of covariance (ANCOVA).

I. EE estimated by univariate generalized linear model (GLM) with body mass set to 42.92 g 

(average body mass of AAV8-TBG-eGFP or AAV8-TBG-iCre injected mice on HFD).
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J-L. Food consumption (J), physical activity (K) and respiratory exchange ratio (RER) (L) 

in HFD-fed Lpcat3fl/fl mice injected with AAV8-TBG-eGFP or AAV8-TBG-iCre.

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t test 

(A-E, J), ANCOVA (G-H), and two-way ANOVA (I, K, L). *P < 0.05, **P < 0.01, ****P < 

0.0001.
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Figure 3. Whole body silencing Lpcat3 expression improves HFD-induced obesity and insulin 
resistance.
A. Expression of Lpcat3 in different tissues of chow diet-fed C57BL/6 mice subcutaneously 

injected with control and Lpcat3 targeting ASOs (n=5–8/group).

B. Growth curve of C57BL/6 mice fed HFD for 8 weeks followed by subcutaneous injection 

with control (Con-ASO) or Lpcat3 targeting ASO (Lpcat3-ASO) (n=12/group).

C and F. Mouse body weight when GTT and ITT were performed.

D-E and G-H. GTT, ITT and area under the curve (AUC) analysis in HFD-fed C57BL/6 
mice injected with Con-ASO or Lpcat3-ASO (n=11–12/group).

I-K. Fasting blood glucose (I), serum insulin levels (J) and HOMA-IR (K) of HFD-fed 

C57BL/6 mice injected with Con-ASO or Lpcat3-ASO.
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L-N. Final body weight (L), eWAT weight (M) and sWAT weight (N) of HFD-fed C57BL/6 
mice injected with Con-ASO or Lpcat3-ASO.

O. Food consumption of HFD-fed C57BL/6 mice injected with Con-ASO or Lpcat3-ASO.

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t test 

(A-C, E-F, H-O), and two-way ANOVA (D and G). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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Figure 4. Whole body silencing Lpcat3 expression has no effect on lipid and energy metabolism 
in HFD-fed mice.
A-D. Serum triglyceride (A) and NEFA (B) levels and liver triglyceride (C) and NEFA (D) 

levels of HFD-fed C57BL/6 mice injected with Con-ASO or Lpcat3-ASO.

E. Expression of selected genes in the livers of HFD-fed C57BL/6 mice injected with 

Con-ASO or Lpcat3-ASO (n=12/group).

F. Postprandial lipid absorption analysis in HFD-fed C57BL/6 mice injected with Con-ASO 

or Lpcat3-ASO (n=4–5/group).

G. Representative histology of liver, eWAT and sWAT from HFD-fed C57BL/6 mice 

injected with Con-ASO or Lpcat3-ASO. Scale bar: 100 μm.
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H-I. Energy expenditure (EE) analyzed by regression analysis of covariance (ANCOVA).

J. EE estimated by univariate generalized linear model (GLM) with body mass set to 39.14 g 

(average body mass of Con-ASO or Lpcat3-ASO injected mice on HFD).

K-L. Physical activity (K) and respiratory exchange ratio (RER) (L) in HFD-fed Lpcat3fl/fl 

mice injected with Con-ASO or Lpcat3-ASO.

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t test 

(A-E), ANCOVA (H-I), and two-way ANOVA (F, J-L). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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Figure 5. Whole-body silencing Lpcat3 expression alters phospholipid composition in metabolic 
organs.
A. Expression of Lpcat3 in different tissues of HFD-fed C57BL/6 mice subcutaneously 

injected with control and Lpcat3 targeting ASOs (n=6–12/group).

B-E. PC composition in the liver, muscle, WAT and BAT of HFD-fed mice injected with 

ASO (n=5/group).

F. Serum FGF21 levels in HFD-fed mice injected with ASO (n=10/group).

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t test. 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6. Whole-body silencing Lpcat3 expression enhances insulin signaling in the liver and 
BAT.
A-D. Western blot analysis of p-AKT levels in the liver, muscle, WAT and BAT from ASO 

treated HFD fed mice. Mice were fasted overnight and retro-orbitally injected with insulin (1 

U/kg BW) for 10 min.

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t test.
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Figure 7. Global suppression of Lpcat3 ameliorates obesity and insulin resistance in ob/ob mice.
A. Growth curve of ob/ob mice injected with Con-ASO or Lpcat3-ASO (n=8/group).

B-D. Body weight (B), eWAT weight (C) and sWAT weight (D) of ob/ob mice injected with 

Con-ASO or Lpcat3-ASO.

E. Daily food consumption of ob/ob mice injected with Con-ASO or Lpcat3-ASO.

F-K. GTT, ITT and area under the curve (AUC) analysis in ob/ob mice injected with 

Con-ASO or Lpcat3-ASO (n=5–8/group).

L-N. Fasting blood glucose (L), serum insulin levels (M) and HOMA-IR (N) of ob/ob mice 

injected with Con-ASO or Lpcat3-ASO.

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t test 

(A-F, H-I, K-N), and two-way ANOVA (G and J). *P < 0.05, **P < 0.01.
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Figure 8. Global suppression of Lpcat3 has no effect on lipid metabolism in ob/ob mice.
A-D. Serum triglyceride (A) and NEFA (B) levels and liver triglyceride (C) and NEFA (D) 

levels of ob/ob mice injected with Con-ASO or Lpcat3-ASO.

E. Expression of selected genes in the livers of ob/ob mice injected with Con-ASO or 

Lpcat3-ASO (n=7–8/group).

F. Representative histology of liver, eWAT and sWAT from ob/ob mice injected with Con-

ASO or Lpcat3-ASO. Scale bar: 100 μm.

G-H. Energy expenditure (EE) analyzed by regression analysis of covariance (ANCOVA).

I. EE estimated by univariate generalized linear model (GLM) with body mass set to 44.5 g 

(average body mass of Con-ASO or Lpcat3-ASO injected ob/ob mice).
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J-K. Physical activity (J) and respiratory exchange ratio (RER) (K) in ob/ob mice injected 

with Con-ASO or Lpcat3-ASO.

L. Expression of Lpcat3 and lipases in eWAT of ob/ob mice injected with Con-ASO or 

Lpcat3-ASO (n=7–8/group).

Data are presented as means ± SEM. Statistical analysis was performed with Student’s t 

test (A-E), ANCOVA (G-H), and two-way ANOVA (I-K). *P < 0.05, **P < 0.01, ****P < 

0.0001.
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