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Abstract 

Squalene is a key minor component of virgin olive oil, the main source of fat in the Mediterranean diet, and had shown to improve the liver metabolism 

in rabbits and mice. The present research was carried out to find out whether this effect was conserved in a porcine model of hepatic steatohepatitis and 

to search for the lipidomic changes involved. The current study revealed that a 0.5% squalene supplementation to a steatotic diet for a month led to hepatic 

accumulation of squalene and decreased triglyceride content as well as area of hepatic lipid droplets without influencing cholesterol content or fiber areas. 

However, ballooning score was increased and associated with the hepatic squalene content. Of forty hepatic transcripts related to lipid metabolism and 

hepatic steatosis, only citrate synthase and a non-coding RNA showed decreased expressions. The hepatic lipidome, assessed by liquid chromatography-mass 

spectrometry in a platform able to analyze 467 lipids, revealed that squalene supplementation increased ceramide, Cer(36:2), and phosphatidylcholine 

(PC[32:0], PC[33:0] and PC[34:0]) species and decreased cardiolipin, CL(69:5), and triglyceride (TG[54:2], TG[55:0] and TG[55:2]) species. Plasma levels of 

interleukin 12p40 increased in pigs receiving the squalene diet. The latter also modified plasma lipidome by increasing TG(58:12) and decreasing non- 

esterified fatty acid (FA 14:0, FA 16:1 and FA 18:0) species without changes in total NEFA levels. Together this shows that squalene-induced changes in 

hepatic and plasma lipidomic profiles, non-coding RNA and anti-inflammatory interleukin are suggestive of an alleviation of the disease despite the increase 

in the ballooning score. 
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Fig. 1. Scheme displaying the used experimental setting. After an adaptation pe- 

riod of 30 days, 24 pigs were fed the steatotic diet for 1 month. Then, two groups of 

equal hepatic TG content were established. The control received the steatotic diet 

for another month while the squalene group was fed the squalene-supplemented 

steatotic diet for the same period of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Non-alcoholic fatty liver disease (NAFLD), characterized by in-

tracellular accumulation of fat in hepatocytes, has become a bur-

den disease in Western countries which prevalence has surpassed

40% in some epidemiology studies [1] . NAFLD induces whole

genome expression changes [2] and compromises cell homeosta-

sis through effect on diverse organelles such as mitochondria [3] ,

endoplasmic reticulum [4] and lipid droplets [5] . NAFLD leads to a

spectrum of liver pathologies such as non-alcoholic steatohepatitis

(NASH), cirrhosis and hepatocellular carcinoma [6] . 

The Mediterranean dietary pattern has been proposed as a

healthy choice for preventing diseases. Its main source of fat is vir-

gin olive oil [7] . Extra virgin olive oil, as a fruit juice, is a complex

mixture where triglycerides are combined with other biologically

active substances (minor components) [8] . The consumption of ex-

tra virgin olive oil has positive health effects independently of its

oleic acid content pointing to benefits of these minor components

[9] . Squalene, is one of the most abundant of these minor compo-

nents (2.4–9.3 g/kg) [10] . This cholesterol precursor has both an-

tioxidant and anti-inflammatory properties, shown in vitro and in

vivo models that have been explored in different experimental set-

tings such as adaptive [11 , 12] and innate [13] immune system, can-

cer [14] , atherosclerosis [15] , and NAFLD [16] . 

Within the animal kingdom, sharks show one of the longest

life span in vertebrates (392 ± 120 years) [17] while accumulat-

ing enormous amounts of lipids in the liver, among them squa-

lene may represent 50–80% of liver weight [18] . This specific fatty

liver represents a challenge and the effect of squalene on the pro-

gression of NAFLD deserves further attention. Studies carried out

in mice and rabbits have shown that squalene accumulates in the

liver and decreases hepatic cholesterol and triglycerides in a sex-

dependent manner [15 , 19] , and these actions are exerted through

a complex network of gene expression changes both at transcrip-

tional and posttranscriptional level [20–22] . These pieces of work

have shown that squalene accumulates on different subcellular

organelles [19] and drives specific plasma lipoprotein responses

[23] depending on the species. These findings in animal models

point out to a different metabolic response which could differ from

the human one. In this aspect, swine is one of closest animal mod-

els to humans [24] and has emerged as a valuable model to fill

the gap between rodents and humans. Recently, our group has suc-

ceeded in developing NASH in common strains of pigs [25] . Con-

sidering the squalene positive effects diminishing triglycerides in

the murine liver, the present research was designed to explore the

effect of squalene on the progression of NASH in the porcine liver

and to search for the lipidomic changes involved. 

. Material and methods 

2.1. Animals and experimental procedure 

All the procedures were performed according to the European Union guidelines

for the handling and care of laboratory animals (Directive 2010/63/UE), in accor-

dance with ARRIVE guidelines and the protocol was approved by the Ethics Com-

mittee for Animal Research of the University of Zaragoza (PI43/15). 

Twenty-four male Large White x Landrace pigs coming from one boar as pro-

genitor were generated by artificial insemination at Cooperativa Ganadera de Caspe

(Zaragoza, Spain) and transferred to the facilities of Servicio General de Apoyo a la

Investigación, División of Experimentación Animal, Facultad de Veterinaria, Universidad

de Zaragoza, where they were housed. After one month of acclimation, pigs, weigh-

ing 38 ± 2.8 kg, were fed the steatotic diet for 1 month. At this moment, the ini-

tial sampling took place and then they were split in two groups ( n = 12) of identical

hepatic triglyceride and cholesterol levels. One group received the steatotic diet and

the other, the same diet supplemented with 0.5% squalene (on average 135 mg/ kg

dose of squalene/ animal/ day) to evaluate the squalene effect on NAFLD progres-

sion. Pigs had ad libitum access to food and water. After one month, all animals

were euthanized and the biological samples collected ( Fig. 1 ). 
Diets. The steatotic diet, prepared weekly at the Veterinary School facility and

frozen preserved, was designed to be methionine-deficient and choline-restricted. It

was also enriched in 2% cholesterol (Sigma-Aldrich, Germany), 0.5% sodium cholate

(Molekula Group, Darlington, UK) and saturated fat (JL Supervía, Cuarte de Huerva,

Zaragoza, Spain). This diet provided 50% of energy from hydrogenated palm fat (sat-

urated fatty acids represented approximatively a 50%), 43% from complex carbo-

hydrates and 7% from protein (Supplemental Table 1). Squalene, purchased from

Molekula Group, was used to prepare the supplemented diet. 

Biological samples. As displayed in Fig. 1 , samples were collected at two time-

points: one month after the steatotic diet, and at the end of the experiment fol-

lowing overnight fasting. The first collection was performed under general anesthe-

sia, induced and maintained with propofol (B/Braun-Vetcare, Rubí, Barcelona, Spain)

administration. The abdomen was opened through a middle line laparotomy and

blood and liver biopsies were obtained. At the end of experiment, pigs were eutha-

nized by an anesthetic overdose and samples were taken. Pieces of the livers were

stored in 4% paraformaldehyde and some immediately frozen in liquid nitrogen. The

frozen samples from livers and plasma were stored at -80 ºC. 

Histological analyses. Paraformaldehyde-stored liver samples were embedded in

paraffin. Sections (4 μm) were stained with hematoxylin and eosin or with Mas-

son’s trichrome staining and observed using a Nikon microscope. Lipid droplet and

fiber areas were blindly evaluated as described [26] , quantified in each section us-

ing Adobe Photoshop CS3 (Adobe, San Jose, CA, USA) and expressed as percentage

of total liver section. NAFLD score (NAS) was assessed using criteria described by

Kleiner et al. [27] with the standardization proposed by Liang et al. [28] . The fatty

liver inhibition of progression algorithm and steatosis, activity and the fibrosis (SAF)

score were also used to categorize the histological stage of pigs [29] . 

Lipid extraction and colorimetric measurements. Pieces of liver (20 mg) were ho-

mogenized in 1 mL of phosphate-buffered saline and lipids were extracted accord-

ing to Folch’s method [30] , evaporated and dissolved in 200 μL of isopropanol.

Cholesterol and triglyceride concentrations were measured using Infinity Reagent

kits from Thermo Scientific (Thermo Fisher Scientific Waltham, MA, USA). 

Squalene quantification. Squalene extraction and analyses were carried out as

previously described [19] . 

Plasma parameters. Fasting plasma cholesterol and triglycerides were measured

using Infinity Reagent from Thermo Scientific (Thermo Fisher Scientific). Plasma

lipoprotein profile was determined in 100 μL of pooled plasma samples from each

group by fast protein liquid chromatography gel filtration using a Superose 6B col-

umn (GE Healthcare, Chicago, Il, USA) as previously described [31] . Ketone bodies

and non-esterified fatty acids were assayed by commercial colorimetric kits from

FUJIFILM (Wako Pure Chemical Corporation, Tokyo, Japan). Biochemistry parameters

(glucose, bilirubin, AST, ALP, ALT, and GGT) were analyzed at the Clinical Laboratory

of the Hospital Clínico Universitario Lozano Blesa (Zaragoza, Spain). Plasma levels of

IL-1beta, IL-4, IL-6, IL-8, IL-10, IL-12p40, IFN-alpha, IFN-gamma, and TNF-alpha were

assayed through a procartaplex multiplex (EPX090-60829-901, Thermo Fisher Sci-

entific) according to manufacturer’s instructions. Insulin (EP0100, Finetest Wuhan,

Hubei, China), leptin (EP0103, Finetest), adiponectin (EP0 0 06, Finetest) was assayed

by ELISA following manufacturers’ instructions. 

RNA isolation and quantification. RNA was extracted from frozen livers using TRI

reagent (MRC, Cincinatti, OH, USA) following the manufacturer’s instructions. DNA

contamination was removed by TURBO DNAse treatment and removal kit from Am-

bion (Life Technologies). RNA was quantified by absorbance at 260 nm, and purity

was verified regarding the A260/280 ratio (greater than 1.8) with SPECTROstar Spec-

trophotometer’s LVis plate (BMG Labtech, Offenbur g, Germany). Integrity of the 28

S and 18 S ribosomal RNAs was verified by 1% agarose gel electrophoresis followed

by ethidium bromide staining. 
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RT-qPCR. Total RNA (500 ng) of each animal were reverse transcribed in a vol-

ume of 10 μL using the Prime Script Reagent (Perfect Real Time) from Takara

(Kusatsu, Japón). PCR real time reactions were performed using 2x qPCRBIO Sgreen

Mix Hi-ROX, from PCR Biosystems (London, UK), according the manufacturer’s in-

structions using 384-well plates in a ViiA7 Real-TIME PCR System (Life Technolo-

gies). The used primers (Supplemental Table 2) were designed using NCBI primer

design software and checked by BLAST analysis (National Center for Biotechnology

Information and Ensembl) to verify gene specificity and exon location. The relative

amount of all mRNAs was calculated using comparative 2 −��Ct method and nor-

malized with the reference gene UBA52 (XM_013991270.1). 

Liver and plasma lipidomics. Samples of 5–10 mg of the liver and 25 μL

of plasma were extracted according to Folch’s method in 1 mL of chloroform:

methanol (2:1), 400 µL of water and 150 μL of internal standard mix (Supplemen-

tal Table 3). The organic phases (300 µL) were dried down and reconstituted in

100 µL of isopropanol:acetonitrile:water (2:1:1). Then, chromatographic separation

of lipids (Virtue et al., 2018) was achieved using a Shimadzu HPLC System (Shi-

madzu UK Limited, Milton Keynes, UK) with the injection of 10 µL into a Waters

Acquity UPLC CSH C18 column; 1.7 µm, I.D. 2.1 mm X 50 mm, maintained at 55 °C.

Mobile phase A was 6:4, acetonitrile and water with 10 mM ammonium formate.

Mobile phase B was 9:1, propan-2-ol and acetonitrile with 10 mM ammonium for-

mate. The flow was maintained at 500 µL per minute through the following gra-

dient: 0.00 min 40% mobile phase B; 0.40 min 43% mobile phase B; 0.45 min 50%

mobile phase B; 2.40 min 54% mobile phase B; 2.45 min 70% mobile phase B; 7.00

min 99% mobile phase B; 8.00 min 99% mobile phase B; 8.3 min 40% mobile phase

B; 10 min 40% mobile phase B. The sample injection needle was washed using 9:1,

2-propan-2-ol and acetonitrile with 0.1 % formic acid. The mass spectrometer used

was the Thermo Scientific Exactive Orbitrap with a heated electrospray ionization

source (Thermo Fisher Scientific, Hemel Hempstead, UK). The mass spectrometer

was calibrated immediately before sample analysis using positive and negative ion-

ization calibration solution. Additionally, the heated electrospray ionization source

was optimized at 50:50 mobile phase A to mobile phase B for spray stability (cap-

illary temperature; 380 °C, source heater temperature; 420 °C, sheath gas flow; 60

(arbitrary), auxiliary gas flow; 20 (arbitrary), sweep gas; 5 (arbitrary), source volt-

age; 3.5 kV. The mass spectrometer resolution was set to 25,0 0 0 with a full-scan

range of m/z 100 to 1800 Da, with continuous switching between positive and neg-

ative mode. Lipid quantification was achieved using the area under the curve of the

corresponding high resolution extracted ion chromatogram (with a window of ± 8

ppm) at the indicative retention time. The ratio of area under the curves for each

lipid analyte relative to its associated internal standard (Supplemental Table 3) for

that lipid class was used to semi-quantify and correct for any extraction/instrument

variation [32] . 

Statistical analyses. Results are expressed as mean ± SD. Data were analyzed by

one tail Mann–Whitney’s test using Prism 5 software for Windows (GraphPad, San

Diego, CA, USA). Differences were considered significant when P < .05. Correlations

among variables were tested by calculating the Spearman’s correlation coefficient

according to the Statistical Package for Social Sciences version 15 (SPSS, Chicago,

IL, USA). The heatmaps were generated using the platform of MetaboAnalyst 5.0

( https://www.metaboanalyst.ca ). 

3. Results 

3.1. Squalene supplementation accumulates in the liver, decreases 

hepatic lipid droplet areas and triglycerides while worsening 

ballooning score in a model of porcine NASH 

In order to explore the influence of squalene on the progres-

sion of hepatic steatosis in pigs, 24 crossbred swine were made

steatotic by feeding them the steatotic diet for one month. At

this time point, two groups of 12 pigs were established and for

an additional month one group continued receiving this diet and

the other was fed a squalene-supplemented steatotic diet ( Fig. 1 ).

There were no significant changes in the body weight follow-up

between both groups (Supplemental Fig. 1A) despite the significant

increase in solid intake of the squalene-supplemented steatotic

diet group (Supplemental Fig. 1B). 

The liver histological analyses revealed significant decreases in

the lipid droplet areas ( Fig. 2 A, B, and C) by the squalene treat-

ment. A significant decrease was also observed for the hepatic

triglyceride ( Fig. 2 G), but not for cholesterol content ( Fig. 2 H) and

the fiber areas ( Fig. 2 D, E, and F). Using the NAFLD score [27] ac-

cording to Liang et al. [28] both groups were histologically indis-

tinguishable (Supplemental Table 4) and they had developed NASH.

When FLIP algorithm and steatosis, activity, and fibrosis (SAF) score
proposed by Bedossa et al. [29] was used, all of animals after con-

suming the steatotic diet developed NASH with equal distribution

of scores 1 and 2 for ballooning. For pigs consuming the squalene-

supplemented diet, there was a significant increase in the balloon-

ing score and 100% of animals showed a score 2 corresponding to

a more advanced stage of NASH (Supplemental Table 4). This pa-

rameter contributed to a significant increase in activity value con-

sidering that the latter encompasses ballooning and inflammation.

As observed in other animal species, squalene accumulated in the

liver of pigs fed the supplemented diet ( Fig. 2 I). The hepatic squa-

lene content after the intervention was inversely correlated with

the observed changes in lipid droplet area ( Fig. 2 J), but it was sig-

nificantly and positively correlated with ballooning score ( Fig. 2 K).

These findings indicate that squalene supplementation decreases

hepatic triglycerides, and lipid droplet without changes in fiber ar-

eas despite the increase in ballooning score. 

3.2. Dietary squalene induces changes in various lipid classes in the 

steatotic liver 

Having observed changes in hepatic TG, we aimed to know

what type of triglycerides were diminished in the liver, and

whether the squalene-induced decrease in hepatic lipid droplets

and triglycerides were implying changes in other lipids. To an-

swer these questions, we carried out a lipidomic assay to as-

sess 467 different lipids: 20 ceramides (Cer), 56 cardiolipins (CL),

27 phosphatidic acids (PA), 23 lyso-phoshatidylcholines (LPC), 19

lyso-phosphatidylethanolamines (LPE), 27 non-esterified fatty acids

(FA), 43 phosphatidylcholines (PC), 19 phophatidylethanolamines

(PE), 19 phosphatidylinositols (PI), 34 phoshatidylglycerols (PG), 18

phosphatidylserines (PS), 89 triglycerides (TG), 28 sphingomyelins

(SM), 45 sulpholipids (S). The number of lipids in each lipid class

are shown in Supplemental Table 5. When analyzing the global

changes in the lipid classes after the squalene treatment, only

total ceramides were significantly increased ( Fig. 3 A) while total

CL ( Fig. 3 B), PC ( Fig. 3 C) and PI ( Fig. 3 D) did not experienced

any significant changes. With the exception of PI, all other lipid

species were involved with varied number of carbons or unsatura-

tion. Sixteen lipid species: Cer(36:2), Cer(42:1), CL(69:5), PC(32:0),

PC(33:0), PC(34:0), PE(34:0), PE(38:0), PE(38:6), S(d43:1), S(d48:0),

TG(36:0), TG(47:1), TG(54:2), TG(55:0), and TG(55:2), were signif-

icantly modified following the squalene supplementation ( Table 1 ,

Fig. 3 E). Indeed, both ceramide and PC species increased their con-

tent and CL(69:5) and TG(36:0), TG(47:1), TG(54:2), TG(55:0), and

TG(55:2) decreased. No uniform pattern was followed by PE or S

lipid classes. 

To establish which lipid could be associated with histologi-

cal features, correlation analyses were carried out. In this sense,

lipid droplet areas were significantly and positively correlated

with several PC species and negatively with Cer(42:1) and other

PC ( Fig. 4 A). Hepatic squalene was positively associated with

PC(32:0) ( Fig. 4 B) and this lipid was also associated with bal-

looning ( Fig. 4 C). PE(38:0) was positively associated with hep-

atic squalene ( Fig. 4 B) and negatively with hepatic TG ( Fig. 4 D).

CL(69:5) was negatively associate with hepatic squalene ( Fig. 4 B).

Both CL(69:5) and PE(38:0) emerged as hubs of a vast range of

lipid species ( Fig. 4 E and F). 

3.3. Dietary squalene decreases Citrate synthase and ncRNA 

expressions in the steatotic liver 

To explore which gene expressions could be involved in

the hepatic changes, 40 gene transcripts participating in lipid

metabolism and transport were assayed (Supplemental Table 6).

Only citrate synthase ( CS) and ncRNA transcripts showed significant

https://www.metaboanalyst.ca
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Fig. 2. Effect of squalene on hepatic features of commercial bred swine consuming a steatotic diet. Representative micrographs of hematoxylin-eosin-stained liver prepa- 

rations from control (A) and squalene (B) groups. Bar denotes 50 μm. Morphometric changes in lipid droplet area expressed as percentage of total liver section (C). Masson’s 

trichromic liver histology staining of representative liver micrographs from control (D) and squalene groups (E). Bar denotes 200 μm. Morphometric changes in fiber area (F), 

expressed as percentage of total liver section. Hepatic triglyceride (G), cholesterol (H), and squalene (I) levels in pigs consuming the steatotic diet or this supplemented with 

squalene. Individual values, means and SD are represented for each group. Statistical analyses were carried out using Mann–Whitney U test. ∗ , P < .05; ∗∗∗ , P < .001. Associations 

among hepatic squalene content and lipid droplet area (J) and ballooning score (K). Correlations were calculated by the Spearman’s rho test. 
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Fig. 3. Liver lipidomics of control and squalene-supplemented pigs. Controls received the steatotic diet, and squalene group the steatotic diet supplemented with squalene. 

Ceramides (A), CL (B), phosphatidylcholines (C) and phosphatidylinositols (D). Individual data and mean ± SD for each group is shown. Statistical analyses were carried out 

using Mann–Whitney U test. ∗ , P < .05. Heatmap of differentially significant lipids in each animal (E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

decreases ( Fig. 5 A and B). Both transcript levels were positively

correlated ( Fig. 5 C). CS expression was negatively correlated with

Cer(42:1) ( Fig. 5 D). ncRNA expression was negatively correlated

with PC(33:0) and PE(38:0) and positively with S(d38:0) ( Fig. 5 E). 

3.4. Dietary squalene supplementation modifies some clinical 

biochemistry parameters and plasma lipidome 

To explore which plasma parameters could be influenced by

squalene supplementation, a total of 27 clinical biochemistry

parameters were studied (Supplemental Table 7). Despite no

plasma total cholesterol change was observed, animals consuming
squalene showed larger LDL particles (Supplemental Figure 2).

Plasma IL-12p40 levels significantly increased by the administra-

tion of squalene ( Fig. 6 A). This increase was negatively associated

with hepatic lipid droplet area ( Fig. 6 B) and positively with hepatic

PE(38:0) ( Fig. 6 C). Plasma ceramides ( Fig. 7 A) were not modified

while plasma triglycerides ( Fig. 7 B) increased. Identified lipids of

plasma lipidomics are shown in Supplemental Table 8. From them,

10 lipid species: NEFA (FA 14:0, FA 16:1 and FA 18:0), PE(34:2),

S(d38:0), S(d39:1), S(d48:1), S(d48:2), TG(49:0), and TG(58:12)

were significantly modified following the squalene supplementa-

tion ( Table 2 , Fig. 7 C). Plasma triglycerides were positively asso-

ciated with hepatic squalene content ( Fig. 7 D) and the latter was
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Fig. 4. Association among lipid variables. Associations of hepatic lipid species with lipid droplet area (A), squalene content (B), ballooning score (C) or triglyceride content 

(D). Main association of two hepatic species: cardiolipin CL(69:5) (E) and phosphatidylethanolamine, PE(38:0), (F) with other lipid species. Red text boxes denote positive 

associations while blues negative ones. Correlations were calculated according to the Spearman’s rho test and only significant ( P < .02) associations are shown. Cytoscape 9.0 

was used to display the networks. Cer, Ceramide; FA, non-esterified fatty acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine, S, sulphatide; TG, triglyceride. 

 

 

 

 

 

 

 

 

 

 

 

 

 

positively associated with plasma NEFA (FA 16:1), S(d48:2), and

TG(58:12) and negatively with NEFA (FA 14:0 and FA 18:0) ( Fig. 7 E).

4. Discussion 

The aim of the present study was to test the influence of

squalene administration on the progression of hepatic steatosis.

Our results indicate that pigs consuming the 0.5% squalene-
supplemented steatotic diet (corresponding to a dose of 135 mg/kg

of squalene/animal/day) showed decreased hepatic triglycerides

and lipid droplet areas without changes in fiber areas. However,

this group of pigs showed an increased NASH due to an increase

in the ballooning score. Squalene accumulated in the liver and its

effect was studied at two different levels. On the one hand, hepatic

gene transcripts involved in lipid metabolism or porcine steatosis

were assayed and only the expressions of CS and ncRNA were
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Fig. 5. Effect of squalene on selected hepatic transcripts of pigs fed a steatotic diet. Citrate synthase (CS) (A) and non-coding RNA (ncRNA) located in intron 4 of ZBTB16 

(B) gene expressions analyzed by RT-qPCR in both experimental groups. Data, as relative arbitrary units (RAU), are expressed as individual values with their mean ± SD for 

each group normalized to UBA52 expression. Statistical analyses were carried out using Mann–Whitney U test. ∗ , P < .05 and ∗∗ , P < .01. Associations of CS expression with 

hepatic ncRNA expression (C) and ceramide (42:1) species (D). Significant ( P < .02) associations among hepatic ncRNA expression and several lipid species (E). Correlations were 

calculated according to the Spearman’s rho test. Red text boxes reflect positive associations while blues negative ones. PC, phosphatidylcholine; PE: phosphatidylethanolamine; 

S, sulphatide. 

 

 

 

 

 

 

 

 

 

 

 

 

significantly diminished. On the other hand, the hepatic lipid com-

position was assessed by LC-MS, revealing a decrease in triglyc-

erides and CL 69:5 and an increase of ceramide and PC species. In

addition, among plasma clinical biochemistry parameters studied,

significant increases in IL-12p40 and TG were found. When plasma

lipidomics was carried out, only NEFA (FA 14:0, FA 16:1, and
FA18:0) species showed a consistent decrease. Overall, squalene

appears to be an important modifier of hepatic lipid metabolism

with translation into histological features of liver pathology ( Fig. 8 ).

The employed model displays a reproducible and reversible

NASH stage using the commercial bred pig through manipulating

its diet for a short period of time [25] . This required not only
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Fig. 6. Effect of squalene on plasma levels of interleukin-12 subunit beta (IL12p40) in pigs receiving a steatotic diet. Plasma concentration of IL12p40 in both experimental 

groups (A). Association between plasma IL12p40 and hepatic lipid droplet area (B) and between IL12p40 and hepatic PE(38:0) (C). Correlations were calculated according to 

the Spearman’s rho test and only significant ( P < .02) associations are shown. Red text box denotes positive association. PE: phosphatidylethanolamine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the use of increased contents of common hepatic stressors such as

cholesterol, saturated fat and fructose but also un-physiological di-

etary modifications such as inclusion of cholate and lowering me-

thionine and choline contents (Supplemental Table 1). Lee et al.

and Panasevich et al. [33 , 34] proposed the use of such extreme di-

etary modifications to cause liver injury in Ossabaw miniature pigs.

Likewise, the latter modifications were crucial to overcome a nat-

ural resistance to develop NAFLD in Large White x Landrace bred

pig due to a long pursue of breeding focused on selecting muscu-

lar pigs and force the liver metabolism to fit into this objective.

The characterization of this model reinforced the notion that dys-

lipidemia in the absence of metabolic syndrome was crucial for the

development of NAFLD and NASH [25] . In this regard, this model

resembles the NASH phenotype observed in some non-obese sub-

jects [35] and may increase the translational knowledge of a model

that could be a potential source for liver xenotransplantation [36] . 

Squalene administration in this model confirms that this

compound accumulates in the porcine liver as observed in mice

[15 , 20–22 ] and rabbits [23] . Previous experience in mice had al-

ready shown that dietary squalene was able to reduce the hepatic

triglyceride content accompanied or not by reduction in lipid

droplet areas depending on the dietary conditions such as the use

of a low-fat chow [15 , 20 , 21] or a high-fat Western diets [22] . In

squalene-fed rabbits, an increased hepatic area of lipid droplets

was found while triglyceride content remained unchanged [23] .

In the present research both TG and lipid droplet areas were
significantly decreased in pigs fed the squalene-supplemented

steatotic diet. This discrepancy among models was a consequence

of the subcellular compartment accumulating squalene: reticulum

vs lipid droplets [19] . In the current setting, squalene would not be

accumulated in large lipid droplets. A similar discrepancy was also

observed when administering another terpene, oleanolic acid [37] . 

Four features are considered hallmarks to categorize NASH

(macrosteatosis, ballooning, inflammation and fibrosis) [29] . While

inflammation and fibrosis were not modified by the intervention,

both hepatic TG and lipid droplet areas were significantly de-

creased in pigs fed the squalene-supplemented steatotic diet. How-

ever, the macrosteatosis index was not sensitive enough to detect

the changes in TG and lipid droplet areas. It should be taken into

account that it represents a qualitative approach of a quantitative

variable (score 0, < 5%; score 1, between 5% and 33%; score 2, be-

tween 34% and 66% and score 3, > 67% of hepatic area occupied

by lipid droplets). In fact, most of the control pigs (9 out of 12)

were categorized as score 2 while 6 out of 12 pigs consuming

the squalene-supplemented steatotic diet displayed score 2. The

latter group also showed an increase in the ballooning score. In-

terestingly, the squalene accumulation was significantly associated

with the ballooning score, consequently due to the latter increase,

a more severe stage of NASH was assigned to pigs consuming the

squalene-supplemented steatotic diet despite the decreased TG and

lipid droplet areas. Clearly, this terpene accumulates in the liver

and is likely to influence NAFLD diagnosis. This could challenge the
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Fig. 7. Effect of squalene administration on plasma lipidomics of pigs fed a steatotic diet. Concentrations of plasma ceramides (A) and triglycerides (B) in both experimental 

groups. Data are expressed as individual values with their mean ± SD for each group. Statistical analyses were carried out using Mann–Whitney U test. ∗ , P < .05. Heatmap 

of significantly changed plasma lipids in each animal (C). Associations of plasma triglycerides with hepatic squalene content (D) and the latter with plasma lipid species (E). 

Correlations were calculated according to the Spearman’s rho test and only significant ( P < .02) associations are shown. Red text boxes reflect positive associations while blues 

negative ones. FA, non-esterified fatty acid; S, sulphatide; TG, triglyceride. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

impact of ballooning as marker of severity in populations consum-

ing diets with high squalene content such as the Mediterranean

and Japanese diets [38] . Furthermore, it should bear in mind that

some sharks particularly accumulate this terpene in their livers,

and they may live up to 400 years [17] . In light of these findings,

the exact role of ballooning needs to be better understood to cor-

rectly establish diagnosis with prognostic implications. 

The squalene effect was also explored at the hepatic transcrip-

tional level by assaying forty gene transcripts involved in squalene

response, lipid metabolism and porcine steatosis. Regarding the
first aspect, fourteen transcripts ( ACADS, ACOX1, ARNTL1, CASP1,

CPT1A, CYP2B6B, CYP2C42, CYP51A1, DBP, GPX4, MAT1A, SCD1, THRPS,

and TXNDC5 ) were selected based on their previously described

changes in mice [20–22] . In the present experimental setting, the

reported murine effects were not observed. Two reasons could

explain it, there could be a specie-specific effect or maybe these

gene changes require a longer time. While experiments in mice

lasted 8–11 weeks, the present study only explored the effects of

one-month squalene supplementation. Seventeen genes ( ACACA,

ACACB, ACLY, CAV1, CD36, CIDEB, CIDEC, CS, FABP1, FASN, FATP2,
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Table 1 

Significant changes in molecular species of hepatic lipids by the 

influence of squalene administration in pigs developing NASH. 

Name carbon atoms: db Control ( n = 12) Squalene ( n = 12) 

Cer(36:2) 1.2 ±0.5 1.7 ±0.6 ∗
Cer(42:1) 4.2 ±1.8 6.2 ±1.9 ∗
CL(69:5) 3.5 ±3.4 0.4 ±0.5 ∗∗∗
PC(32:0) 175.6 ±42.6 204.7 ±43.2 ∗∗
PC(33:0) 1.2 ±0.5 1.7 ±0.8 ∗
PC(34:0) 34.5 ±10.1 44 ±13.2 ∗
PE(34:0) 0.9 ±0.8 2 ±1.5 ∗
PE(38:0) 0.0 02 ±0.0 05 0.6 ±0.5 ∗
PE(38:6) 11.7 ±6.1 6.3 ±4.5 ∗∗∗
S(d43:1) 0.1 ±0.1 0.5 ±0.6 ∗∗
S(d48:0) 0.2 ±0.2 0.05 ±0.05 ∗∗∗
TG(36:0) 7.8 ±16.5 0.8 ±1.3 ∗
TG(47:1) 90.5 ±55.8 53.9 ±43.3 ∗
TG(54:2) 6128 ±3152 3933 ±2447 ∗
TG(55:0) 0.6 ±0.4 0.2 ±0.3 ∗
TG(55:2) 29.4 ±11.8 18.4 ±11.2 ∗

Results are mean ± SD and expressed as pmol/ mg of liver. Statis- 

tical analyses were carried out using the Mann-Whitney’s U test. 
∗ P < .05; 
∗∗ P < .01 and 

∗∗∗ P < .001. 
Abbreviations: Cer, ceramide; CL, cardiolipin; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; S, sulphatide; TG, triglyc- 

eride. 

Table 2 
Significant changes in molecular species of plasma lipids by the 
influence of squalene administration in pigs developing NASH. 

Name carbon atoms: db Control ( n = 12) Squalene ( n = 12) 

FA 14:0 69,129 ±1,386 39,960 ±10,016 ∗∗∗
FA 16:1 5,386 ±4,183 26,707 ±40,105 ∗∗∗
FA 18:0 619,127 ±93,022 469,226 ±106,217 ∗∗∗
PE(34:2) 429 ±411 437 ±876 ∗
S(d38:0) 97 ±77 25 ±36 ∗
S(d39:1) 154 ±64 66 ±51 ∗∗∗
S(d48:1) 8.6 ±10.9 26 ±19 ∗∗
S(d48:2) 8.7 ±21 41.3 ±38 ∗∗
TG(49:0) 499 ±275 167 ±165 ∗∗∗
TG(58:12) 143 ±241 762 ±841 ∗∗

Results are mean ± SD and expressed as pmol/ mL of plasma. Sta- 
tistical analyses were carried out using the Mann-Whitney’s U test. 

∗ P < .05; 
∗∗ P < .01 and 

∗∗∗ P < .001. 

Abbreviations: FA, non-esterified fatty acids; PE, phos- 
phatidylethanolamine; S, sulphatide; TG, triglyceride. 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Comprehensive scheme displaying the observed findings. The plasma and 

hepatic changes are summarized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FATP4, FATP5, FDPS, PGC1A, PLIN2, and PLIN5) were selected to

analyze lipid metabolism and transport [26 , 39] and with the

exception of CS, there were no statistically significant changes.

Thus, squalene effect on lipid metabolism is not executed at tran-

scriptional level of these genes. Regarding porcine steatosis [25] ,

nine gene expressions (APC5, APCS, ISG15, LGALS3, PARQ7, SMPDL3A,

SPP1, SRGN, and ncRNA) were analyzed, and only ncRNA showed

a significant decrease by squalene administration. The ncRNA,

(LNG010034H01) according to Ensembl database, is located on an

intron of ZBTB16 gene and seems to be a porcine-specific transcript
since a BLAST at NCBI reported no such RNA in other species. As

previously observed [25] , this transcript increased in the induction

of hepatic steatosis and decreased when it reverted. Following the

squalene administration, the trend followed the regression effect. 

Lipidomic analyses revealed that squalene administration in-

creased some hepatic ceramides [Cer(36:2) and Cer(42:1)]. The lat-

ter is likely to correspond to a dihydroceramide that do not in-

duce the lipotoxicity induced by ceramides [40] . Moreover, Turner

et al. have proven that the inhibition of ceramide biosynthesis does

not protect against insulin resistance [41] . Probably, the key to

the ceramides’ homeostasis is that it should always be considered

regarding their balance with the sphingosine-1-phosphate (S1P),

a related molecule of ceramides which has opposite effects and

whose function in NAFLD still remains poorly understood [42] . Fur-

ther investigation on liver ceramides should be undertaken to de-

cipher the paper of the sphingolipid rheostat in liver steatosis and

whether the contribution of ceramides to the liver state depends

on their subcellular location as well as on the S1P role. Squa-

lene administration did not change total PC content, something

also observed in the diabetic pig [43] . However, specific PC(32:0),

PC(33:0), PC(34:0) species increased in the livers of pigs receiv-

ing squalene. Their increase has been proposed as a positive ef-

fect in delaying the progression to steatohepatitis [42 , 44] since

they have a lower peroxidation index due to their saturated fatty

acids [45] . The increase also represents a specific pattern for squa-

lene considering that a high-fat diet provided to Ossabaw pigs in-

creased hepatic PC(36:3), PC(38:5) and PC(38:6) [46] , PC(32:2) was

found increased following porcine hepatectomy [47] and hepatic

PC(38:6) and PC(40:6) decreased in pigs consuming insect pro-

teins [48] . Regarding the observed decrease in CL(69:5) by ad-

ministration of squalene, it has been proposed that steatosis may

increase CL [49] , and blocking CL biosynthesis prevented hepatic

steatosis through an improved electron flux between mitochon-

drial respiratory complexes [50] . The decrease in hepatic TG(54:2),

TG(55:0), and TG(55:2) by administration of squalene could be the
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main contributors to the decrease in total hepatic TG, as their sig-

nificant correlations suggest. These species contain mostly satu-

rated and short chain fatty acids and are considered markers of

de novo lipogenesis. Their increase was associated with hepatic

steatosis [51–53] . In this sense, squalene would reduce de novo

lipogenesis and ameliorate hepatic steatosis. Overall, the changes

in hepatic lipidomic profile induced by squalene administration

are suggestive of an alleviation of the disease and specific of this

compound. 

Among plasma clinical biochemistry parameters studied, signif-

icant increases in plasma IL-12p40 and TG were found in the squa-

lene group. IL-12p40 is an antagonist of the pro-inflammatory pro-

tein IL12 [54] . Thereby, this effect reinforces the anti-inflammatory

role of squalene. Circulating levels of IL-12p40 were found in-

versely associated with hepatic lipid droplets in progression and

regression of porcine steatohepatitis [25] . The present results fur-

ther reinforce this inverse relationship with hepatic lipid droplet

area and show a positive association with hepatic PE(38:0). The

latter was found to be a hub with multiple connections with other

lipid classes. The increase in plasma triglycerides could be due

to the increase in TG(58:12). In fact, both plasma total-TG and

TG(58:12) were significantly associated with hepatic squalene con-

tent. The scarcity of changes in plasma lipids in contrast to the

hepatic is something also observed by Hanhineva et al. [46] and

may be related to the fact that lipid is compartmentalized in

plasma lipoproteins and exosomes with different roles [55] . In this

sense, changes in HDL PC as those reported by Padro et al. [56] in

hypercholesterolemic pigs may be masked at the plasma global

level. Plasma lipidomics also evidenced a consistent decrease in

NEFA (FA 14:0, FA 16:1, and FA 18:0) species without changes in

total NEFA levels in pig receiving squalene. These results point

out that individual species of FA are more sensitive parameters

of metabolic changes that total NEFA levels. Plasma FA are trans-

ported into albumin and usually released from adipocytes [57] .

Little attention has received the effect of squalene on adipocyte

[16] but in light of these results, more attention should be ad-

dressed. A decrease in plasma NEFA specific species involves se-

lective actions on adipocyte TG hydrolysis, NEFA release or en-

hanced hepatic uptake. In support of the latter possibility, it should

be taken into account the increase in hepatic PC(32:0) that would

be using FA 14:0 and FA 18:0 and would decrease their plasma

levels. These findings reinforce a role for squalene in the modu-

lation of lipid metabolism in several tissues that requires further

attention. 

5. Conclusion 

In line with previous results of accumulating squalene in the

liver of other experimental models, pigs do accumulate as well

( Fig. 8 ). This was translated into decreased hepatic lipid droplet

area and TG levels. However, the ballooning score worsened in

a direct relationship with hepatic squalene content. The changes

in hepatic lipidomic profile induced by squalene were specific

in terms of decreasing CL(69:5) and increasing of Cer(36:2) and

PC(32:0), PC(33:0) and PC(34:0) species. According to the current

literature, these data are suggestive of an alleviation of the dis-

ease. This observation was also reinforced by the results of hepatic

ncRNA and plasma levels of IL-12p40. The plasma lipidome un-

derwent an increase in TG(58:12) associated with an increase in

plasma triglycerides and decreases in NEFA (FA 14:0, FA 16:1 and

FA 18:0) species without changes in total NEFA levels. These results

confirm previous observations of lack of sensitivity of plasma ver-

sus hepatic lipidomics, but it is also suggestive of a role for squa-

lene in the regulation of lipid metabolism in several tissues con-

sidering the adipocyte origin of those NEFA. 
Author contributions 

Designing and experimental work (LVHM, RMB, CA, CB, JJPL,

THC, JMLB, GGR, GM, BJ, JCS, MJRY, JCB, RL, AGG, AG, AK, and JO).

Preparation of draft (LVHM and JO). Search for funding (AK, AG,

and JO). All authors edited and approved the final version of the

manuscript. 

Acknowledgments 

We thank the University of Zaragoza Veterinary Hospital for

their anesthesia support, the Servicio General de Apoyo a la Investi-

gación, División of Experimentación Animal, Universidad de Zaragoza

for their help in maintaining the animals and Larisa Richardson

for her lab support. This research was funded by grants from

the Ministerio de Economía y Competitividad-Fondo Europeo de De-

sarrollo Regional (SAF2016-75441-R), Ministerio de Ciencia e Inno-

vación (MCIN/AEI/10.13039/50110 0 011033, PID2019-104915RB-I00),

“ERDF A way of making Europe”, by the European Union and the

Fondo Social Europeo-Gobierno de Aragón (B16_20R). CIBER de Fi-

siopatología de la Obesidad y Nutrición (CIBEROBN, CB06/03/1012)

is an initiative of ISCIII. L.V.H.M. was recipient of a Fondo Social

Europeo-Gobierno de Aragón contract. 

Declaration of Competing Interests 

The authors declare that there are no conflicts of interest. 

Supplementary materials 

Supplementary material associated with this article can be

found, in the online version, at doi: 10.1016/j.jnutbio.2022.109207 . 

References 

[1] Younossi Z, Tacke F, Arrese M, Chander Sharma B, Mostafa I, Bugianesi E,

et al. Global perspectives on nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis. Hepatology 2019;69:2672–82 . 

[2] Lou-Bonafonte JM, Arnal C, Osada J. New genes involved in hepatic steatosis.

Curr Opin Lipidol 2011;22:159–64 . 
[3] Nguyen P, Leray V, Diez M, Serisier S, Le Bloc’h J, Siliart B, et al. Liver lipid

metabolism. J Anim Physiol Anim Nutr (Berl) 2008;92:272–83 . 
[4] Puri P, Mirshahi F, Cheung O, Natarajan R, Maher JW, Kellum JM, et al. Activa-

tion and dysregulation of the unfolded protein response in nonalcoholic fatty
liver disease. Gastroenterology 2008;134:568–76 . 

[5] Musso G, Gambino R, Cassader M. Recent insights into hepatic lipid

metabolism in non-alcoholic fatty liver disease (NAFLD). Progress in lipid res
2009;48:1–26 . 

[6] Loomba R, Friedman SL, Shulman GI. Mechanisms and disease consequences
of nonalcoholic fatty liver disease. Cell 2021;184:2537–64 . 

[7] Estruch R, Ros E, Salas-Salvado J, Covas MI, Corella D, Aros F, et al. Primary
prevention of cardiovascular disease with a mediterranean diet supplemented

with extra-virgin olive oil or nuts. N Engl J Med 2018;378:e34 . 

[8] Gaforio JJ, Visioli F, Alarcon-de-la-Lastra C, Castaner O, Delgado-Rodriguez M,
Fito M, et al. Virgin olive oil and health: summary of the III International Con-

ference on Virgin Olive Oil and Health Consensus Report, JAEN (Spain) 2018.
Nutrients 2019:11 . 

[9] Arbones-Mainar JM, Ross K, Rucklidge GJ, Reid M, Duncan G, Arthur JR, et al.
Extra virgin olive oils increase hepatic fat accumulation and hepatic antioxi-

dant protein levels in APOE-/- mice. J Proteome Res 2007;6:4041–54 . 

[10] Martinez-Beamonte R, Sanclemente T, Surra JC, Osada J. Could squalene be an
added value to use olive by-products? J Sci Food Agric 2020;100:915–25 . 

[11] Desbien AL, Reed SJ, Bailor HR, Dubois Cauwelaert N, Laurance JD, Orr MT,
et al. Squalene emulsion potentiates the adjuvant activity of the TLR4 ago-

nist, GLA, via inflammatory caspases, IL-18, and IFN-gamma. Eur J Immunol
2015;45:407–17 . 

[12] Kedl JD, Kedl RM. How squalene GLAdly helps generate antigen-specific T cells

via antigen-carrying neutrophils and IL-18. Eur J Immunol 2015;45:376–9 . 
[13] Lovaszi M, Mattii M, Eyerich K, Gacsi A, Csanyi E, Kovacs D, et al. Sebum lipids

influence macrophage polarization and activation. Br J Dermatol 2017 . 
[14] Garcia-Bermudez J, Baudrier L, Bayraktar EC, Shen Y, La K, Guarecuco R, et al.

Squalene accumulation in cholesterol auxotrophic lymphomas prevents oxida-
tive cell death. Nature 2019;567:118–22 . 

https://doi.org/10.1016/j.jnutbio.2022.109207
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0001
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0002
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0003
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0004
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0005
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0006
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0007
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0008
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0009
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0010
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0011
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0012
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0013
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0014


12 L.V. Herrera-Marcos, R. Martínez-Beamonte, C. Arnal et al. / Journal of Nutritional Biochemistry 112 (2023) 109207 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[15] Guillen N, Acin S, Navarro MA, Perona JS, Arbones-Mainar JM, Arnal C, et al.
Squalene in a sex-dependent manner modulates atherosclerotic lesion which

correlates with hepatic fat content in apoE-knockout male mice. Atherosclero-
sis 2008;197:72–83 . 

[16] Lou-Bonafonte JM, Martinez-Beamonte R, Sanclemente T, Surra JC, Herrera–
Marcos LV, Sanchez-Marco J, et al. Current insights into the biological action

of squalene. Mol Nutr Food Res 2018;8:e1800136 . 

[17] Nielsen J, Hedeholm RB, Heinemeier J, Bushnell PG, Christiansen JS, Olsen J,
et al. Eye lens radiocarbon reveals centuries of longevity in the Greenland

shark (Somniosus microcephalus) . Science 2016;353:702–4 . 
[18] Tsujimoto M. A highly unsaturated hydrocarbon in shark liver oil. J Ind Eng

Chem 1916;8:889–96 . 
[19] Martinez-Beamonte R, Alda O, Sanclemente T, Felices MJ, Escusol S, Arnal C,

et al. Hepatic subcellular distribution of squalene changes according to the ex-

perimental setting. J Physiol Biochem 2018;74:531–8 . 
[20] Ramirez-Torres A, Barcelo-Batllori S, Fernandez-Vizarra E, Navarro MA, Arnal C,

Guillen N, et al. Proteomics and gene expression analyses of mitochondria
from squalene-treated apoE-deficient mice identify short-chain specific acyl–

CoA dehydrogenase changes associated with fatty liver amelioration. J Pro-
teomics 2012;75:2563–75 . 

[21] Ramirez-Torres A, Barcelo-Batllori S, Martinez-Beamonte R, Navarro MA,

Surra JC, Arnal C, et al. Proteomics and gene expression analyses of squalene–
supplemented mice identify microsomal thioredoxin domain-containing pro-

tein 5 changes associated with hepatic steatosis. J Proteomics 2012;77:
27–39 . 

[22] Gabas-Rivera C, Jurado-Ruiz E, Sanchez-Ortiz A, Romanos E, Martinez-Bea-
monte R, Navarro MA, et al. Dietary squalene induces cytochromes Cyp2b10

and Cyp2c55 independently of sex, dose, and diet in several mouse models.

Mol Nutr Food Res 2020;64:e20 0 0354 . 
[23] Martinez-Beamonte R, Sanchez-Marco J, Felices MJ, Barranquero C, Gascon S,

Arnal C, et al. Dietary squalene modifies plasma lipoproteins and hepatic
cholesterol metabolism in rabbits. Food Funct 2021;12:8141–53 . 

[24] Bassols A, Costa C, Eckersall PD, Osada J, Sabria J, Tibau J. The pig as an animal
model for human pathologies: a proteomics perspective. Proteomics Clin Appl

2014;8:715–31 . 

[25] Herrera-Marcos LV, Martinez-Beamonte R, Macias-Herranz M, Arnal C, Barran-
quero C, Puente-Lanzarote JJ, et al. Hepatic galectin-3 is associated with lipid

droplet area in non-alcoholic steatohepatitis in a new swine model. Sci Rep
2022;12:1024 . 

[26] Guillen N, Navarro MA, Arnal C, Noone E, Arbones-Mainar JM, Acin S, et al.
Microarray analysis of hepatic gene expression identifies new genes involved

in steatotic liver. Physiol Genomics 2009;37:187–98 . 

[27] Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al.
Design and validation of a histological scoring system for nonalcoholic fatty

liver disease. Hepatology 2005;41:1313–21 . 
[28] Liang W, Menke AL, Driessen A, Koek GH, Lindeman JH, Stoop R, et al. Estab-

lishment of a general NAFLD scoring system for rodent models and comparison
to human liver pathology. PLoS One 2014;9:e115922 . 

[29] Bedossa P, the Flip Consortium. Utility and appropriateness of the fatty liver
inhibition of progression (FLIP) algorithm and steatosis, activity, and fibrosis

(SAF) score in the evaluation of biopsies of nonalcoholic fatty liver disease.

Hepatology 2014;60:565–75 . 
[30] Folch J, Less M, Sloan-Stanley GH. A simple method for the isolation and pu-

rification of total lipids from the animal tissues. J Biol Chem 1957;33:497–
509 . 

[31] Martinez-Beamonte R, Navarro MA, Acin S, Guillen N, Barranquero C, Arnal C,
et al. Postprandial changes in high density lipoproteins in rats subjected to

gavage administration of virgin olive oil. PLoS One 2013;8:e55231 . 

[32] Jenkins B, Ronis M, Koulman A. LC–MS Lipidomics: Exploiting a simple high-
throughput method for the comprehensive extraction of lipids in a ruminant

fat dose-response study. Metabolites 2020;10:296 . 
[33] Lee L, Alloosh M, Saxena R, Van Alstine W, Watkins BA, Klaunig JE, et al. Nutri-

tional model of steatohepatitis and metabolic syndrome in the Ossabaw minia-
ture swine. Hepatology 2009;50:56–67 . 

[34] Panasevich MR, Meers GM, Linden MA, Booth FW, Perfield JW 2nd, Fritsche KL,

et al. High-fat, high-fructose, high-cholesterol feeding causes severe NASH and
cecal microbiota dysbiosis in juvenile Ossabaw swine. Am J Physiol Endocrinol

Metab 2018;314:E78–92 . 
[35] Younes R, Bugianesi E. NASH in lean individuals. Semin Liver Dis. 2019;39:
86–95 . 

[36] Reardon S. First pig-to-human heart transplant: what can scientists learn? Na-
ture 2022;601:305–6 . 

[37] Gabas-Rivera C, Martinez-Beamonte R, Rios JL, Navarro MA, Surra JC, Arnal C,
et al. Dietary oleanolic acid mediates circadian clock gene expression in liver

independently of diet and animal model but requires apolipoprotein A1. J Nutr

Biochem 2013;24:2100–9 . 
[38] Ramírez-Torres A, Gabás C, Barranquero C, Martínez-Beamonte R, Fernán-

dez-Juan M, et al.. Squalene and health. Olive Oil and Health. Nova Science
Publishers, Inc.; 2011. p. 1–40 . 

[39] Herrera-Marcos LV, Sancho-Knapik S, Gabas-Rivera C, Barranquero C, Gascon S,
Romanos E, et al. Pgc1a is responsible for the sex differences in hepatic

Cidec/Fsp27beta mRNA expression in hepatic steatosis of mice fed a Western

diet. Am J Physiol Endocrinol Metab 2020;318:E249–EE61 . 
[40] Chaurasia B, Tippetts TS, Mayoral Monibas R, Liu J, Li Y, Wang L, et al. Target-

ing a ceramide double bond improves insulin resistance and hepatic steatosis.
Science 2019;365:386–92 . 

[41] Turner N, Lim XY, Toop HD, Osborne B, Brandon AE, Taylor EN, et al. A selec-
tive inhibitor of ceramide synthase 1 reveals a novel role in fat metabolism.

Nat Commun 2018;9:3165 . 

[42] Musso G, Cassader M, Paschetta E, Gambino R. Bioactive lipid species and
metabolic pathways in progression and resolution of nonalcoholic steatohep-

atitis. Gastroenterology 2018;155:282–302 e8 . 
[43] Backman M, Flenkenthaler F, Blutke A, Dahlhoff M, Landstrom E, Renner S,

et al. Multi-omics insights into functional alterations of the liver in insulin-d-
eficient diabetes mellitus. Mol Metab 2019;26:30–44 . 

[44] Puri P, Baillie RA, Wiest MM, Mirshahi F, Choudhury J, Cheung O,

et al. A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology
2007;46:1081–90 . 

[45] Cortie CH, Hulbert AJ, Hancock SE, Mitchell TW, McAndrew D, Else PL. Of mice,
pigs and humans: an analysis of mitochondrial phospholipids from mammals

with very different maximal lifespans. Exp Gerontol 2015;70:135–43 . 
[46] Hanhineva K, Barri T, Kolehmainen M, Pekkinen J, Pihlajamaki J, Vesterbacka A,

et al. Comparative nontargeted profiling of metabolic changes in tissues and

biofluids in high-fat diet-fed Ossabaw pig. J Proteome Res 2013;12:3980–92 . 
[47] Jo HS, Kim HA, Lee JC, Yoon KC, Yoon YI, Choi YY, et al. Lipidomic signatures of

post-hepatectomy liver failure using porcine hepatectomy models. Ann Transl
Med 2020;8:1363 . 

[48] Meyer S, Gessner DK, Braune MS, Friedhoff T, Most E, Horing M, et al. Com-
prehensive evaluation of the metabolic effects of insect meal from Tenebrio

molitor L. in growing pigs by transcriptomics, metabolomics and lipidomics. J

Anim Sci Biotechnol 2020;11:20 . 
[49] Peng KY, Watt MJ, Rensen S, Greve JW, Huynh K, Jayawardana KS, et al. Mi-

tochondrial dysfunction-related lipid changes occur in nonalcoholic fatty liver
disease progression. J Lipid Res 2018;59:1977–86 . 

[50] Cole LK, Mejia EM, Vandel M, Sparagna GC, Claypool SM, Dyck-Chan L, et al.
Impaired cardiolipin biosynthesis prevents hepatic steatosis and diet-induced

obesity. Diabetes 2016;65:3289–300 . 
[51] Mocciaro G, D’Amore S, Jenkins B, Kay R, Murgia A, Herrera-Marcos LV, et al.

Lipidomic approaches to study HDL metabolism in patients with central obe-

sity diagnosed with metabolic syndrome. Int J Mol Sci 2022:23 . 
[52] Sanders FWB, Acharjee A, Walker C, Marney L, Roberts LD, Imamura F, et al.

Hepatic steatosis risk is partly driven by increased de novo lipogenesis follow-
ing carbohydrate consumption. Genome Biology 2018;19:79 . 

[53] Seyres D, Cabassi A, Lambourne JJ, Burden F, Farrow S, McKinney H, et al. Tran-
scriptional, epigenetic and metabolic signatures in cardiometabolic syndrome

defined by extreme phenotypes. Clinical epigenetics 2022;14:39 . 

[54] Gillessen S, Carvajal D, Ling P, Podlaski FJ, Stremlo DL, Familletti PC, et al.
Mouse interleukin-12 (IL-12) p40 homodimer: a potent IL-12 antagonist. Eur

J Immunol 1995;25:200–6 . 
[55] Meikle PJ, Christopher MJ. Lipidomics is providing new insight into the

metabolic syndrome and its sequelae. Curr Opin Lipidol 2011;22:210–15 . 
[56] Padro T, Cubedo J, Camino S, Bejar MT, Ben-Aicha S, Mendieta G, et al. Detri-

mental effect of hypercholesterolemia on high-density lipoprotein particle re-

modeling in pigs. J Am Coll Cardiol 2017;70:165–78 . 
[57] Sakers A, De Siqueira MK, Seale P, Villanueva CJ. Adipose-tissue plasticity in

health and disease. Cell 2022;185:419–46 . 

http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0015
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0016
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0017
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0018
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0019
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0020
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0021
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0022
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0023
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0024
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0025
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0026
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0027
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0028
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0029
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0030
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0031
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0032
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0033
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0034
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0035
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0036
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0037
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0038
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0039
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0040
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0041
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0042
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0043
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0044
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0045
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0046
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0047
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0048
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0049
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0050
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0051
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0052
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0053
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0054
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0055
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0056
http://refhub.elsevier.com/S0955-2863(22)00275-3/sbref0057

	Dietary squalene supplementation decreases triglyceride species and modifies phospholipid lipidomic profile in the liver of a porcine model of non-alcoholic steatohepatitis
	1 Introduction
	2 Material and methods
	2.1 Animals and experimental procedure

	3 Results
	3.1 Squalene supplementation accumulates in the liver, decreases hepatic lipid droplet areas and triglycerides while worsening ballooning score in a model of porcine NASH
	3.2 Dietary squalene induces changes in various lipid classes in the steatotic liver
	3.3 Dietary squalene decreases Citrate synthase and ncRNA expressions in the steatotic liver
	3.4 Dietary squalene supplementation modifies some clinical biochemistry parameters and plasma lipidome

	4 Discussion
	5 Conclusion
	Author contributions
	Acknowledgments
	Declaration of Competing Interests
	Supplementary materials
	References


