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Highlights Impact and Implications

� NAFLD is characterised by the accumulation of lipid droplets within

hepatocytes.

� Lipid droplets are active storage organelles with a unique architecture.

� PLIN2 plays an important role in the formation and stability of lipid

droplets and lipophagy.

� The PLIN2-Pro251 variant has been associated with reduced plasma levels

of triglycerides and VLDLs.

� The PLIN2-Pro251 variant reduced liver triglycerides and lipid droplet

accumulation.
https://doi.org/10.1016/j.jhepr.2023.100902
Lipid droplet accumulation in hepatocytes is the distinctive
characteristic of non-alcoholic fatty liver disease. Perilipin 2
(PLIN2) is the most abundant protein in hepatic lipid drop-
lets; however, little is known on the role of a specific poly-
morphism PLIN2-Pro251 on hepatic lipid droplet
metabolism. PLIN2-Pro251 attenuates liver triglycerides
accumulation after a high-fat-high-glucose-diet. PLIN2-
Pro251 may be a novel lipid droplet protein target for the
treatment of liver steatosis.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2023.100902&domain=pdf
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Background & Aims: Non-alcoholic fatty liver disease (NAFLD) is characterised by the accumulation of lipid droplets (LDs)
within hepatocytes. Perilipin 2 (PLIN2) is the most abundant protein in hepatic LDs and its expression correlates with
intracellular lipid accumulation. A recently discovered PLIN2 coding variant, Ser251Pro (rs35568725), was found to promote
the accumulation of small LDs in embryonic kidney cells. In this study, we investigate the role of PLIN2-Ser251Pro (PLIN2-
Pro251) on hepatic LD metabolism in vivo and research the metabolic phenotypes associated with this variant in humans.
Methods: For our animal model, we used Plin2 knockout mice in which we expressed either human PLIN2-Pro251 (Pro251
mice) or wild-type human PLIN2-Ser251 (Ser251 mice) in a hepatocyte-specific manner. We fed both cohorts a lipogenic high-
fat, high-cholesterol, high-fructose diet for 12 weeks.
Results: Pro251 mice were associated with reduced liver triglycerides (TGs) and had lower mRNA expression of fatty acid
synthase and diacylglycerol O-acyltransferase-2 compared with Ser251 mice. Moreover, Pro251 mice had a reduction of
polyunsaturated fatty acids-TGs and reduced expression of epoxygenase genes. For our human study, we analysed the Penn
Medicine BioBank, the Million Veteran Program, and UK Biobank. Across these databases, the minor allele frequency of PLIN2-
Pro251 was approximately 5%. There was no association with the clinical diagnosis of NAFLD, however, there was a trend
toward reduced liver fat in PLIN2-Pro251 carriers by MRI-spectroscopy in UK Biobank subjects.
Conclusions: In mice lacking endogenous Plin2, expression of human PLIN2-Pro251 attenuated high-fat, high-fructose, high-
cholesterol, diet-induced hepatic steatosis compared with human wild-type PLIN2-Ser251. Moreover, Pro251 mice had lower
polyunsaturated fatty acids-TGs and epoxygenase genes expression, suggesting less liver oxidative stress. In humans, PLIN2-
Pro251 is not associated with NAFLD.
Impact and Implications: Lipid droplet accumulation in hepatocytes is the distinctive characteristic of non-alcoholic fatty
liver disease. Perilipin 2 (PLIN2) is the most abundant protein in hepatic lipid droplets; however, little is known on the role of
a specific polymorphism PLIN2-Pro251 on hepatic lipid droplet metabolism. PLIN2-Pro251 attenuates liver triglycerides
accumulation after a high-fat-high-glucose-diet. PLIN2-Pro251 may be a novel lipid droplet protein target for the treatment of
liver steatosis.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: NAFLD; Lipid droplets; Perilipin; DGAT2; triglycerides.
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2023; available online 11 October 2023

* Corresponding author. Address: Perelman School of Medicine at The University of
Pennsylvania, Division of Translational Medicine and Human Genetics, Smilow

Center for Translational Research, Room 11-130-3, 3400 Civic Center Blvd.,
Philadelphia, PA 19104, USA.
E-mail address: eleonora.scorletti@pennmedicine.upenn.edu (E. Scorletti).

https://doi.org/10.1016/j.jhepr.2023.100902
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:eleonora.scorletti@pennmedicine.upenn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2023.100902&domain=pdf


Research article
Introduction
Non-alcoholic fatty liver disease (NAFLD) is a chronic and heter-
ogenous liver condition characterised by the presence of lipid
droplets (LDs) in more than 5% of the hepatocytes.1 NAFLD affects
approximately 25% of the adult population worldwide.2 This
condition can gradually progress into non-alcoholic steatohepa-
titis (NASH), liver fibrosis, cirrhosis, and hepatocellular carci-
noma.3 There is currently no effective treatment for NAFLD, and as
a result, this condition has become one of the most common
causes of cirrhosis, liver disease-related mortality, and liver
transplantation.4 As the progression of NAFLD is associated with
the accumulation of hepatic LDs and dysregulated glucose meta-
bolism, understanding the specific mechanisms underlying LD
accumulation is key to develop novel diagnostic and therapeutic
strategies.3

Triglycerides (TGs) that accumulate in hepatocytes are stored
in LDs. LDs are active, storage organelles with a unique architec-
ture consisting of a hydrophobic core of neutral lipids (predomi-
nantly cholesterol esters and TGs) enveloped in a phospholipid
monolayer. In this monolayer lie heterogeneous proteins and
enzymes responsible for neutral lipid synthesis and metabolism.5

Perilipin 2 (PLIN2) is the most abundant hepatic protein in the LD
phospholipid monolayer.6,7 PLIN2 plays an important role in the
formation and stability of LDs and lipophagy,7–11 and is associated
with increased long-chain ceramides12 that impair insulin
signalling.9,11,13

Previous studies showed that gene variants affecting liver TG
metabolism were associated with a high risk of developing he-
patocellular carcinoma irrespective of severe fibrosis.14,15

Recently, a human PLIN2 missense variant characterised
by a serine-to-proline substitution at position 251 (Ser251Pro;
rs35568725) was shown to have an impact on LD structure and
lipid metabolism. The PLIN2-Ser251Pro (PLIN2-Pro251) variant
was found to promote LD accumulation in a range of cell types,
including macrophages, human embryonic kidney 293 cells, and
hepatic cells (HuH7 cells).16,17 By contrast, there are conflicting
results regarding the effect of PLIN2-Pro251 on cellular TG accu-
mulation.16,17 In humans, the PLIN2-Pro251 variant has been
associated with reduced plasma levels of TGs and VLDLs.16 How-
ever, the molecular role of PLIN2-Pro251 in LD metabolism is not
well understood.

In the current study, we developed an experimental mouse
model to investigate the biologic role of human PLIN2-Pro251 on
hepatic lipid metabolism. We found that the PLIN2-Pro251
variant reduced liver TGs and LD accumulation compared to the
wild-type human PLIN2-Ser251. Concurrently, we analysed the
Penn Medicine BioBank (PMBB), the Million Veteran Program
(MVP) and UK Biobank (UKB), three large and well-validated
databases, to determine the metabolic phenotypes associated
with PLIN2-Pro251. Our analyses revealed that this variant is not
associated with NAFLD and data from the UKB also showed that
PLIN2-Pro251 carriers have reduced liver fat compared with non-
carriers. Our results offer insights into the role of PLIN2-Pro251 in
hepatocellular LD homeostasis and provide a basis for future
investigations.
Materials and methods
Animal model
For our study, we used 8–10-week-old male Plin2 KO-mice
(Supplementary material).9 (Male mice were used to interro-
gate the effect of Pro251 on lipid droplet biology, as female mice
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were relatively protected from steatosis in our pilot study of 12
weeks of high-fat, high-fructose, high-cholesterol [FFC] feeding.)
Mice were fed with chow diet until they were 8 weeks old.
Thereafter, we administered a retro-orbital injection of adeno-
associated virus utilising a thyroxine-binding globulin pro-
moter to direct the expression of either the PLIN2-Pro251 poly-
morphism (Pro251 mice) or the wild-type PLN2-Ser251 (Ser251
mice) in the liver (Fig. S1A–D).

All injected mice were divided into two dietary groups: the
first group (FFC group) was given 12 weeks of ad libitum access to
an FFC diet (40% kcal fat, 20% kcal fructose, 2% cholesterol); the
second group (Chow group) was given 12 weeks ad libitum ac-
cess to a chow diet (Fig. S1E).18

Biochemical and lipidomic analysis
Plasma samples for biochemical assays were obtained by
centrifuging blood in a lithium heparin tube at 2,000 × g at 4 �C
for 10 min. Liver samples were prepared by adding 6 ll 2:1
ethanol (EtOH):30% potassium hydroxide solution per mg of liver
tissue, vortexing, then incubating in a 60 �C water bath over-
night. Subsequently, 1.08 volumes of 1 MgCl2 were added to the
liver digest, before it was vortexed to a milky consistency, and
placed on ice for 10 min. The liver digest was then centrifuged at
18,000 × g at room temperature for 30 min, and the resulting
supernatant was used for biochemical assays.

Plasma alanine aminotransferase (ALT) activity was measured
using a Stanbio ALT/SGPT Liqui-UV Test kit (EKF Diagnostics, TX,
USA). Plasma and liver TG levels were measured using a Stanbio
Triglycerides LiquiColor Test Mono (EKF Diagnostics, TX, USA).
Plasma levels of non-esterified fatty acid (NEFA) were measured
using a Wako HR Series NEFA-HR 2 test kit (Fujifilm, Japan). All
biochemical assays were analysed using Infinite 200 PRO plate
reader (Tecan Trading AG, Switzerland). Fasting blood glucose
was measured using the Accu-Chek Nano Glucose Meter (Roche
Diabetes Care, Inc., New York, NY, USA).

To estimate hepatic VLDL production, a kinetic experiment
was performed. Mice were fasted for 4 h (from 07:00 to 11:00)
then injected with 1 g/kg poloxamer 407 (Sigma-Aldrich, St.
Louis, MO, USA) that blocks the lipolysis of TGs. Tail vein blood
was collected at time 0 and 1, 2, and 4 h after injection,
measuring TGs by colorimetric assay and thereby enabling esti-
mation of VLDL secretion rate.

Lipidomics
Tissue preparation for lipids extraction
Sections of approximately 10 mg of frozen tissues were cut on a
tile kept in dry ice with a new blade kept in dry ice. The tissue
was added to a microcentrifuge tube with 0.6 ml 80%
methanol (MeOH) and 20 ll on internal standard mix (1:1,
SPLASH® LIPIDOMIX #330707 and Ceramide/Sphingoid Internal
Standard Mixture I #LM6002, both from Avanti Polar Lipids,
Alablaster, AL, USA).

Liquid chromatography-high resolution mass spectrometry for
lipids
Metabolites were separated using an Ascentis Express C18, 2.1
× 150 mm 2.7 lm column (Sigma-Aldrich) on an UltiMate 3000
HPLC system. The metabolites were eluted on a 0.4 m/min flow-
rate gradient using Solvent A (4:6 v/v water:acetonitrile, 0.1%
formic acid, 10 mM ammonium formate) and Solvent B (1:9 v/v
acetonitrile:isopropanol, 0.1% formic acid, 10 mM ammonium
formate). The gradient was as follows: 10% B at 0 min, 10% B at
2vol. 6 j 100902
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Fig. 1. Impact of Pro251 on hepatic and metabolic parameters in mice after 12-week FFC diet. Hepatic TG levels (A), representative histologic images of H&E-
stained and Oil Red O stained (B), hepatic ALT (C), serum TG levels (D), serum VLDL (E), calories consumed (F), body weights (G), liver/body weight ratio (H),
adipose weight (I). Statistical analyses were performed using a two-tailed unpaired t-test or one-way ANOVA with Tukey’s post-hoc test. *Statistical difference
between diets, *p <0.05; **p <0.005; ***p <0.0005; ****p <0.0001. §Statistical difference between genotypes, §p <0.05; §§p <0.005; §§§p <0.0005; §§§§p <0.0001. ALT,
alanine aminotransferase; FFC, high-fat, high-fructose, high-cholesterol; TG, triglyceride; VLDL, very low density lipoprotein.
1 min, 40% B at 4 min, 75% B at 12 min, 99% B at 21 min, 99% B at
24 min, 10% B at 24.5 min, 10% at 30 min. Separations were
performed at 55 �C.

For the lipidomic and ceramide analyses see the
Supplementary material.

Histology
Dissected liver samples were placed in a cartridge, fixed in 10%
buffered formalin overnight, transferred to 70% EtOH, and
paraffin embedded. Paraffin sections were stained with H&E. To
visualise lipid deposition, liver sections frozen in cryoprotectant
media were stained with Oil Red O. Sectioning and staining of
the liver were performed by the Molecular Pathology and Im-
aging Core at the University of Pennsylvania. Slides were
visualised under a bright field with Nikon 80i microscope (Nikon
Instruments, Melville, NY, USA) and interpreted by a liver
pathologist (EEF). Images were captured with a Nikon DS-Qi1MC
camera (Nikon Instruments).

Western blot
Tissue protein lysates were prepared by homogenising liver,
adipose, or muscle tissue in a RIPA buffer (50 mM Tris [pH 8.0],
150 mM NaCl, 5 mM EDTA, 1% v/v NP-40, 0.5% w/v sodium
deoxycholate, 0.1% v/v SDS, 50 mM sodium fluoride) containing
JHEP Reports 2024
cOmplete Protease Inhibitor tablets and PhosStop phosphatase
inhibitor tablets (Roche Diagnostics, Germany). Protein concen-
trations were determined using a Pierce BCA protein assay kit
(Thermo-Fisher Scientific). Proteins were then resolved on a
NuPAGE 4–12% Bis-Tris gel (Invitrogen, CA, USA) by electropho-
resis, and transferred onto a nitrocellulose membrane by elec-
troblotting. Blots were analysed using ImageJ software (NIH).
Data were normalised to glyceraldehyde 3-phosphate dehydro-
genase protein levels.

Quantitative PCR
Liver tissue samples stored in RNAlater solution (Invitrogen,
Lithuania) were solubilised using a Bio-Gen PRO 200 homoge-
niser (PRO Scientific, CT, USA). mRNA was extracted from the
homogenate using a PureLINK RNA Mini Kit (Invitrogen, CA,
USA). The mRNA samples were treated with Amplification Grade
DNase I (Invitrogen, CA, USA), then MultiScribe reverse tran-
scriptase (Applied Biosystems, CA) to produce cDNA. Quantita-
tive real-time PCR (qPCR) was performed with the cDNA on a
StepOnePlus PCR system (Applied Biosystems, CA, USA) or Taq-
man 7900 (Thermo-Fisher Scientific) using gene-specific primers
and SYBR Select Master Mix (Applied Biosystems, Lithuania).
Data were normalised to mRNA levels of ribosomal protein, large,
P0 (36b4) reference gene.
3vol. 6 j 100902
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Glucose and insulin tolerance test
For glucose tolerance tests (GTTs), mice were fasted for 6 h and
then intraperitoneally injected with PBS supplemented with 20%
glucose at a dosage of 10 ml/kg body weight. Blood glucose levels
were measured at time 0 and 15, 30, 60, 120, and 180 min after
injection with an ACCU-CHEK Inform II glucometer (Roche Dia-
betes Care, IN, USA). For the insulin tolerance test (ITT), animals
were fasted for 5 h before 0.75 U/kg of human insulin was
intraperitoneally administered. Tail blood glucose was measured
at time 0 and 15, 30, 60, and 90 min after injection with a
glucometer (Lifescan, Inc., Milipitas, CA, USA). Mice were allowed
to recover and resume their diets after completion of these tests.

Metabolic monitoring
Mice were individually placed in the Oxymax Lab Animal Moni-
toring System (Columbus Instruments, Columbus, OH, USA).
Following a 24-h acclimation period, oxygen consumption, car-
bon dioxide production, and locomotor activity were determined.
The respiratory exchange ratio (RER) was calculated by dividing
the volume of carbon dioxide produced by the volume of oxygen
consumed (VCO2/VO2). Whole body fat and lean mass de-
terminations were performed using the Eco-MRI-100 system
(Echo MRI; Houston, TX, USA).

RNA-seq
mRNA samples for RNA-seq analysis were prepared from liver
tissue homogenates using a PureLINK RNA Mini Kit (Invitrogen,
CA, USA). Libraries were prepared by the Next Generation
Sequencing Core at the University of Pennsylvania. Total RNA
quantity and quality were assayed with an Agilent 2100 Bio-
analyzer instrument using the RNA 6000 Nano Kit (Agilent
Technologies). Libraries were prepared at Next Generation
Sequencing Core at the University of Pennsylvania using TruSeq
Stranded mRNA HT Sample Prep Kit (Illumina) as per standard
protocol in the kit’s sample prep guide. Libraries were assayed
for size using the DNA 1000 kit of an Agilent 2100 Bioanalyzer
(Agilent Technologies) and quantified using the KAPA Library
Quantification Kit for Illumina platforms (KAPABiosystems). The
100-bp single-read sequencing of multiplexed samples was
performed on an Illumina HiSeq 4000 sequencer. Illumina’s
bcl2fastq version 2.20.0.422 software was used to convert bcl to
fastq files.

The Penn Medicine Biobank
The PMBB is an institutional resource of the University of
Pennsylvania Health System. This database includes DNA, blood,
and tissue samples from over 60,000 patients. Samples were
obtained under a single umbrella Institutional Review Board
protocol that permits DNA genotyping and sequencing,
biomarker assays, access to electronic health record (EHR)
phenotype data, and permission to recontact. PMBB participants
were genotyped using the Illumina Global Screening Array v.2.0
and further imputed using the TOPMed Imputation Server. For
the phenome-wide association study (PheWAS), ICD-9 and ICD-
10 codes were used to assign traits to each patient according to
their records, and a genome-wide association study for each was
run using the imputed genome-wide genetic data. Subsequently,
the results for rs35568725 were retrieved to determine its as-
sociation with clinical phenotypes. For our study, we screened
the genome-wide genotype data for over 20,000 White and
Black participants.
JHEP Reports 2024
Million Veteran Program
The US Department of Veterans Affairs (VA) provides care to
approximately nine million veterans. The MVP is a VA database
of genomic and phenotypic information.19,20 Launched in 2011
and supported by the Veterans Health Administration Office of
Research and Development in the United States, the MVP largely
comprises White, Black, and Hispanic male veteran participants
and contains both clinical and genetic data. Clinical data were
prospectively collected and combined with prior health record
data from the VA EHR, and the VA Corporate Data Warehouse.
The association of cardiometabolic traits for PLIN2-Pro251 among
MVP participants was tested under an additive logistic model
and was corrected for age, sex, and the first 10 ethnicity-specific
principal components. The present study was approved by the
VA Central Institutional Review Board and by the Corporal
Michael J. Crescenz VA Medical Center and by the University of
Pennsylvania Institutional Review Board.

The United Kingdom Biobank
The UKB is a population-based cohort study, which recruited
502,505 UK volunteers between 2006 and 2010 (age range be-
tween 37 and 73 years). Genome-wide genotyping was per-
formed using the UKB Axiom Array and additional imputation
was performed using the TOPMed reference panel. The UKB was
approved by the Northwest Multi-Center Research Ethics Com-
mittee. Details of the methods, data availability, and access
procedures for UKB are publicly disclosed on its website (http://
www.ukbiobank.ac.uk). A total of 1,419 EHR-derived broad
PheWAS codes were available for approximately 400,000 White
British individuals. For liver fat analysis and adipose tissue
analysis we used UKB MRI-derived phenotypes. For our study,
association analyses were performed using the logistic regres-
sion test implemented in plink, including age, sex, and 10
ancestry-informative principal components as covariates.

Data analysis
Statistical analyses for the in vivo model were performed using
GraphPad Prism 8.2 (GraphPad, San Diego, CA, USA). All data
were presented as mean ± standard error of measurement (SEM).
Statistical analysis was performed using either a t test or one-
way ANOVA with Tukey’s multiple comparisons test. To test for
any independent associations linear or logistic regressions were
performed. Statistical significance was determined at p <0.05.
The following programs were used to analyse our collected data:
R version 4.0.2 (R Foundation for Statistical Computing; Vienna,
Austria), SPSS Statistics version 26 (IBM; Armonk, NY, USA) and
Prism version 8 (GraphPad, La Jolla, CA, USA). We calculated the
Bonferroni corrected/adjusted p value, by dividing the original a-
value (0.05) by the number of analyses on the dependent
variable.
Results
PLIN2-Pro251 expression attenuates FFC-induced hepatic
steatosis compared with PLIN2-Ser251
After 12 weeks of the FFC diet, we found that Pro251 mice had a
significantly lower hepatic TG level compared with Ser251 mice
(Fig. 1A and B). In addition, the liver histology showed a shift
in LD organisation with increasing microvesicular patterns
in Pro251 mice compared with Ser251, without evidence of
inflammation or fibrosis in either genotype (Fig. 1B and Fig. S1E).
4vol. 6 j 100902
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Moreover, FFC-fed Pro251 and Ser251 mice showed similar liver
ALT levels, serum TG levels, and hepatic VLDL-TG secretion
(Fig. 1C–E). Pro251 and Ser251 mice also had similar caloric
consumption, increase in body weight, liver to body weight ratio,
and adipose tissue weight (Fig. 1F–I).

PLIN2-Pro251 has a role in liver lipid remodelling
Given the changes observed with overall hepatic TG content and
reduction in steatosis in Pro251 mice, we quantified the specific
lipid species that contribute to liver LD composition. We per-
formed a targeted shotgun comparison of hepatic lipids obtained
from liver lysates of Pro251 and Ser251 mice. The lipidomic anal-
ysis demonstrated that Pro251mice had adecrease in total hepatic
TG species compared with Ser251 mice (Fig. 2A), confirming our
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Fig. 2. Liver lipidomic analysis. Total triglycerides (TG) (A), diacylglycerols (DG
phatidylethanolamine (E), total phosphatidylcholine (F), total sphingomyelin (G)
unpaired t-test or one-way ANOVA with Tukey’s post-hoc test. *Statistical differe
tical difference between genotypes, §p <0.05; §§p <0.005; §§§p <0.0005; §§§§p <0.0
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biochemicalmeasurements. In addition,we found a trend towards
a reduction of total hepatic diacylglycerols (DGs) in Pro251
compared with Ser251 mice (Fig. 2B). We did not find any differ-
ence in total hepatic levels of cholesterol esters, lysophosphati-
dylcholine, phosphatidylethanolamine, phosphatidylcholine, and
sphingomyelin in both genotypes (Fig. 2C–G); however, we found
a trend towards increase in acyl-CoA (Fig. 2H).

A detailed analysis of the lipid species demonstrated a
reduction in the quantity of polyunsaturated-fatty-acids-TG
(PUFA-TG) in Pro251 mice (Fig. 3A and B and Table S1). In both
diets, Pro251 mice had a significant reduction in TG
(18:1_18:1_22:3), TG (18:0_22:6_22:6), TG (20:5_17:1_18:2), TG
(18:2_17:1_18:2), TG (16:0_14:0_18:1) TG (18:0_16:0_16:0), and
TG (18:1_14:0_14:0) (Fig. 3B and Table S1). Interestingly, we
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Research article
found that in the Chow group, there was an increase in PUFA-DG
in Pro251 mice; whereas, in the FFC group, Pro251 mice had a
reduction in DG containing saturated and monounsaturated fatty
acids compared with Ser251 mice (Fig. 3C and D). With regard to
other lipids, Pro251 mice fed an FFC diet also had a trend towards
increase in PC containing a-linolenic acid PC (18:3e_18:0) and
lower (albeit non statistically significant) levels of PE containing
docosapentaenoic acid PE (18:1_22:5) and linoleic acid
(18:1_18:2) compared with Ser251.
JHEP Reports 2024
Having previously established that ceramides are also present
in the LD fraction,12,21 we analysed the distribution of several
serum and hepatic sphingolipids in Pro251 and Ser251 mice
using mass spectrometry (Fig. S2A–H). The overall patterns of
serum and hepatic sphingolipids – both upstream (i.e. dihy-
drosphingosine) and downstream (i.e. sphingosine) in the cer-
amide metabolic pathway – were similar in both genotypes.
In the FFC-diet group, Pro251 mice had lower levels of C20
compared with Ser251 mice. These observations are important
6vol. 6 j 100902



as higher C20 ceramide is positively associated with car-
diometabolic risk.22

Expression of PLIN2-Pro251 downregulates expression of
genes associated with fatty acid synthesis and epoxygenase
P450 pathway
To gain insight into the molecular mechanisms of PLIN2-Pro251,
we investigated the effect of this variant on hepatic lipids. First,
we performed RNA-seq in the liver samples of our mice in both
diet groups. The principal component analysis showed a clear
separation between both FFC and Chow groups and slight
separation between both genotypes (Pro251 and Ser251) in the
FFC group (Fig. 4A). With regard to the differentially expressed
genes (DEGs), we found 46 genes that were significantly
downregulated and 30 genes that were significantly upregu-
lated in the Pro251 mice compared with the Ser251 mice.
Among downregulated genes, gene enrichment analysis iden-
tified several significantly altered metabolic pathways, including
epoxygenase P450 pathway (Cyp2b13, Cyp2b9, Cyp2a22, and
Cyp3a59), fatty acid metabolism (Mogat1, Fasn, and Hsd17b12),
and glutathione metabolism pathway (Gstm3 and Gstt1). With
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regard to the upregulated genes, gene enrichment analysis
showed altered pathways involved in immune signalling and
responses (Ikbkg, Junb, Egr1, Fos, and Fosb) and a gene involved
in the fatty acyl-CoA synthesis that controls mitochondrial
respiratory capacity (Acsbg1) (Fig. 4B and C).

We validated these findings using qPCR of representative
genes. In the FFC group, hepatic mRNA levels of lipogenic genes
were upregulated in both Pro251 and Ser251 mice. However,
compared with Ser251 mice, fatty acid synthase (Fasn) and diac-
ylglycerol O-acyltransferase 2 (Dgat2) expression were signifi-
cantlydownregulated in Pro251mice, indicating that theyhad less
fatty acid synthesis and less conversion of diacylglycerol and fatty
acyl-CoA to TGs (Fig. 5A and B). However, we did not observe any
differences in DGAT2 protein expression between Ser251 and
Pro251mice (data not shown).We did notfind significant changes
inmRNAexpression of peroxisome proliferator-activated receptor
alpha or gamma in both genotypes (Fig. 5C) or in genes associated
with inflammation, autophagy, cellular stress, or glucose meta-
bolism (Fig. 5D–F).Moreover, therewasno significantdifference in
Plin1, Plin3 mRNA, and protein expression between Pro251 and
Ser251 mice (Fig. 5G and Fig. S3A–C).
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Research article
PLIN2-Pro251 has no effect on glucose tolerance or insulin
sensitivity
To determine the effect of PLIN 2-Pro251 on insulin sensitivity,
we performed an intraperitoneal GTT and ITT. We found no dif-
ferences in fasting blood glucose (Fig. S4A), GTT or ITT (Fig. S4B
and C) between the genotypes. In addition, we did not find
JHEP Reports 2024
differences in serum NEFA (a surrogate measure of adipose tissue
insulin sensitivity) between the two genotypes (Fig. S4D).

PLIN2-Pro251 expression increases energy expenditure
To evaluate the effect of the PLIN2-Pro251 on metabolic pheno-
types, we measured energy expenditure with indirect
8vol. 6 j 100902



calorimetry (Fig. 6). Throughout the day, Pro251 mice had
increased O2 consumption, CO2 production and energy expen-
diture compared with Ser251 mice (Fig. 6A–C). We also
measured the RER which equals VCO2/VO2). RER is an index of
fuel oxidation: a RER value of 0.7 indicates fat oxidation, whereas
a value of 1 indicates carbohydrate oxidation. Pro251 mice
had significantly reduced RER values compared with Ser251
mice, in the dark period. Notably, in Pro251 mice, RER levels
were approximately 0.8, suggesting that a mix of fat and
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carbohydrates were utilised as fuel. By contrast, the RER of
Ser251 mice was close to 0.9, indicating that more carbohydrates
were utilised as fuel (Fig. 6D).

PLIN2-Pro251 was not associated with NAFLD and metabolic
diseases in humans
Data for 11,174 participants were available in the PMBB. The
minor allele frequency of PLIN2-Pro251 was approximately 5% in
White participants and approximately 2% in Black participants.
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Fig. 7. Multivariable PheWAS of the effect of Pro251 on clinical phenotypes. Multivariable PheWAS of the effect of Pro251 on clinical phenotypes for White
population (A and B). Multivariable PheWAS of the effect of Pro251 on clinical phenotypes for African American population (C and D). The line marks the
Bonferroni significant cut-off. PheWAS, phenome-wide association study.

Research article
We identified a total of 296 ICD-10 code diagnoses of NAFLD and
10,878 controls. The PheWAS showed no association between
homozygous PLIN2-Pro251 and diagnosis of NAFLD or other se-
vere liver diseases (Fig. 7A–D).

Similarly, in the MVP, the minor allele frequency of PLIN2-
Pro251 was approximately 5% in White participants and
approximately 2% in Black, Hispanic, and Asian participants (n =
13,690) (Table S2). We further analysed the MVP dataset to
identify whether there were associations between homozygous
PLIN2-Pro251, NAFLD, and metabolic diseases. We did not find
any association between PLIN2-Pro251 carriers and increased
risk of NAFLD or other severe liver diseases (Table 1). In addi-
tion, we found that homozygous PLIN2-Pro251 had a trend to-
wards a higher risk of cardiomyopathy and type 2 diabetes
compared with non-carriers. However, these associations were
not significant when adjusted with the Bonferroni correction
(Table S3).
Table 1. Impact of the variant on phenotypes related to more severe liver
disease.

Phenotype Beta SE p value

HCC 1.933e-01 1.383e-01 0.16226
Cirrhosis 2.389e-01 1.562e-01 0.12624

Multivariable analyses adjusted for age, sex, BMI, and PC1-10.
HCC, hepatocellular carcinoma.

JHEP Reports 2024
In the UKB, the minor allele frequency of PLIN2-Pro251 was
again approximately 5%. We further examined this dataset to
determine the phenotypic and metabolic profile of PLIN2-Pro251
carriers (n = 21,951.9) compared with non-carriers (n = 439,038).
We analysed data from 30,359 UKB participants who had MRI-
derived imaging (adjusted for age and BMI). Notably, we found
that homozygous PLIN2-Pro251 carriers had a trend towards
reduced liver fat percentage (b = -0.15; SE = 0.08; p = 0.05)
(Table 2); these data are especially notable as they are consistent
with the results of our mouse model. Our analysis (adjusted for
age and BMI) of the UKB also showed that homozygous PLIN2-
Pro251 carriers were associated with a significant reduction in
visceral adipose tissue (b = -0.04; SE = 0.02; p = 0.04) and a trend
towards increase in liver iron (b = 1.7; SE = 0.8; p = 0.05) (Table 2).
We repeated the analysis to investigate the liver phenotype of
the PLIN2-Pro251 by adjusting for age and BMI in males and fe-
males. We found that the PLIN2-Pro251 was associated with a
trend towards a decrease in MRI-PDFF in males (b = -0.2; SE =
0.1; p = 0.06) but not in females (Table 2). In addition, there was a
significant association between PLIN2-Pro251 and decrease in
visceral adipose tissue in all individuals. However, this associa-
tion was not significant when considering males and females
separately (Table S4). Moreover, these patients had increased
levels of large and very large VLDL particles compared with non-
carriers. The sex stratification of the lipidomic profile suggested a
10vol. 6 j 100902



Table 2. Association between PLIN2-Pro251 and MRI-PDFF liver phenotype
in the UKB adjusted for age and BMI.

Phenotype Beta SE p value

All participants (N = 30,359)
Liver volume -5.251e-03 3.848e-03 0.17245
Subcutaneous fat volume -0.0539815 0.0374349 0.149308
Visceral adipose tissue -0.0481373 0.0238025 0.0431
MRI-PDFF -0.1570789 0.0819436 0.055258
Liver iron 1.726799 0.876434 0.048818
HCC 1.933e-01 1.383e-01 0.16226
Cirrhosis 2.389e-01 1.562e-01 0.12624
Females (n = 14,645)
Liver volume -7.612e-03 4.861e-03 0.117
Subcutaneous fat volume -0.0614021 0.0559731 0.272
Visceral adipose tissue -0.0349735 0.0246701 0.156
MRI-PDFF -0.0591458 0.1072458 0.581
Liver iron 1.633119 1.191840 0.170
HCC 3.262e-01 2.322e-01 0.160
Cirrhosis 3.105e-01 2.593e-01 0.231
Males (n = 15,714)
Liver volume -1.922e-04 5.979e-03 0.974
Subcutaneous fat volume -0.0705943 0.0484526 0.145
Visceral adipose tissue -3.518e-02 3.945e-02 0.372
MRI-PDFF -0.226995 0.124209 0.067
Liver iron 1.948e+00 1.288e+00 0.130
HCC 1.500e-01 1.636e-01 0.359
Cirrhosis 0.168310 0.211089 0.425

Multivariable analyses adjusted for age, sex, BMI, and PC1-10. Values in bold denote
statistical significance.
HCC, hepatocellular carcinoma; PDFF, proton density fat fraction.
difference in the male group compared with female, confirming
an increase in lipid secretion, and suggesting a reduction in lipid
accumulation in the liver (Fig. S5A–C).

We also tested the additive model in the MVP and in the UKB
and we did not find any significant association between PNPL2-
Pro251 allele and risk of liver disease and lipidomic profile
(data not shown).
Discussion
Our study shows that after 12 weeks of an FFC diet, hepatocyte-
specific expression of human PLIN2-Pro251 in mice lacking Plin2
is protective against macrosteatosis and liver TG accumulation.
These improvements in metabolism were in part derived from
higher energy expenditure, as evidenced by calorimetry data
showing that Pro251 mice had an increase in O2 consumption
and RER. We found that Pro251 mice exhibited a trend towards
increased acylcarnitine levels and a 4.4-fold increase in Acsbg1
(Acyl-CoA Synthetase, Bubblegum Family, member 1) gene
expression (adjusted p = 0.045). Acylcarnitines are produced
through the conjugation of acyl-CoAs with carnitine, which fa-
cilitates the transport of long-chain fatty acids across the inner
mitochondrial membrane for b-oxidation. Recently, it has been
demonstrated that acylcarnitine is involved in energy mobi-
lisation and stimulates energy expenditure. Acsbg1-dependent
fatty acyl-CoA synthesis plays a crucial role in controlling mito-
chondrial respiratory capacity and participates in the oxidation
of long-chain saturated and unsaturated fatty acids. Conse-
quently, the increased expression of Acsbg1 and the trend to-
wards elevated acylcarnitine levels might have an impact on
increasing energy expenditure.23,24 Additional results from our
lipidomic data also revealed that Pro251 mice have 47% less liver
TG accumulation and a trend towards a decrease in liver DG
JHEP Reports 2024
compared with Ser251 mice. Moreover, the liver lipidomic
composition of Pro251 mice showed a reduction in PUFA-TGs
compared with Ser251 mice, indicating that there was less
accumulation of PUFAs in the hepatic LD lipid core of Pro251
mice compared with Ser251 mice. Congruent with these data
were our RNA-seq data which demonstrated reduced expression
of genes involved in the epoxygenase pathway, thus supporting
the hypothesis that there is less oxidative stress and less PUFA
peroxidation in Pro251 mice compared with Ser251 mice. It is
also possible that Pro251 mice produce fewer oxidised eicosa-
noids compared with Ser251 mice, thereby leading to an accu-
mulation of PUFA species in the cytosol.25 The reduction in PUFA-
TGs that we observed in Pro251 mice is consistent with recent
evidence showing that PUFAs redistribute into the LD core dur-
ing oxidative stress.25,26

In accordance with previous literature, we noticed an increase
in gene expression associated with de novo lipogenesis, in both
Ser251 and Pro251 mice on the FFC diet.27 However, mice
expressing the PLIN2-Pro251 had less increase in lipogenic genes
compared with Ser251 mice. In particular, Pro251 mice on the
FFC diet had reduced mRNA expression of Dgat2 and Fasn which
are genes that have significant roles in de novo lipogenesis.28

However, we did not observe a significant reduction in DGAT2
protein expression.

The mechanisms linking PLIN2-Pro251 to the downregulation
of mRNA expression of Dgat2 and Fasn are not clear. The
downregulation of Dgat2 gene expression might reduce the gene
expression of Fasn, resulting in a reduction of de novo lipogenesis
and ultimately in less accumulation of liver TGs. This hypothesis
is consistent with previous literature. A recent paper has shown
that liver specific Dgat2-KO (knockout) mice have reduced
expression of genes associated with de novo lipogenesis and
especially a downregulation of Fasn. This was associated with a
reduction in liver TG accumulation.27 There is also evidence
illustrating that DGAT1/DGAT2 double KO cells treated with oleic
acid accumulate less TG and fewer LDs than wild-type control
cells.29 This same study also demonstrated that DGAT1/DGAT2
double KO cells, when treated with oleic acid, showed reduced
accumulation of PLIN2 protein. Interestingly, this occurred
despite these cells maintaining PLIN2 mRNA levels similar to
those found in wild-type cells. This suggests a potential genetic
interaction between DGAT2 and PLIN2.29 PLIN2 protein has two
structural domains: (1) the N-terminal domain that contains
amphipathic alpha-helices that modulate the binding of the
protein to lipid droplets; and (2) the C-terminal four-helix
bundle domain that interacts with membranes and other pro-
teins. With regard to the latter, the substitution of a serine-to-
proline residue in position aa 251 observed in PLIN2-Pro251
might disrupt the hydrogen bonding of the PLIN2 protein peptide
backbone and induce a kink in the helix, altering the organisa-
tion of the four-helix bundle (Fig. S6). This alteration to the C-
terminal four-helix bundle domain might affect the phosphory-
lation capacity of PLIN2-Pro251 and inhibit its interaction with
other proteins. Further studies are warranted to gain a better
understanding of the role of PLIN2 and its interaction with other
proteins.

Our analysis of three independent biobank datasets of
diverse, international populations encompasses the largest study
to date of PLIN2-Pro251. We found that this variant is rare with an
overall prevalence of 2% in Black, Hispanic, and Asian pop-
ulations and 5% in White populations. Our PheWAS analyses
revealed that individuals homozygous for this gene variant
11vol. 6 j 100902
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exhibit a mixed metabolic risk profile but no association with a
clinical diagnosis of NAFLD or more severe liver diseases. Inter-
estingly, we observed trends toward lower liver fat as diagnosed
by magnetic resonance spectroscopy and lower subcutaneous
and visceral adiposity in all individuals and in males, but not in
females. This suggests that the influence of the PLIN2-Pro251
variant on hepatic steatosis may be secondary to its effect on
visceral fat accumulation, rather than a direct effect on hepatic
lipid metabolism. It is noteworthy that the present experimental
mouse model, which specifically expressed PLIN2-Pro251 in the
liver in a full Plin2 KO context, could not address this question.
Conversely, we detected trends toward higher risk of car-
diometabolic disorders such as cardiomyopathy, ischaemic heart
disease, and type 2 diabetes, as well as increased risk of large and
very-large circulating VLDL particles. These results are consistent
with those of our mouse model, where we saw a trend towards
an increase in VLDL liver secretion in Pro251 mice compared
with Ser251 mice.

The findings of our human data analyses appear to be in
contrast with two previous clinical studies finding that PLIN2-
Pro251 was significantly associated with NASH, with an allelic
JHEP Reports 2024
odds ratio of 2.9817 and that a cohort of Italian women
with PLIN2-Pro251 and obesity-associated metabolic alterations
had significantly lower insulin levels, respectively.30 Never-
theless, we note that both these studies involved small cohorts
and that the association between PLIN2-Pro251 and NASH was
based on only three homozygous carriers of this genetic
variant.

In conclusion, our study suggests that PLIN2-Pro251 protects
against hepatic steatosis through the downregulation of lipid
synthetic and epoxygenase genes, and the alteration of LD and
liver lipids. Counterintuitively, this genetic variant also appears
to increase cardiometabolic risk perhaps through the promotion
of VLDL production. As there is presently very limited knowledge
and understanding of how liver lipid species confer car-
diometabolic risk, further research is warranted including an
extension of the feeding duration to investigate the trajectory
and durability of our findings on lipid and glucose metabolism.
More broadly, our study confirms that a comprehensive under-
standing of the biology of LDs in hepatocytes and other liver cells
is necessary to comprehend the molecular mechanisms and
heterogeneity of NAFLD and other steatotic diseases.
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